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The 2011 PCI Bridge Design Manual provides preliminary design charts for 

selecting the girder size and number of prestressing strands for a given span length and 

beam spacing but only for 𝑓′𝑐 = 8,000 psi (55.2 MPa). This single strength limits the 

use of the charts, particularly for states considering ultra-high performance concrete 

(UHPC). Accordingly, this dissertation presents a simplified procedure to develop 

preliminary design charts for prestressed concrete bulb-tee girders considering service 

load stress limits, flexural strength and stresses at release. The results for a BT-72 beam 

are first compared with the 2003 PCI design charts originally developed based on the 

AASHTO Standard Specifications. The procedure is then adapted to the AASHTO 



 

 

LRFD Bridge Design Specifications and verified with the prevailing 2011 PCI design 

charts. Finally, new LRFD charts are generated for NSC, HPC, and UHPC with 0.5, 

0.6, and 0.7-in. (13, 15 and 18 mm) strands for simple and two-span continuous bridges 

to illustrate the simplified procedure and potential impact of UHPC, larger strand size, 

and continuity on bridge girders.  

The new LRFD charts are shown to be accurate for the design assumptions 

made since an excellent agreement (within 2% and 4%) resulted between the 

preliminary design charts developed in this study and those given in the 2003 and 2011-

PCI Bridge Design Manuals. The “transition point” is identified which provides the 

information needed for a designer to distinguish the zones between fully prestressed 

(uncracked), partially prestressed, and non-prestressed (cracked) members. The 

preliminary design charts demonstrate the effect of using UHPC and/or larger strand 

size and/or two-span continuous layouts. The effect of implementing continuity with 

the combination of UHPC and a larger strand diameter was shown to be much more 

significant than just increasing the concrete compressive strength or the strand diameter 

or using two-span continuous layouts. However, the use of longer full-span girders 

poses significant challenges for fabrication, transportation, erection, span-to-depth 

ratios, and live and dead load deflections of prestressed concrete bridges and, 

consequently, should be considered carefully for the final design of the bridge. 
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NOMENCLATURE 

 

𝐴𝐴   = cross-section area of beam 

𝐴𝐴𝑔𝑔  = gross area of non-composite beam section 

𝐴𝐴𝑝𝑝𝑝𝑝  = area of prestressing steel 

𝐴𝐴𝑝𝑝   = area of nonprestressed tension reinforcement 

𝐴𝐴𝑝𝑝𝑡𝑡  = area of one strand 

𝑐𝑐   = distance from extreme compression fiber to neutral axis 

𝑐𝑐1, 𝑐𝑐2, 𝑐𝑐3, 𝑐𝑐4 = constants 

𝐶𝐶𝐶𝐶𝑐𝑐   = loss of prestress due to creep of concrete 

𝐶𝐶𝐶𝐶𝑝𝑝       = loss of prestress due to relaxation of pretensioning steel 

𝑑𝑑𝑑𝑑𝑑𝑑  = diameter 

𝑑𝑑𝑒𝑒 = distance from the center of the exterior beam and the interior edge of 
                            the curb or traffic barrier 
 
𝑑𝑑𝑝𝑝  = distance from extreme compression fiber to extreme tension steel 
       
𝑒𝑒 = coefficient factor ≥ 1.0 to determine LRFD distribution factor for 
                              exterior I-beams without midspan diaphragms for two or more design 
                           lanes loaded 
                                        
𝑒𝑒𝑔𝑔         = distance between the centers of gravity of the beam and deck 

𝑒𝑒𝑚𝑚  = average prestressing steel eccentricity at midspan 

𝐸𝐸𝑐𝑐  = modulus of elasticity of concrete 

𝐸𝐸𝑐𝑐𝑐𝑐  = modulus of elasticity for girder at release 

𝐸𝐸𝑝𝑝  = modulus of elasticity of prestressing steel 



xiii 
 

𝐸𝐸𝑝𝑝  = modulus of elasticity for pretensioning strands 

𝐸𝐸𝐸𝐸   = loss of prestress due to elastic shortening  

𝑓𝑓𝑏𝑏  = bottom concrete stresses at transfer 

𝑓𝑓𝑏𝑏1   = flexural bottom stresses due to live and dead loads 

𝑓𝑓𝑏𝑏2   = flexural bottom stresses due to prestress after all losses 

𝑓𝑓𝑐𝑐  = average compressive stress in concrete slice based on nonlinear 
                           behavior 

 𝑓𝑓′𝑐𝑐   = specified compressive strength of concrete at 28 days 

𝑓𝑓′𝑐𝑐𝑐𝑐   = concrete stress at release 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 = average concrete stress at the center of gravity of the pretensioning 
                           steel due to pretensioning force and dead load of girder immediately 
                           after transfer 
 
𝑓𝑓𝑐𝑐𝑐𝑐𝑝𝑝  = concrete stress at the center of gravity of the pretensioning steel due 
      to all dead loads except the dead load present at the time the  
                           pretensioning force is applied 
 
𝑓𝑓𝑝𝑝𝑏𝑏𝑡𝑡  = stress in prestressing steel prior to transfer 

𝑓𝑓𝑝𝑝𝑒𝑒  = effective prestress force 

𝑓𝑓𝑝𝑝𝑐𝑐  = prestressing steel stress immediately prior to transfer = 0.75𝑓𝑓𝑝𝑝𝑝𝑝 

𝑓𝑓𝑝𝑝𝑝𝑝  = stresses in the prestressing steel 

𝑓𝑓𝑝𝑝𝑝𝑝  = specified tensile strength of prestressing steel 

𝑓𝑓𝑝𝑝𝑝𝑝   = yield strength of prestressing steel 

𝑓𝑓′𝑝𝑝   = ultimate pretensioning strands stress 

𝑓𝑓𝑝𝑝𝑒𝑒   = effective final prestress 

𝑓𝑓𝑝𝑝𝑐𝑐   = initial pretensioning 
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𝑓𝑓𝑡𝑡    = top concrete stresses at transfer  

𝑓𝑓𝑝𝑝    = specified yield strength of reinforcing bars   

𝐹𝐹𝑏𝑏           = tension stress limit at service loads 

𝐹𝐹𝑐𝑐𝑐𝑐          = allowable compressive stress at release 

𝐹𝐹𝑡𝑡𝑐𝑐         = allowable tensile stress at release 

𝑔𝑔  = distribution factor for exterior I-beams without midspan 
                                       diaphragms for two or more design lanes loaded 

HL-93  = highway loading, developed in 1993 

HPC    = high performance concrete 

HS-20 = highway semi-trailer, 20 TON (40 kips) weight of the 
                                       tractor (1st two axles)  
 
𝐼𝐼    = live load impact factor     

𝐼𝐼𝑔𝑔          = moment of inertia of non-composite beam section  
 
𝑘𝑘  = factor to increase post-peak decay in stress for nonlinear 
                                       concrete stress-strain curves 
 
𝐾𝐾𝑔𝑔         = longitudinal stiffness 

𝐿𝐿    = span length  

𝑀𝑀𝑏𝑏   = simple span bending moment due to barrier weight 

𝑀𝑀𝑏𝑏 (𝑡𝑡𝑡𝑡𝑡𝑡−𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠)   = two-span bending moment due to barrier weight 

𝑀𝑀𝑏𝑏+𝑡𝑡𝑝𝑝   = bending moment due to barrier and wearing surface weight 

𝑀𝑀𝑔𝑔   = bending moment at midspan due to girder weight 

𝑀𝑀𝐻𝐻𝐻𝐻−20(𝑡𝑡𝑡𝑡𝑡𝑡−𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠) = bending moments at 2
5
 L from the left support due to the  

HS-20 design truck for a two-span continuous system 
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𝑀𝑀𝑙𝑙𝑠𝑠𝑠𝑠𝑒𝑒(𝑡𝑡𝑡𝑡𝑡𝑡−𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠) = bending moments at 2
5
 L from the left support due to lane 

                                       loading of 0.64 kip/ft (953.3 kg/m) for a two-span continuous 
                                       system 
                                         
𝑀𝑀𝐿𝐿𝐿𝐿       = bending moment per lane due to live load at midspan 

𝑀𝑀𝐿𝐿𝐿𝐿+𝐼𝐼  = bending moment per lane due to live load plus impact at 
                                       midspan  
 
𝑀𝑀𝐿𝐿𝐿𝐿+𝐼𝐼(𝐻𝐻𝐻𝐻−20)  = live load bending moment plus impact due to HS-20 truck 
                                       loading at midspan 
 
𝑀𝑀𝐻𝐻𝐿𝐿−93 = bending moment due to HL-93 live loading  
 
𝑀𝑀𝐿𝐿𝐿𝐿+𝐼𝐼(𝐻𝐻𝐿𝐿−93)  = midspan bending moment due to HL-93 live loading plus 
                                        impact  
 
𝑀𝑀𝑙𝑙𝑠𝑠𝑠𝑠𝑒𝑒    = bending moment at midspan due to lane loading of 0.64 kip/ft 

𝑀𝑀𝐿𝐿𝐿𝐿+𝐼𝐼(𝐻𝐻𝐿𝐿−93)𝑝𝑝  = simulated bending moment due to HL-93 live loading plus 
                                       impact 
 
𝑀𝑀𝐻𝐻𝑆𝑆    = bending moments for the LRFD Service III limit state 

𝑀𝑀𝑝𝑝   = bending moment due to the slab weight and haunch 

𝑀𝑀𝑡𝑡𝑝𝑝   = simple span bending moment due to wearing surface weight 

𝑀𝑀𝑡𝑡𝑝𝑝 (𝑡𝑡𝑡𝑡𝑡𝑡−𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠) = two-span bending moment due to wearing surface weight  

𝑀𝑀𝑝𝑝         = ultimate flexural moment  

𝑚𝑚𝑔𝑔    = moment distribution factor                  

𝑛𝑛    = modular ratio between beam and deck material 

𝑛𝑛𝑝𝑝   = curve fitting factor for nonlinear concrete stress-strain curves 

𝑁𝑁    = number of prestressing strands 

𝑁𝑁𝐿𝐿   = number of loaded lanes under consideration 
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𝑁𝑁𝑏𝑏  = number of beams 

NSC   = normal strength concrete 

𝑃𝑃      = 40 and 30 kips (177.9 and 133.4 kN) for HS-25 and HS-20 
      truck loading, respectively 
 
𝑃𝑃𝑝𝑝𝑒𝑒        = effective pretension force after all losses 

𝑃𝑃𝑃𝑃𝐶𝐶  = partial prestress ratio 

𝐶𝐶  = reaction on exterior beam in terms of lanes 

𝐶𝐶𝑅𝑅  = relative humidity  

𝐸𝐸   = girder spacing  

𝐸𝐸𝑅𝑅   = loss of prestress due to concrete shrinkage 

𝑡𝑡𝑝𝑝   = slab thickness 

UHPC   = ultra-high performance concrete 

𝑤𝑤𝑐𝑐  = unit weight of concrete 

𝑤𝑤ℎ  = haunch weight 

𝑤𝑤𝑔𝑔  = girder weight 

𝑤𝑤𝑝𝑝  = slab weight 

𝑥𝑥  = horizontal distance from the center of gravity of the pattern of beams 
                           to each beam 
 
𝑋𝑋𝑒𝑒𝑒𝑒𝑡𝑡  = horizontal distance from the center of gravity of the pattern of beams 
                           to the exterior beam 
 
𝜀𝜀′𝑐𝑐  = concrete strain when 𝑓𝑓𝑐𝑐 reaches 𝑓𝑓′𝑐𝑐 

𝜀𝜀𝑐𝑐𝑐𝑐  = concrete strain above the neutral axis at the center of each slice 

𝜀𝜀𝑝𝑝𝑝𝑝  = strain in the prestressing steel 
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∆𝑓𝑓𝑝𝑝𝑆𝑆𝐻𝐻  = instantaneous prestress losses due to elastic shortening 

∆𝑓𝑓𝑝𝑝𝐿𝐿𝑝𝑝  = long term prestress losses due to creep, concrete shrinkage and steel 
                           relaxation 
 
∆𝑓𝑓𝑝𝑝𝑝𝑝  = loss of prestress due to relaxation of pretensioning steel  

∆𝑓𝑓𝑝𝑝𝑝𝑝  = total prestress losses for the Service III limit state 

𝛾𝛾ℎ  = correction factor for relative humidity of the ambient air 

𝛾𝛾𝐿𝐿  = live load factor (equal to 0.8) 

𝛾𝛾𝑝𝑝𝑡𝑡  = correction factor for concrete strength at time of transfer 

∅   = strength reduction factor 

∅𝑀𝑀𝑠𝑠  = flexural design strength 
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CHAPTER 1 

INTRODUCTION 

  

 Precast prestressed concrete girder bridges have grown into the most commonly 

used bridge systems in the United States. Preliminary design is an essential first step in 

designing a safe and economical bridge of this type. For a given span length and based 

on standard concrete strengths, the preliminary design mainly includes selection of the 

girder size and shape; girder spacing; diameter and number of prestressing strands; and 

deck thickness. In 2003, the Precast/Prestressed Concrete Institute (PCI) Bridge Design 

Manual provided preliminary design charts that were based on the American 

Association of State Highway and Transportation Officials (AASHTO) Standard 

Specifications (2002) for 28-day concrete compressive strengths of 푓′  = 7,000 and 

12,000 psi (48.3 and 82.8 MPa) with 0.5-in. (13 mm) and 0.6-in. (15 mm) diameter 

strands, respectively. In 2011, PCI revised the charts based on the AASHTO Load and 

Resistance Factor Design (LRFD) Bridge Design Specifications (2010), but only for 

푓′  = 8,000 psi (55.2 MPa) and 0.6-in. (15 mm) diameter strands. Preliminary design 

charts provide bridge engineers an effective tool to optimize the final design of 

prestressed concrete bridge girders. In addition, these design aids can reduce the time- 

consuming selection process and eliminate unnecessary design iterations of numerous 

options required to achieve a feasible and economical bridge design.  

The remainder of this chapter provides a description of the general types of 

charts found in the literature related to the design of prestressed concrete bridge girders 
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and a discussion of the usefulness of these graphs for preliminary design purposes. The 

effects of design parameters including concrete properties, prestressing strand size, and 

span continuity on the design of a prestressed concrete girder are discussed and 

illustrated. The need for a simplified method to develop LRFD preliminary design 

charts is explained and discussed. The research goal and objectives are given and 

described. Finally, an overview of this dissertation is provided.       

 

1.1 Preliminary Design Charts 

Generally, two types of charts can be found in the literature related to 

preliminary design of prestressed concrete bulb-tee (BT) bridge girders: (1) those that 

show the maximum attainable span length versus girder spacing for different girder 

sizes as shown in Figure 1.1, and (2) those that show the number of strands versus span 

length for different girder spacings as shown in Figure 1.2. These charts provide the 

designer an excellent starting point for a preliminary design.  
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Figure 1.1. Maximum span length versus girder spacing for different BT girder  
shapes. 

 

 

Figure 1.2. Number of strands versus span length for different girder spacings and a 
given concrete strength. 
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The first chart (Figure 1.1) provides the designer an estimate of the maximum span 

length when the girder spacing, concrete strength and girder size are known. On the 

other hand, if the maximum length and girder size are provided, the girder spacing can 

be determined. Notice that the governing limit state is provided for each girder shape 

in the graph. Normally, stresses at release or service govern at longer span lengths. 

Charts of this type were developed for different standard cross sections including box 

beams, bulb-tees, and I-beams in the PCI Bridge Design Manuals (2003, 2011). For 

each cross section, different girder sizes were considered such as the BT-54, BT-63, 

and BT-72 for bulb-tees. In addition to the standard AASHTO shapes, new shapes have 

been introduced in bridge design practice in the U.S. and used successfully. For 

example, the PCI Bridge Design Manual (2011) includes a U-beam, a non-composite 

deck bulb-tee girder, and a double-tee stemmed beam known as the NEXT beam as 

shown in Figure 1.3.  
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U-beams 

 
Non-composite deck bulb-tee 6-ft-wide top flange (1.8 m) 

Section depth = 35 to 65 in. (889 to 1651 mm) 
 

               
 
 

NEXT type D and F x 96/120 beams 
Section depth = 24 to 40 in. (610 to 1016 mm) 

 
Figure 1.3. New shapes in bridge design: U-beam, non-composite deck bulb-tee 

girder and NEXT beam (PCI 2011). Note: 1 in. = 25.4 mm, 
1 ft = 304.8 mm 

  

States such as Washington, Texas, Nebraska, Utah, Florida, Pennsylvania, and the New 

England states have developed their own girder shapes based on typical AASHTO-PCI 

bulb-tee sections, AASHTO I-beams, and multi-web stemmed beams given in the PCI 

Bridge Design Manuals (2003, 2011). Preliminary design charts similar to the one 

shown in Figure 1.1 have been developed by many of these states providing the span 

capability of local products. It is important to point out that knowledge of the local 

marketplace is essential to determine the optimal configuration for a bridge. Using local 

 24”- 36”  28”- 40” 

 96” or 120” 

 35”- 65” 

   6’ – 0” 

 66”- 78”  40”- 54” 

 96” or 120” 

 NEXT type D beam  NEXT type F beam 



6 
 

girder shapes helps to minimize the cost of a bridge due to transportation and local 

production issues. 

The second chart (Figure 1.2) provides the required number of strands given the 

girder spacing, span length, concrete strengths (at release and 28 days) and strand 

diameter for a specific girder section. This chart can alternatively provide the span 

length given the number of strands and girder spacing for a specific girder size and 

concrete strength. Girder spacings of 6, 8, 10 and 12 ft (1.8, 2.4, 3.0 and 3.7 m) are 

normally chosen which represent feasible upper and lower limits used in current 

practice (PCI 2011). For this range of girder spacings, the exterior girder typically 

governs the design for the narrower spacing and the interior girder usually governs for 

wider spacings. This is attributed mainly to the differences in the LRFD live-load 

distribution factor for exterior and interior girders. It is also generally found that the 

controlling beam (interior or exterior) demands just a few more strands than the rest of 

the beams or the maximum span length only reduces by 5 to 10 ft (1.5 to 3 m) (PCI 

2011). Note that as the girder spacing decreases or the concrete strength increases, the 

span length increases. On the contrary, if the girder spacing increases or the concrete 

strength decreases, the span length decreases. 

The use of longer full-span girders has limitations on fabrication, transportation, 

and erection. Some states restrict the maximum transportable girder length to 120 ft 

(36.6 m) and the weight to 70 tons (PCI 2011). Precast beams up to 210 ft (64 m) in 

length and more than 150 tons in weight, however, have been allowed in Pennsylvania, 

Washington, Nebraska and Florida (PCI 2011). The size of the erection equipment may 
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be limited by the access to the site or by the availability to the contractor. In addition, 

transportation of long beams may also be restricted by access to the construction site. 

Depending on the current regulations of girder lengths in each state, the designer can 

determine the most practical and economical configuration. This length restriction can 

be represented as shown in Figure 1.2 by a vertical line labeled as “Current Practice”.  

 

1.2 Effects of Design Parameters  

  For a given span length and based on standard concrete strengths, the design 

of an economical prestressed concrete girder generally starts with a preliminary 

estimate of the girder size, shape, and spacing; diameter and number of prestressing 

strands; and deck thickness. Full-span girders are simple-span girders with no 

intermediate concrete girder splices or concrete joints. These girders can also be used 

as continuous span girders with continuity diaphragms or girder splices at interior piers. 

Full-span girders are the most cost-effective and practical for precast, prestressed 

concrete girder bridges which can be used in simple-span and continuous span 

structural systems (PCI 2011). The most common systems are simple-supported 

bridges which have been used effectively in the U.S. for over 60 years (Hueste et al. 

2012); however, these systems become limiting when longer spans are desired due to 

a growing need in the transportation industry to limit the impact of construction on the 

the traveling public. The effects of different material properties (including the concrete 

strength, strand size and type, and lightweight aggregate) and span continuity on the 

girder design are discussed in the following paragraphs. 
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1.2.1 Concrete Properties 

 The use of high performance concrete (HPC) is the most effective method to 

extend prestressed concrete girder spans (Jeon et al. 2011).  Concrete strengths for this 

type of concrete can range from 7,250 psi to 14,500 psi (50 to 100 MPa) (PCA 1994) 

as shown in Table 1.1. 

 
Table 1.1. Typical strength classification for different types of concrete (PCA 1994). 

Normal strength 
concrete (NSC)  

High-
performance 

concrete (HPC)  

Very-high-
strength concrete 

Ultra-high-
performance  

concrete (UHPC) 

< 7,250 (50) 
7,250-14,500 

 (50-100) 
14,500-21,750 

(100-150) 
> 21,750  

(150 MPa) 

Note: concrete strength given in psi (MPa). 

 

In general, as the girder concrete strength increases, longer span lengths can be attained 

and the number of piers and girders can be reduced and consequently, the total volume 

of concrete. However, material cost generally rises when HPC is used. For example, 

increasing the concrete strength from 푓′  = 7 ksi (48.3 MPa) to 14 ksi (96.6 MPa), can 

double the material cost from $70 to $140/yd3 ($91.7 to $183.4/m3) (PCI 2011). If the 

strength increment is only 3 ksi (20.7 MPa), then the additional cost can be $10 to 

$20/yd3 ($13.1 to $26.2/m3) (PCI 2011). For a preliminary design, the rise in material 

cost in using HPC needs to be weighed against savings due to reductions in the volume 

of concrete. According to PCI (2011), initial savings due to reductions of the volume 

of concrete and improved durability properties indicate that the use of HPC is feasible.  
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Ultra-high performance concrete (UHPC), a new class of cementitious 

composite material, began with the development of reactive powder concrete (RPC) in 

the early 1980’s.  This development can be credited to researchers Bache (1981) and 

Richard and Cheyrezy (1995). Richard and Cheyrezy (1995) implemented several new 

principles to produce UHPC. This type of concrete is different from normal strength 

concrete (NSC) and HPC in several ways. Mainly, coarse sand is replaced by fine sand 

and high strength steel fibers. Consequently, UHPC has been shown to develop a 

compressive strength greater than 21.7 ksi (150 MPa) and the steel fibers result in a 

sustained post-cracking tensile strength greater than 0.72 ksi (5 MPa) (Graybeal 2009). 

Since both the compressive and tensile strengths are greater for UHPC, the design of 

structural elements may be better optimized. Additionally, because its main aggregate 

is fine sand, the porosity of the concrete decreases and thus, penetration of liquids 

reduces significantly, improving durability (Graybeal 2011). Hence, the mechanical 

and durability properties of UHPC make it a promising material for the construction of 

new prestressed concrete bridges as well as an option for repair and replacement of 

older bridges to address highway infrastructure deterioration (Graybeal 2009). Typical 

strength ranges of HPC and UHPC are shown in Table 1.1.  

The reduction of a girder’s weight by using structural concrete lightweight 

aggregate (LWA) has been used extensively to support heavy superimposed dead and 

live loads as well as to achieve higher span capacities (PCI 2011). The most significant 

contributions of LWA concrete have been in bridge construction. Structural LWA 

concrete has been used in highway bridges for more than 50 years in North America.  
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There are over 200 concrete bridges in the U.S. and Canada that have been built with 

this type of aggregates (Ramirez et al. 2000). As the span length increases, the self-

weight of the structure increases and becomes of greatest importance. About one-third 

of the total load resisted by a prestressed concrete bridge girder corresponds to its own 

weight and the load increases proportionally as the span increases (PCI 2011). 

Structural concrete made with lightweight aggregates is usually 20 to 30% lighter than 

normal concrete (Ramirez et al. 2000). Densities of lightweight or a combination of 

lightweight aggregate and normal-weight aggregate (NWA) are generally between 70 

and 120 lb/ft3 (1120 and 1920 kg/m3) (ACI 2013). Reductions up to 30% of the 

superstructure weight are possible that results in cost savings for materials (mild 

reinforcement, prestressing steel); substructure elements (foundations, piers); and 

formwork, transportation, and handling where ground conditions are severe (Ramirez 

et al. 2000). However, LWA concrete requires a larger amount of cement than normal 

concrete to achieve a high strength (50% more cement content than normal concrete) 

and as a result, the initial cost of LWA concrete may be higher (Ramirez et al. 2000). 

Overall, more than 10% of the cost of a bridge can be estimated as net savings after 

having considered cost savings due to reductions in materials and the higher initial cost 

of lightweight aggregates (Ramirez et al. 2000).  

Structural lightweight concrete has a minimum compressive strength of 2465 

psi (17 MPa) (Ramirez et al. 2000). However, experimental research conducted by 

Meyer et al. (2002) proved that bridge girders can be built with high strength, 

lightweight aggregate concrete (HSLWC) achieving concrete compressive strengths up 
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to 12 ksi (83 MPa), thereby reducing the girder weight up to 20% and increasing the 

length of simple-span AASHTO I-girders and AASHTO-PCI bulb-tee girders by up to 

4% and 3% respectively.  

 

1.2.2 Prestressing Strand Size 

Using high strength concrete and larger diameter strands it is possible to obtain  

longer span lengths, shallower section depths, and wider girder spacings. Larger 

prestressing forces can be achieved by increasing the strand size which consequently 

reduces the number of strands required. Furthermore, lowering the center of gravity of 

the strands results in additional flexural capacity. This lowers the material and labor 

costs since the number of strands and clamps needed in the prestressing process is 

reduced.  The use of 0.6 and 0.7-in. (15 and 18 mm) diameter strands rather than 0.5-

in. (13 mm) results in a more efficient girder. For example, a 20% increase in strand 

diameter from 0.5 to 0.6-in. (13 to 15 mm) provides 40% more pretensioning force 

(PCI 2011).  

 

Figure 1.4. Sketch of 0.5, 0.6 and 0.7-in. (13, 15 and 18 mm) diameter strands 
(scale 1: 2). 
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Designers have quickly accepted the use of 0.6-in. (15 mm) diameter strands. 

Further improvement occurs when 0.7-in. (18 mm) diameter strands are used. A 17% 

increase from 0.6 to 0.7-in. (15 to 18 mm) diameter strand gives 35% more prestressing 

force and a 40% increase from 0.5 to 0.7 inch (13 to 15 mm) produces a 92% increase 

in the prestressing force (Hanna et al. 2010). Therefore, the increase in prestressing 

force is about double the increase in strand diameter.  

Experimental and analytical research work have shown the benefits of 0.7-in. 

(18 mm) diameter strands in bridge girder design. Vadivelu et al. (2008) conducted an 

analytical study and showed that a BT-72 girder with 0.6-in. (15 mm) diameter strands 

could be reduced to a BT-54 girder with 0.7-in. (18 mm) diameter strands and achieve 

the same capacity. Morcous et al. (2011) performed an experimental study using 0.7-

in. (18 mm) diameter strands in pretensioned bridge girders. This investigation 

evaluated the challenges of implementing I-girders with 0.7-in. (18 mm) diameter 

strands in bridge construction. Two full-scale Nebraska University (NU) 900 I-girders 

were fabricated and tested which showed that the design provisions from the AASHTO 

LRFD Bridge Design Specifications (2010) and current production practices for 0.7-

in. (18 mm) strand can be used without significant changes.  

Using HPC, the allowable concrete stress in compression and tension are 

increased and consequently, longer spans and/or wider girder spacings are possible but 

larger pretension tensile forces are needed. The number and/or the strand diameter must 

increase to handle the required pretension force. Furthermore, the more prestressing 

steel area that is provided in the bottom flange, the greater the capacity to resist positive 
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moment. It is important to note that the bottom flange dimensions determines the 

number and size of the strands that can be used. Therefore, the designer should consider 

girder sections with larger bottom flanges if longer spans are demanded and HPC is 

used. For example, longer span lengths are possible with the NU I-girders, Washington 

super girders (WF##G), and New England bulb-tee (NEBT) beams than the AASHTO-

PCI bulb-tee section because they have larger bottom flanges as shown in Figure 1.5. 

The NU I-girders have been widely used in Canada and the U.S. in Nebraska, Missouri, 

and Texas (Hanna et al. 2010).  

 

 

Figure 1.5. Comparison of bulb tee with I-beam shapes with large bottom flanges to 
accommodate more strands (PCI 2011). 
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1.2.3  Span Continuity 

 Simple-supported precast prestressed concrete girders have been used in the 

U.S. for more than sixty years (Hueste et al. 2012). Span lengths are commonly limited 

to about 150 ft (46 m) due to weight and length restrictions during girder transportation 

(Hueste et al. 2012). Longer span bridges are advantageous when traffic and congestion 

increase in urban areas. There are several engineering techniques to extend the span 

length of prestressed concrete bridges including the use of HPC and UHPC, lightweight 

concrete, larger strand size, and modified girder sections (Abdel-Karim et al. 1995). In 

addition, the span length can be increased using continuous span girders. Designing for 

continuity involves two basic steps; girders are typically constructed simple for dead 

load (step 1) and continuous for live load (step 2).  In the first step, precast, prestressed 

girders are erected as simple spans, as shown in Figure 1.6. 

 

 

Figure 1.6. Precast, prestressed girders erected as simple spans. 

 

The non-composite structure is analyzed as simple span for girder, slab and haunch 

self-weights and effects of prestress at release. In the second step, the bridge is made 

continuous and composite with a cast-in-place deck and a diaphragm as shown in 

Figure 1.7. 
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Figure 1.7. Precast, prestressed girders made continuous and composite with a cast-
in-place deck and diaphragm. 

 

 Composite and continuous girders are then analyzed for live loads (e.g. HL-93 live 

loading plus impact), and superimposed dead loads (e.g. future wearing surface and 

barriers weight) and time dependent effects (shrinkage, creep and temperature). 

 Spliced precast, prestressed concrete girders have been preferred by contractors 

in performance-based bids of projects in some states (Castrodale et al. 2004). 

Advantages of these types of construction are that bridge deck joints are eliminated 

over the piers thereby reducing maintenance cost and improving durability (Hueste et 

al. 2012). Based on the bridge span length and the urban demands, simple and 

continuous span girders are preliminary design options that should be carefully 

examined to maximize structural performance and minimize the bridge cost.  

  

1.3  Need for Research 

 Current PCI preliminary design charts are based on the AASTHO LRFD Bridge 

Design Specifications (2010) and provide useful design aids but they limit the designer 

to a single girder concrete strength of 푓′  = 8,000 psi (55.2 MPa) and 0.6-in. (15 mm) 

diameter strands. In addition, these charts were developed only for simple spans. 

Deck reinforcement for negative moment 

Diaphragm with a cast-in-place 
deck making bridge continuous 
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Longer spans may be needed in urban areas due to traffic and congestion problems 

during construction. The construction of longer spans is also beneficial in the 

development of an effective infrastructure for economic and environmental reasons. As 

previously discussed, there are several techniques for extending spans including the use 

of high strength concrete, lightweight aggregates, larger diameter strand, and modified 

girder sections (Abdel-Karim et al. 1995). In addition, span continuity is an effective 

method to increase the span length (Hueste et al. 2012). Consequently, preliminary 

design charts should include not only the option to evaluate simple spans, but also 

continuous spans particularly when longer spans are required. Advances in bridge 

technology demands that different parameters be considered including, but not limited 

to, concrete girder and deck strengths; constitutive relationships for concrete and steel; 

girder section and spacing; strand size and prestress loss equations; and allowable 

concrete stress limits for tension and compression. Therefore, a versatile simplified 

design method that is capable of evaluating various combinations of these parameters 

for simple and continuous spans is needed to give preliminary options that aid the 

engineer in optimizing the final girder design.  

 

1.4 Research Goal and Objectives 

The major goal of this research was to develop a simplified method for 

generating LRFD preliminary design charts for prestressed concrete girders for simple  

 and continuous span bridges. The specific objectives of this research are: 
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 Develop an analytical girder model to generate preliminary design charts for 

simple-supported prestressed concrete bulb-tee girders following the AASHTO 

Standard Specifications (2002) to obtain a closed-form solution. Use a BT-72 

girder to illustrate the analytical procedure and verify the results with the PCI 

(2003) design charts.  

 Adapt the simple-supported girder model to the LRFD Specifications (2010) 

through modification of the dead and live load effects, and prestress losses and 

verify the results with the PCI (2011) design charts. Modify the prestressed 

girder model to satisfy the LRFD Service III and Strength I limit states for 

simple span bridges.  

 Adapt the LRFD-based prestressed girder model from simple span to two-span 

continuous bridges. Generate LRFD preliminary charts for different 

combinations of concrete strength including NSC, HPC, and UHPC with 0.5-

in. (13 mm), 0.6-in. (15 mm.) and 0.7-in. (18 mm) diameter strands, 

respectively, to illustrate the utility of the prestressed girder model and potential 

impact on design for simple and continuous span bridges. 

 

1.5 Overview of Dissertation 

 The remainder of this dissertation is organized into five additional chapters. 

Chapter 2 gives a literature review related to preliminary design charts for prestressed 

concrete girders including past development and current state of practice. Chapter 3 

presents the design criteria that was followed to develop the prestressed girder model 
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for simple spans based on service, strength, and release limit states using the AASHTO 

Standard Specifications (2002). Chapter 4 explains the procedure that was followed to 

adapt the prestressed girder model to the AASHTO LRFD Bridge Design 

Specifications (2010) including the modifications for the Service III and Strength I 

limit states. This chapter also explains the adaptation of the girder model from simple 

spans to two-span continuous bridges and consideration of release stresses. Chapter 5 

evaluates the impact of using different combination of concrete strengths including 

NSC, HPC, and UHPC with 0.5-in. (13 mm), 0.6-in. (15 mm.) and 0.7-in. (18 mm) 

diameter strands for simple and two-span continuous bridges. Practical implications are 

also discussed in this chapter. Chapter 6 presents a summary of the research and 

conclusions followed by recommendations for future work.    

 



19 
 

CHAPTER 2 

LITERATURE REVIEW 

 This chapter gives a literature review related to the development and use of 

preliminary design charts for prestressed concrete bridge girders. Most of the graphical 

design aids found in the literature are for simple spans. However, the consideration of 

span continuity in bridge design is discussed and illustrated with the few reported 

studies for continuous span girders. For each reference, the design criteria and 

assumptions including, dead and live loads, deck and girder properties, allowable 

stresses, and prestressing strands and spacing are described. Subsequently, the charts 

of each reference are briefly described and the findings are summarized. 

 

2.1 Fereig (1985)  
  
 Preliminary design charts for simple prestressed concrete bridge girders were 

first developed by Fereig (1985) in Canada. A mathematical model was provided in 

this study that was based on linear programming to obtain the required prestressing 

force versus the span length for different girder spacings. Ferguson (1998) defines a 

linear programming problem as “a problem of maximizing or minimizing a linear 

function subjected to linear constraints”. Charts were generated for interior girders of 

prestressed concrete simple span bridges. Standard sections of the Canadian 

Prestressed Concrete Institute (CPCI) with different span lengths and girder spacings 

were evaluated.  
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2.1.1 Design Criteria and Assumptions 

The charts were developed in accordance with the CAN3-S6-M78 standard 

(1978) for design of highway bridges published by the Canadian Standards (CSA). The 

preliminary designs were conducted for simple-span, interior CPCI girders under 

MS200-77 loading with a composite, cast-in-place concrete deck. Several parameters 

were considered including different span lengths and girder spacings; allowable 

stresses at transfer and service; physical limitations for the prestressing force 

eccentricity (i.e., maximum eccentricities); ultimate moment capacities; and steel ratio 

limits. Concrete compressive strengths of 5.08 ksi (35 MPa) and 4.35 ksi (30 MPa) 

were assumed at 28 days and transfer, respectively. Maximum allowable tensile 

stresses of 푓  = 3 푓′  in psi (0.25 푓′   in MPa) and 푓  = 6 푓′  in psi (0.5 푓′  in MPa) 

at service were assumed to develop the first and second set of charts, respectively. For 

a given CPCI girder section and spacing, the required prestressing force after losses 

was determined versus the girder span length. The preliminary design model was based 

on nine constraints, each representing a design criterion that was satisfied in the linear 

program. A summary of these constraints is given in Table 2.1. 
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Table 2.1. Constraints of the Fereig (1985) preliminary design model. 

Constraint Design Consideration 

1-4 
Allowable stresses at transfer and 
service at the top and bottom of 
the girder 

5 Maximum eccentricity 
6, 7 Ultimate flexural capacity 
8, 9 Steel ratio limit 

 

In the linear program developed in this study, the function that is maximized is   where 

P is the prestressing force.  Using the simplex method (a mathematical procedure to 

solve linear programming problems), the minimum prestressing force is determined 

versus the span length for different girder spacings.  The prestressing force is obtained 

by solving the dual linear program (Philips et al. 1976) for the two controlling 

constraints. For example, a criteria designation of (1, 4) signifies that the stresses at 

transfer and service at the top and bottom of the girder, respectively, governs the design. 

Hence, by solving the linear programming model, the nine constraints mentioned 

earlier are satisfied and the two design controlling conditions are identified.  

 

2.1.1.1 Dead and Live Loads 

 The self-weight of the CPCI 1200, 1400, 1900 and 2300 prestressed concrete I-

girders were considered in computing the noncomposite dead load and the self-weight 

of a 7.5-in. (19 mm) thick reinforced concrete deck. The bridge was assumed to have 

two lanes and composite dead loads consisted of two traffic barriers with a total 

uniform load of 680 lb/ft (10 kN/m) distributed equally among the bridge girders, a 
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future asphalt wearing surface with a 2.95 in. (75 mm) thickness, and 7.87 in. (200 mm) 

steel diaphragms. Live load was based on MS200-77 truck loading as given in the CSA 

standard (1978). Discussion of the live-load-distribution factors and the analytical 

procedure used to compute the live-load girder moments was not provided in the paper.  

   

2.1.1.2 Deck Properties 

 As mentioned previously, a deck thickness of 7.5 in. (190 mm) was assumed to 

develop the preliminary design charts. The concrete compressive strength of the deck 

was taken as 4.35 ksi (30 MPa). A parametric study was conducted to study the 

influence of varying the deck thickness by ± 0.5 in. (12 mm) on the magnitude of the 

required prestressing force and it was found that the force changed by less than 1%. 

 

2.1.1.3 Girder Properties and Allowable Stresses  

Figure 2.1 and Table 2.2 show the dimensions and section properties of the 

CPCI prestressed girders that were investigated by the author. 
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Figure 2.1. Dimensions of standard CPCI prestressed girders (Fereig 1985). Note: 1 
ft = 304.8 mm. 

 

Table 2.2. Section properties for standard CPCI prestressed girders (Fereig 1985). 

 
 

Note: 1 in. = 25.4 mm, 1 in.2 = 645.2 mm2, 1 in.4 = 416231 mm4. 
  

2.1.1.4 Prestressing Strands and Spacing 

This study determined the required prestressing force after losses and not the 

number of strands or strand layout. However, the number of strands and spacing can 

be easily estimated from the prestressing force by assuming a strand diameter. 
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2.1.2 Chart Description 

 In this paper, eight charts are presented for different girder span lengths and 

spacings. The first set of charts was developed for an allowable tensile concrete stress 

after prestress losses, 푓  = 3 푓′  psi (0.25 푓′  MPa), and the second set for  푓  = 6 푓′  

psi (0.5 푓′  MPa).  In each set, four CPCI prestressed concrete I-beams (CPCI 1200, 

1400, 1900 and 2300) were studied. Figures 2.2 and 2.3 show the two charts for a CPCI 

1200 girder.  

 

Figure 2.2. Preliminary design chart for CPCI 1200 girder based on 푓  = 3 푓′  psi 
(0.25 푓′  MPa) (Fereig 1985). 
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Figure 2.3. Preliminary design chart for CPCI 1200 girder based on 푓  = 6 푓′  psi 
(0.5 푓′  MPa) (Fereig 1985). 

 

The mathematical model was based on nine constraints that represent the conditions 

that govern the girder design as discussed earlier (see Table 2.1). The governing 

constraints are shown in parentheses in Figures 2.2 and 2.3 (e.g. (1, 4)). A parametric 

study was carried out based on the chart design parameters. The major conclusions 

were as follows: 

 Variation in the required prestressing force was less than 1% when the 7.5 in. 

(190 mm) deck thickness was increased or decreased by 0.5 in. (12 mm); 



26 
 

 The required prestressing force is reduced by 3% on average when the girder 

concrete strength was increased from 5075 to 5800 psi (35 to 40 MPa); 

 Varying the prestressing force after losses to the initial prestressing force ratio 

from 0.8 by 5% affected the required prestressing force by less than 2% on 

average; and 

 The required prestressing force did not change when the effective prestressing 

force after losses to the ultimate strength of the prestressing steel ratio was 

varied from 0.52 to 0.58. 

 

2.2 PCI (2003) 

 This section covers the preliminary design charts provided in the 2nd Edition of 

the PCI Bridge Design Manual (2003). The charts are hereafter referred to as the PCI-

03 preliminary design charts and were developed to satisfy the strength and 

serviceability limit states of the AASHTO Standard Specifications (2002) for 28-day 

concrete compressive strengths of 푓′  = 7,000 and 12,000 psi (48.3 and 82.8 MPa) with 

0.5-in. (13 mm) and 0.6-in. (15 mm) diameter strands, respectively.  

 

2.2.1 Design Criteria and Assumptions 

In the next sections, a brief review of the assumptions used in the development 

of the PCI-03 preliminary design charts is provided.  
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2.2.1.1 Dead and Live Loads 

The PCI-03 preliminary design charts were developed based on the live-load 

effects of an AASHTO HS25 truck which is 1.25 times the standard HS20 design truck. 

The live-load distribution factor for moment was taken as (푆/5.5) under wheel loading 

where 푆 is the girder spacing in feet. The AASHTO Standard Specifications (2002) 

employ this factor for interior I-beam systems under multiple lane loading. This 

formula does not include the effects of span length, slab thickness, and composite girder 

stiffness in computing the distribution factor as in the LRFD Bridge Design 

Specifications (AASHTO 2010). For example, in LRFD Article A4.6.2.2.2b, the 

moment distribution factor (푚푔) under axle loading for an interior girder under HL-93 

and multiple design lanes is computed as:  

 

푚푔 = 0.075 +
.

. . .
  (2.1) 

  

where 퐿 = span length (ft); 푆 = girder spacing (ft); and 푡  = slab thickness (in). The 

longitudinal stiffness, 퐾 , is computed as: 

 

퐾 = 푛 퐼 + 퐴푒  (2.2) 

 

where 푛 = modular ratio between beam and deck material; 퐼  = moment of inertia of 

beam (in4); 퐴 = cross-sectional area of beam (in2); and 푒 	= distance between the 
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centers of gravity of the beam and deck (in.). The live load impact factor, 퐼, used in 

developing the PCI-03 charts was computed as: 

 

퐼 = 	≤ 		30%	 (2.3) 

 

The girder, slab, and haunch weights were considered as non-composite dead 

loads. For composite dead load, a value of 40 psf (1915 N/m2) superimposed dead load 

was assumed to account for the barriers and railing weight and a 2 in. (51 mm) concrete 

overlay was assumed for the future wearing surface. 

 

2.2.1.2 Deck Properties  

 An 8-in. (203 mm) thick, concrete deck with a 28–day compressive strength of 

푓′  = 4000 psi (28 MPa) and a 0.5-in. (13 mm) haunch were assumed to develop the 

PCI-03 charts. It is important to note that using the same thickness for different girder 

spacings, may not be the most feasible at larger spacings because it would require a 

significant amount of steel reinforcement and therefore, the cost of the reinforced 

concrete deck would be excessive. In actuality, the deck thickness should increase with 

the beam spacing to achieve a more cost-effective design. For instance, the New 

Mexico Department of Transportation (NMDOT) uses a standard slab thickness that 

increases from 8 to 11 in. (191 to 279 mm) for beam spacings ranging from 6’-7” to 

11’-10” (2.00 to 3.61 m) as specified in the NMDOT Bridge Procedures and Design 

Guide (2005).  
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2.2.1.3 Girder Properties and Allowable Stresses 

 The concrete compressive strengths for the girders were taken as 푓′  = 5500 

psi (38 MPa) at release and 푓′  = 7,000 psi (48.3 MPa) at service. In accordance with 

the AASHTO Standard Specifications (2002), the allowable tension limits were taken 

as 7.5 푓′  psi (0.63 푓′ 	 MPa) at release and 6 푓′ 	psi (0.5 푓′  MPa) at service 

while the allowable compression limits were taken as 0.6푓′   at release and 0.6푓′  at 

service. High-strength concretes ranging from 10,000 to 15,000 psi (69 to 103.4 MPa) 

have been recently used in the U.S bridge industry (PCI 2003 and 2011). Accordingly, 

the PCI-03 preliminary design charts for I-beams and bulb-tee girders also considered 

푓′  = 8,000 psi (55.2 MPa) and 푓′ 	= 12,000 psi (82.8 MPa). In the state of New 

Mexico, a 28-day compressive strength up to 9,500 psi (66 MPa) is currently the 

standard, but prestressing plants may provide up to 12,000 psi (82.8 MPa) using a 56-

day curing period (NMDOT 2005). For the higher strength concrete, the allowable 

tensile stresses at release and service were assumed 33 percent higher than normal 

strength concrete (PCI 2003). That is, the allowable tensile stresses were set at 10 푓′   

psi (0.83 푓′   MPa) at release and 8 푓′   psi (0.66 푓′  MPa) at service, while the 

allowable compressive stresses were left the same (i.e., 0.6푓′  and 0.6푓′ ).   

 

2.2.1.4 Prestressing Strands and Spacing 

For normal strength concrete, 0.5-in. (13 mm) diameter, seven-wire, 270 ksi 

(1.86 GPa) low relaxation strands were used. The center-to-center strand spacing was 
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2 in. (51 mm) and all strands were assumed to have an initial tension of 202.5 ksi (1.40 

GPa) at release. End stresses can be controlled either by strand debonding (shielding) 

and/or harping but no information was provided as to which method was used in the 

PCI-03 charts. The PCI-03 charts for high strength concrete were developed using 0.6-

in. (15 mm) diameter strands at 2 in. (51 mm) spacing. Note that a 0.6-in. (15 mm) 

diameter strand provides 40% more tensile capacity than a 0.5-in (13 mm) diameter 

strand.  

Prestress losses were computed using the following equation from Article 

9.16.2 of the AASHTO (2002) Standard Specifications: 

 

푇표푡푎푙	퐿표푠푠푒푠 = 푆퐻 + 퐸푆 + 퐶푅 + 퐶푅     [STD Eq. 9-3] (2.4) 

 

where  푆퐻 = loss of prestress due to concrete shrinkage (ksi); 퐸푆 = loss of prestress 

due to elastic shortening (ksi); 퐶푅  = loss of prestress due to creep (ksi); and 퐶푅  = 

loss of prestress due to relaxation of prestressing steel (ksi). A relative humidity value 

of 푅퐻 equal to 70% was assumed. Loss of prestress due to concrete shrinkage was 

computed using the following equation: 

 

푆퐻 = 17,000− 150푅퐻    [STD Eq. 9-4] (2.5) 

 

The elastic shortening prestress loss was computed as follows: 
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퐸푆 = 	 푓   [STD Eq. 9-6] (2.6) 

 

where 퐸 = modulus of elasticity for pretensioning strands = 28,500 psi (196.5 MPa); 

푓  = average concrete stress at the center of gravity of the pretensioning steel due to 

pretensioning force and dead load of girder immediately after transfer; and 퐸  = 

modulus of elasticity for girder at release = 	푤 . (33) 푓′   with 푤  = unit weight of 

concrete = 150 pcf (2403 kg/m3). Creep of concrete was estimated as follows: 

 

퐶푅 = 12푓 − 7푓   [STD Eq. 9-9] (2.7) 

 

where 푓  =  concrete stress at the center of gravity of the pretensioning steel due to 

all dead loads except the dead load present at the time the pretensioning force is applied. 

Finally, loss of prestress due to relaxation of prestensioning steel was determined with 

the following equation: 

 

퐶푅 = 5,000− 0.10퐸푆 − 0.05(푆퐻 + 	퐶푅 )  [STD Eq. 9-10A] (2.8) 

 

In the PCI-03 charts, it is not specified if the required number of strands for the 

resulting span lengths and girder spacings is feasible for local producers. Only a few 

producers in U.S. have a prestressing bed capable of handling 90 tensioned strands (PCI 

2003). The number of prestressing strands was determined based only on flexural 
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requirements. No attempt was made to determine the girder shear capacity, and 

deflections and camber limitations were not considered. Therefore, a complete check 

of the girder should be made in the final design stage. 

   

2.2.2 Chart Description 

 The PCI-03 preliminary design charts were developed for different girder 

shapes including AASHTO box beams, AASHTO-PCI standard bulb-tees, AASHTO 

standard I-beams, double stemmed beams and voided slab beams. For each shape, 

different girder sizes were considered such as the PCI BT-54, BT-63, and BT-72 for 

bulb-tees. The first chart type for each shape provides the maximum span length versus 

girder spacing for the different girder sizes (see Figure 1.1). These particular charts are 

used in the early stages of design to select the girder size based on span length and 

girder spacing. The second chart type for each shape provides the number of 

prestressing strands required for a specified span length and beam spacing (see Figure 

1.2). This dissertation focuses on both chart types mentioned above. The charts were 

developed only for simple span and interior girders based on the AASHTO Standard 

Specifications (2002). No distinction between service and strength was made in the 

charts as done by Fereig (1985). Figures 2.4 and 2.5 show the PCI-03 charts for the 

BT-72 girder section.  
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Figure 2.4. PCI-03 first chart type for BT-72 girder section (PCI 2003). 

 

 

Figure 2.5. PCI-03 second chart type for BT-72 girder section (PCI 2003). 
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Information from the two sets of charts can be used to obtain a preliminary cost 

estimate of the superstructure based on the girder and deck requirements and also to 

determine if local producers are able to fabricate the girder. In addition, handling and 

transportation of the girder need to be considered in the preliminary bridge design and 

cost estimate. The girder size, spacing, and/or strand layout may have to be changed to 

satisfy the budget constraints and/or fabrication restrictions.  

As shown in Figure 2.5, the maximum span length may be controlled by the 

strength or serviceability (tension at service) limit states or allowable stresses at release. 

An upper bound limit labeled with the specified concrete stress at release, 푓′ , indicates 

where the release stresses are the controlling criteria for the maximum span length. The 

curves are continued past this line and either tension at service or strength controls 

(usually tension at service), and the end point of each curve is labeled with the 

minimum required value of 푓′  (not to exceed 푓′ ). Table 2.3 shows a summary of the 

benefits and limitations of the PCI-03 preliminary design charts. 

 

Table 2.3. Summary of benefits and limitations of PCI-03 preliminary design charts. 
 

Benefits Limitations 
 Two concrete strengths of  푓′  = 7 ksi  

(48.3 MPa) and 푓′ 	= 12 ksi (82.8 
MPa) 
 

 Two strands of 0.5 and 0.6-in. (13 and 
15 mm) diameter, seven-wire, 270 ksi 
(1.86 GPa) low relaxation strands 

 
 Different girder shapes and sizes 

 AASHTO Standard Specifications 
(2002) 
 

 Simple span only 
 

 Interior girders only 
 

 No distinction between service and 
strength in charts 
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2.3 Hanna et al. (2010)  
  

This report provides preliminary design charts for Nebraska University (NU) I-

girders based on the AASHTO LRFD Bridge Specifications (2007) and the Nebraska 

Department of Roads (NDOR) Bridge Operations, Policies, and Procedures (NDOR 

2009). Design charts were developed for different girder sizes (from NU900 to 

NU2000), girder spacings (6 to 12 ft) (1.8 to 3.7 m), and concrete compressive strengths 

(8 to 15 ksi) (55.2 to 103.4 MPa) using 0.6 and 0.7-in. (15 and 18 mm) diameter strands. 

The number of prestressing strands was varied from 10 to 60. NU I-girder graphs were 

developed to cover three sets of configurations including simple span, two-span 

continuous, and three-span continuous bridge girders. Two types of charts for each set 

were developed: summary and detailed charts. Summary charts provide the maximum 

span length for different NU I-girder sections given the concrete strength and girder 

spacing. Detailed charts provide the required number of strands for a specific NU girder 

section and concrete strength given the span length and girder spacing. Examples of 

these two types of charts were described previously in Chapter 1 (see Figures 1.1 and 

1.2).   

 

2.3.1    Design Criteria and Assumptions 

As mentioned earlier, the design charts were developed based on the AASHTO 

LRFD Specifications (2007) and the NDOR Manual (2009) for interior girders. Simple 

span, two-span continuous (with equal spans), and three-span continuous with a 1.25:1 

interior to exterior span ratio were considered to develop the design charts. Girder 
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spacings of 6, 8, 10, and 12 ft (1.8, 2.4, 3.0, and 3.7 m) were assumed, similar to those 

adopted by the PCI Bridge Design Manuals (2003, 2011). Design criteria includes 

Service III, Strength I (non-composite and composite), release stresses (strength and 

working stress design methods), negative moment fatigue, and crack control limit 

states. Nebraska allows the designer to use the strength design approach and/or the 

working stress method for evaluating the concrete behavior at release and to choose the 

more feasible option. When the strength design approach is used, some restrictions 

imposed by the working stress method are eliminated and longer span lengths can be 

achieved. That is, the release limit state ceases to govern due to the elimination of limits 

imposed by the working stress method and as a result, Service III controls the span 

length of the girder as shown in Figure 2.10. For instance, the working stress method 

limits the top tensile stresses at the ends of the girder to 0.196 푓′  in ksi (0.5 푓′  in 

MPa). If the strength design method is used, this restriction is ignored and consequently 

the prestressing strands can be released at a lower concrete strength. This reduces the 

need and the costs associated with accelerated curing and debonding and/or draping of 

strands at the ends of the girders. According to this paper, the use of the strength design 

approach at release would allow precast, prestressed girders to be more efficient.  

A threaded rod (TR) continuity system was considered to develop design charts 

for two-and three-span continuous girders. Conventional systems are only continuous 

for live load whereas the TR system also allows the deck weight to be resisted through 

continuity. Comparisons of the strength design approach with the working stress 

method and TR continuity with the conventional system are presented in Section 
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2.3.2.3. In the next sections, a brief review of the assumptions used in the development 

of the NU preliminary design charts is provided.  

 

2.3.1.1 Dead and Live Loads 

The self-weight of the NU I-girder was computed based on the cross section 

shown in Figure 2.6. Table 2.4 shows the NU I-girder cross section properties.    

 

 
 
 
 

 

Figure 2.6. NU I-girder cross section with strand template (Hanna et al. 2010). 
Note: 1 m = 3.3 ft 
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Table 2.4. NU I-girder section properties (Hanna et al. 2010). 
 

 
 

Normal weight concrete with a density of 150 pcf (2403 kg/m3) was used to 

compute the girder, deck, and haunch weights. The diaphragm weight was assumed as 

0.25 k/ft (372 kg/m). A 2-in. (51 mm) asphalt overlay was used to account for the future 

wearing surface. The dead weight of ten 1 3/8 in. ∅ x 50 ft (35 mm ∅ x 15 m) threaded 

rods placed 0.75-in. (19 mm) above the girder top flange in the negative moment 

sections was used for continuous girders.  The HL-93 loading was used to compute the 

design vehicular live load for interior girders.  

 

2.3.1.2 Deck Properties 

Concrete deck thicknesses of 7.5 in. (191 mm) and 8.0 in. (203 mm) were 

assumed for girder spacings of 6 to 10 ft (1.8 to 3.0 m) and 12 ft (3.7 m), respectively. 

For girder concrete strengths of 푓′  = 8 and 10 ksi (55.2 and 69.0 MPa) and 12 and 15 

ksi (82.7 and 103.4 MPa), deck concrete strengths of 푓′  = 4 and 5 ksi (27.6 and 34.5 
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MPa) were assumed, respectively. A 48-in. (1.2 m) wide concrete haunch with a 

thickness of 1-in. (25.4 mm) was used for simple spans. For continuous spans, haunch 

thicknesses of 2.5 in. and 3.5 in. (63.5 mm and 89 mm) were used in the positive and 

negative moment regions, respectively.    

 

 2.3.1.3 Girder Properties and Allowable Stresses 

 The girder section properties are given in Table 2.4. Design charts were 

developed using 28-day concrete compressive strengths of 푓′  = 8, 10, 12, and 15 ksi 

(55.2, 68.9, 82.7, and 103.4 MPa). Allowable tensile stresses for the concrete at service 

and release were not explicitly specified in the paper nor the allowable compression 

stresses at service. Only the allowable compression stresses for the concrete at release 

were provided as 0.6푓′ . Concrete strength at release was specified as 0.75푓′ . 

 

2.3.1.4 Prestressing Strands and Spacing 

The strand type was specified as Grade 270, low-relaxation with a modulus of 

elasticity of Es = 28,500 ksi (193 kN/mm2). The yield strength and jacking stress were 

given as 0.90푓  and 0.75푓 , respectively, where 푓  is the tensile strength of the 

strand. A 0.6-in. (15 mm) diameter strand was used for concrete strengths of 푓′  = 8, 

10 and 12 ksi (55.2, 68.9, and 82.7 MPa) and a 0.7-in. (18 mm) diameter strand for 

concrete strengths of 푓′  = 12 and 15 ksi (82.7 and 103.4 MPa). The strands were  

arranged as follows: 
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 60 strands – 7 rows (18, 18, 12, 6, 2, 2) @ 2 x 2-in. (25.4 x 25.4 mm) grid 

spacing; 

 straight strands, two point draping allowed at 0.4L; and 

 debonding allowed with a maximum of 40% of any row and 25% of total. 

 

2.3.2  Chart Description 

  As mentioned earlier, two type of charts were developed (summary and 

detailed). To describe the use of these charts, one example of each is given in the 

following sub-sections. Note that the charts provide the governing limit state for the 

design, allowing parameters to be modified to fit local or general design requirements. 

 

2.3.2.1 Summary Charts 

  This chart type provides the maximum span length when the girder section, 

concrete strength, and girder spacing are given. These charts were developed for 

different girder sections from NU 900 to NU 2000 at girder spacings of 6, 8 10 and 12 

ft (1.8, 2.4, 3.0 and 3.7 m). Summary charts are useful in the early stages of design 

because they provide the required girder size and spacing for a given span length and 

concrete strength. Figure 2.7 shows this type of chart.  
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Figure 2.7. Example of summary chart (Hanna et al. 2010). Note: 1 m = 3.3 ft, 
1 MPa = 145 psi. 

  
 

2.3.2.2 Detailed Charts 

  Detailed charts provide the number of strands given the span length and the 

girder spacing for a particular girder section and concrete strength. Combinations of 

the different girder sizes, concrete strengths, and spacings mentioned earlier were used 

to develop 30 detailed charts. Figure 2.8 shows an example of a detailed chart. 

f’c = 8 ksi 
f’ci = 6 ksi 
f’cd = 4 ksi 
0.6” ∅ strands 

      Service III  
    Strength I at final 
    Strength at release   
    Compression at final I  

 
                   W.S 

 Strength
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Figure 2.8. Example of detailed chart (Hanna et al.  2010). Note: 1 m = 3.3 ft, 

1 MPa = 145 psi. 
 

2.3.2.3 Effect of Design Parameters 

  In this study, the most important parameters that influenced the design of the 

NU I-girders were girder type, prestressing strand diameter, concrete strength at 

release, concrete strength at service, and continuity for multi-span bridges. For 

simplicity, attention was given to two parameters (concrete strength at release and 

continuity for multi-span bridges) to describe the design charts in the following 

sections. As discussed earlier, the strength design approach for concrete strength at 

release ignores some design requirements imposed by the working stress method, thus 

f’c = 8 ksi 
f’ci = 6 ksi 
f’cd = 4 ksi 
0.6” ∅ strands 

f’ci = 6000 psi 

      Service III  
    Strength I at final 
    Strength at release   
    Compression at final I  
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resulting in longer span lengths. Figure 2.9 shows a summary chart comparing the 

strength design approach with the working stress method.  

 

 
 

Figure 2.9. Summary chart comparing strength design approach with working stress 
method (Hanna et al. 2010). Note: 1 m = 3.3 ft, 1 MPa = 145 psi. 

  

  It can be estimated from Figure 2.9 that by using the strength design approach, 

10% longer span lengths can be achieved. Note that the concrete strength at release is 

the design limit state that usually controls the maximum span length. The detailed chart 

given in Figure 2.10 further shows that the use of the strength design approach permits 

significantly longer span lengths due to the elimination of some restrictions imposed 

by the working stress method as discussed in Section 2.3.1    

f’c = 8 ksi 
f’ci = 6 ksi 
f’cd = 4 ksi 
0.6” ∅ strands 

      Service III  
    Strength I at final 
    Strength at release   
    Compression at final I  

 
                   W.S 

 Strength
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Figure 2.10. Detailed chart comparing strength design method and working stress 

method (Hanna et al. 2010). Note: 1 m = 3.3 ft, 1 MPa = 145 psi. 
 

  The TR continuity system has many advantages versus the conventional 

system, including but not limited to, longer span lengths, fewer girder lines, and 

shallower girder depths. One of the major advantages of the TR continuity system is 

that it makes precast concrete girders continuous for about two-thirds of the total 

applied load whereas using the conventional system, girders are only continuous 

mainly for live load. Post-tensioning is not necessary when a TR continuity system is 

used. Figure 2.11 shows a summary chart comparing the TR and conventional 

continuity systems.   

  

f’c = 8 ksi 
f’ci = 6 ksi 
f’cd = 4 ksi 
0.6” ∅ strands 

f’ci = 6000 psi 

f’ci = 6000 psi 
      Service III  
    Strength I at final 
    Strength at release   
    Compression at final I  

 
                   W.S 

 Strength
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Figure 2.11. Summary chart comparing TR and conventional continuity systems 
(Hanna et al. 2010). Note: 1 m = 3.3 ft, 1 MPa = 145 psi. 

 

From Figure 2.11, a difference of 10 to 18% in span length is shown for the NU I-

girders. For a girder spacing of 6 ft (1.8 m), the TR continuity system designs were 

mostly governed by the strength at release limit state. However, the Strength I limit 

state in the negative moment regions governed the majority of the TR designs for wider 

girder spacings. Larger span lengths than those shown in Figure 2.11 can be attained if 

the negative moment capacity is increased by adding more threaded rods or increasing 

the top flange, web, or haunch thickness. 

 

 

f’c = 8 ksi 
f’ci = 6 ksi 
f’cd = 4 ksi 
0.6” ∅ strands 

 

 
                   Conv. Bridge Continuity 

 Threaded Rod Continuity

      Service III  
    Strength I (Negative) 
    Strength at release   
    Compression at final I  
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2.4  PCI (2011) 

 This section covers the preliminary design charts provided in the 3rd Edition of 

PCI Bridge Design Manual (2011) which were developed to satisfy the strength and 

serviceability limit states of the AASHTO LRFD Bridge Design Specifications (2010). 

These charts are hereafter referred to as the PCI-11 preliminary design charts and 

provide a starting point for girders fabricated using a 28-day concrete compressive 

strength of 푓′  = 8,000 (55.2 MPa) with 0.6-in. (15 mm) diameter strand.   

 

2.4.1 Design Criteria and Assumptions 

 In the next sections, a brief review of the assumptions used to develop the PCI-

11 preliminary design charts is provided.  

 

2.4.1.1 Dead and Live Loads 

 The PCI-11 preliminary design charts were developed for interior and exterior 

girders based on the AASHTO LRFD Bridge Design Specifications (2010) using the 

HL-93 live load for a simple span bridge. This loading consists of a combination of the 

design truck or design tandem and the design lane load. The HS20 vehicle is the design 

truck and was also used previously in the AASHTO Standard Specifications (2002). 

The design tandem consists of a pair of 25.0 kip axles spaced 4.0 ft (1.2 m) apart. The 

transverse spacing of wheels is 6.0 ft (1.8 m) for both the design truck and design 

tandem. The lane load consists of a uniform load of 0.64 kip/ft (953.3 kg/m) which is 

distributed transversely over a 10 ft (3.0 m) width. 
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 The moment live-load distribution factor for interior I-beams is given by 

Equation 2.1 shown previously. The distribution factor for exterior I-beams without 

midspan diaphragms for two or more design lanes loaded is given in LRFD Article 

4.6.2.2 by the following equation: 

푔 = 	푒푔  (2.9) 

 

where: 

 

푒 = 0.77 +
.

≥ 1.0	 (2.10) 

 

and 푑  = distance from the center of the exterior beam and the interior edge of the curb 

or traffic barrier (ft). If rigid midspan diaphragms are provided, the distribution factor 

for exterior girders based on rigid body motion also applies as given by the following 

equation (AASHTO 2010):  

 

푔 ≥ 푅 = + ∑

∑
  [LRFD Eq. C4.6.2.2.2d-1] (2.11) 

 

where 푅 = reaction on exterior beam in terms of lanes; 푁  = number of loaded lanes 

under consideration; 푁  = number of beams; 푒 = eccentricity of a lane from the center 

of gravity of the pattern of beams (ft); 푥 = horizontal distance from the center of gravity 

of the pattern of beams to each beam (ft); and 푥 = horizontal distance from the center 
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of gravity of the pattern of beams to the exterior beam (ft). Even though different live 

load distribution factors are used for interior and exterior girders, and different girder 

section sizes can be determined, LRFD Article 2.5.2.7 requires that the flexural 

capacity of the exterior girder be at least that of the interior girder.  

The live load impact factor, 퐼, used in developing the PCI-11 preliminary design 

charts based on LRFD is 33% regardless of the girder length (AASHTO 2010). Recall 

that the AASHTO Standard Specifications (2002) determines the impact factor 

considering the span length of the girder according to Equation 2.3 given earlier.  

The girder, slab, and haunch weights were considered as non-composite dead 

loads. For composite dead load, values of 0.5 kip/ft (744.8 kg/m) and 0.035 ksf (171 

kg/m2) were assumed to account for the barriers and future wearing surface, 

respectively. In PCI-03, these composite dead loads were assumed as 15 psf (73.24 

kg/m2) times the girder spacing and 0.025 ksf (122 kg/m2), respectively.  

 

2.4.1.2 Deck Properties  

 According to Table 6.5.2.3-1 of the PCI (2011) Manual, a concrete deck 

thickness of 8 in. (203 mm) was used for 6, 8 and 10 ft (1.8 m, 2.4 m, 3.0 m and 3.7 m) 

girder spacings and 9 in. (229 mm) for a 12 ft (3.7 m) girder spacing for bulb-tee 

sections. A ½-in. (13 mm) deduction was made to determine the structural properties 

and a 28–day concrete compressive strength of 푓′  = 4000 psi (28 MPa) was assumed.  
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2.4.1.3 Girder Properties and Allowable Stresses 

The concrete compressive strengths for the girders were assumed as 푓′  = 8.0 

ksi (55.2 MPa) at service and 푓′  = 6.8 ksi (46.9 MPa) at release. In accordance with 

the AASHTO LRFD Bridge Design Specifications (2010), the allowable tension limits 

were 7.5 푓′  psi (0.63 푓′ 	 MPa) at release and 6 푓′ 	psi (0.5 푓′  MPa) at service 

while the allowable compression limits were 0.6푓′   at release and 0.6푓′  at service. 

Note that the allowable stresses are the same in the AASHTO Standard (2002) and 

LRFD (2010) Specifications. 

 

2.4.1.4 Prestressing Strands and Spacing 

The PCI-11 preliminary design charts were developed using 0.6-in. (13 mm) 

diameter, seven-wire, 270 ksi (1.86 GPa) low relaxation strands. The center-to-center 

strand spacing was 2 in. (51 mm) and all strands were assumed to have an initial tension 

of 202.5 ksi (1.40 GPa) before release. No information was provided as to which 

method (strand debonding (shielding) and/or harping) was used in the PCI-11 charts to 

control end stresses. Relative humidity was assumed as 70%. The AASHTO 

approximate method (given in LRFD Article 5.9.5.3) for long-term losses was used to 

compute prestress losses in lieu of the detailed time-dependent method (given in LRFD 

Article 5.9.5.4). 

2.4.2  Chart Description 

 Similar to the PCI-03 preliminary design charts, the PCI-11 charts were 

developed for different girder shapes that are commonly used including AASHTO box 
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beams, AASHTO-PCI standard bulb-tees, and AASHTO standard I-beams. In addition, 

the PCI (2011) Manual presents some new girder shapes including, U-beams, non-

composite deck bulb-tees, and double-tee stemmed beams known as NEXT beams. 

Preliminary design charts are provided for two NEXT beam types, Type D and F. The 

thick top flange (8-in. (203 mm)) of Type D can be used as the structural slab for the 

bridge. A 3-in. (76 mm) thick asphalt overlay is considered as a future wearing surface 

in the preliminary design charts. The Type F has a top flange thickness of 4 in. (102 

mm) and can be used as a stay-in-place form for an 8-in. (203 mm) thick composite 

cast-in-place slab. A future wearing surface of asphalt is also considered in the 

preliminary design charts; however the thickness is not specified.  Figure 1.3 given in 

Chapter 1 shows the Type D and F shapes. 

 Similar to PCI (2003), two types of preliminary design charts were developed 

in PCI (2011). The maximum span length versus girder spacing are provided in the first 

chart type and the second chart type provides the number of prestressing strands versus 

span length and beam spacing. The PCI-11 charts were developed only for simple spans 

and interior and exterior girders using a girder concrete strength of 푓′  = 8,000 psi (55.2 

MPa) and 0.6-in. (15 mm) diameter strands based on the AASHTO LRFD Bridge 

Design Specifications (2010). No distinction between service and strength was made 

in the charts. However, distinctions were made in tables. Figures 2.12 and 2.13 show 

the PCI-11 preliminary design charts for the BT-72 girder section.  
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Figure 2.12. PCI-11 maximum span versus beam spacing for BT-72 girder section 
(PCI 2011). 

 

 

Figure 2.13. PCI-11 number of strands versus span length for BT-72 girder section 
(PCI 2011). 
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Except for U-beams (see Figure 1.3 in Chapter 1), girder spacings of 6, 8, 10 and 12 ft 

(1.8, 2.4, 3 and 3.7 m) were assumed and represent the range used in today’s practice. 

For U-beams, a girder spacing range from 10 to 18 ft (3 to 5.5 m) was selected.  

 Due to the effect of the different assumptions that vary state from state on the 

exterior girder design including the actual overhang distance, railing weight, method 

of load distribution, and other considerations, the PCI-11 preliminary design charts are 

presented for a typical first interior beam. The first interior beam is more influenced by 

the assumptions mentioned above. The interior beam charts should be used with 

precaution along those of the exterior beam to determine the governing member. Table 

2.5 shows a summary of the benefits and limitations of the PCI-11 preliminary design 

charts. 

 

Table 2.5. Summary of benefits and limitations of PCI-11 preliminary design charts. 
 

Benefits Limitations 
 AASHTO LRFD Bridge Design 

Specifications (2010) 
 

 Interior and exterior girders  
 

 New girder shapes including the 
NEXT beam, non-composite deck 
bulb-tee and U-beams (see Figure 1.3 
in Chapter 1) 

 
 
 

 Single concrete strength of 푓′  = 
8,000 psi (55.2 MPa)  
 

 Single strand configuration of 0.6-in. 
(15 mm) diameter, seven-wire, 270 
ksi (1.86 GPa) low relaxation strand 
 

 Simple span only 
 

 No distinction between service and 
strength in charts 
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2.5  Jeon et al. (2012) 

 This paper presents a graphical approach to evaluate the effects of different 

parameters on the span capability of a bridge girder. The evaluated parameters include:  

concrete compressive strength, light weight aggregate concrete, prestressing tendons 

or sheaths (ducts), cross section shape, span continuity, multistage prestressing, decked 

prestressed concrete girders (i.e., girder and deck are cast simultaneously) and spliced-

girder systems. Based on the service and release limit states for fully prestressed 

components (AASHTO 2010), stress equations were developed and graphed to show 

the relationship between the number of prestressing tendons and the girder span length. 

The effects of the parameters given above on the span capability are evaluated using 

the proposed graphical approach on a prestressed concrete bridge with five girders. 

 

2.5.1 Design Criteria and Assumptions 

 In the next sections, a review of the assumptions made by Jeon et al. (2012) to 

develop the design graphs used to evaluate the span ranges of prestressed concrete 

bridges is provided. 

 

2.5.1.1 Dead and Live Loads 

Dead and live loads were determined based on the AASHTO LRFD Bridge 

Design Specifications (2010). A cross-section of the prestressed concrete girder bridge 

that was evaluated with five bulb-tee girders is shown in Figure 2.14.  
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Figure 2.14. Cross-section of the prestressed concrete girder bridge evaluated by 
Jeon et al. (2012). Note: 1 m = 3.3 ft. 

 

Two cases were considered to evaluate the effect of light weight concrete on 

the design of an interior girder: (1) light weight concrete used only for the deck and (2) 

light weight concrete used for both the deck and the girder. Based on Liles and Holland 

(2010) and Melby et al. (1996), the densities of light weight concrete were taken as 120 

pcf (18,829 N/m3) for the deck and 125 pcf (19,613 N/m3) for the girder. The density 

of normal weight concrete was taken as 156 pcf (24,517 N/m3).  

The design live load used was the HL-93. Cross beams with a 0.98 ft (0.3 m) 

thickness were assumed at the middle of the span, quarter points, and at the supports. 

A number of finite element analyses of the entire bridge system were performed using 

ABAQUS to obtain the equivalent distributed live load, 푤 , and the equivalent 

distributed dead load of cross beams, 푤 , on each girder. From these analyses, it was 
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found that 푤  and 푤  on each girder did not exceed 1.37 and 0.137 kip/ft (20 and 2 

kN/m), respectively.  

 

2.5.1.2 Deck Properties 

 A 9.84-in. (250 mm) thick, cast-in-place concrete deck with a 0.5-in. (13 mm) 

haunch was used and a 8.20 ft (2.5 m) girder spacing. Based on the bridge geometry 

given in Figure 2.8 and the AASHTO LRFD Bridge Design Specifications (2010), the 

effective flange width was determined as 8.20 ft (2.5 m). Concrete compressive 

strengths of 푓′  = 3915 psi (27 MPa) for the deck and 5800 psi (40 MPa) for the girder 

were used as the baseline values in this research. For decked prestressed concrete 

girders, the concrete strengths of the girder and deck were equal since the two 

components are monolithic. 

 

2.5.1.3 Girder Properties and Allowable Stresses 

Three 28-day concrete compressive strengths for the girders were considered 

including  푓′  = 5.8, 8.7, and 11.6 ksi (40, 60 and 80 MPa).  The concrete strength at 

release was taken as 80% of the 28-day strength. Comparison of the baseline strength 

of 5.8 ksi (40 MPa) with the higher strengths of 8.7 and 11.6 ksi (60 and 80 MPa) 

showed that the span lengths were 26 % and 86 % larger, respectively (discussed later). 

The allowable tensile stresses for the concrete were taken as 3 푓′   ksi < 0.2 ksi 
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(0.25 푓′  < 1.4 MPa) at release and 6 푓′  ksi (0.5 푓′  MPa) at service while the 

allowable compression stresses were taken as 0.6푓′  at release and 0.6푓′  at service. 

 

2.5.1.4 Prestressing Strands and Spacing 

Each sheath was assumed to house twelve 0.5-in. (12.7 mm) strands. Thus, the 

total area of the strands included in one sheath is 퐴 =	1.84 in.2 (1185 mm2). The 

tensile strength of the strand was specified as 푓  = 270 ksi (1860 MPa). The average 

initial, 푓 , and effective prestress, 푓 , were assumed as 167 ksi (푓  = 0.62푓 ) and 

142 ksi (푓  = 0.53푓  = 0.85푓  ) (1150 and 980 MPa), respectively. Control of the end 

stresses, relative humidity values, and methods used to compute prestress losses were 

not specified in this study. 

 

2.5.2  Chart Description 

The graphical approach given in this paper is based on the release and service 

limit states of AASHTO (2010). Two types of charts are presented as follows: primary 

prestressing (includes only initial prestressing applied when the girder is fabricated) 

and multistage prestressing (includes primary and secondary prestressing applied after 

the deck has been cast and has hardened). 
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2.5.2.1 Primary Prestressing 

The first type of chart corresponds to primary prestressing only and the chart 

development is as follows. Four stress equations (Equations 2.12 to 2.15 shown in the 

appendix) are applied, two at the top and bottom fibers at release and service 

respectively. Substituting the allowable concrete stresses into these expressions gives 

four curves that represent the relationship between the number of prestressing tendons 

and the girder span length. Superimposing these curves in a plot gives the feasible 

design domain represented by the shaded area shown in Figure 2.15.  

 

 

Figure 2.15. Feasible design domain of standard prestressed concrete girder (Jeon et 
al. 2012). Note 1 m = 3.3 ft. 

  

The girder span length is computed with Equations 2.16 to 2.19 shown in the 

appendix as previously mentioned. These equations are related to top and bottom 

stresses at release and service, respectively. To explain the use of this chart, a standard 

girder with five sheaths (see Figure 2.14) is evaluated which has been used in Korea 

Bottom fiber stress at prestressing [Eq. 2.13 or 2.17] 

Bottom fiber stress in service [Eq. 2.14 or 2.18] 

Top fiber stress in service [Eq. 2.15 or 2.19] 

Top fiber stress at prestressing [Eq. 2.12 or 2.16] 
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for highway bridges. Each sheath contains twelve 0.5-in. (12.7 mm) strands. Although 

a span of 114.8 ft (35 m) can be achieved using only four sheaths or 48 strands, Figure 

2.15 shows that five sheaths or 60 strands may be chosen to provide a larger safety 

factor and remain in the feasible design domain. Note that as the target point moves 

inward from the outer boundary of the feasible design domain, a higher safety factor is 

achieved.  Figure 2.15 alternatively shows that using five sheaths, a longer span of 

128.0 ft (39 m) can be attained. In the figure, the number of sheaths is limited by the 

curves representing the bottom fiber stresses at service and top and bottom fiber stresses 

at release of prestressing. Hence, seven sheaths is out of the feasible design domain 

(shaded area) and six sheaths is the maximum which corresponds to a span length of 

141.1 ft (43 m).  

The graphical methodology can be used to evaluate the influence of a single 

parameter or combination of different parameters on the span capability of a bridge 

girder.  For example, Figure 2.16 shows the results using primary prestressing and 

girder concrete strengths of 5,800, 8,700, and 11,600 psi (40, 60, and 80 MPa); the deck 

concrete strength was 3,915 psi (27 MPa). 
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Figure 2.16. Girder design results for high-strength concrete (Jeon et al. 2012). 
Note: 1 m = 3.28 ft, 1 MPa = 145 psi. 

  

As the girder concrete strength increases, the curve for the bottom fiber stresses 

at release of prestressing moves to the right increasing the feasible design domain as 

shown in Figure 2.16. Recall that the allowable concrete stresses at release were 

assumed as 80% of the 28-day concrete strength. Maximum span lengths of 141.1, 

177.2, and 262.5 ft (43, 54, and 61 m) were attained using concrete strengths of 5800, 

8700, and 11,600 psi (40, 60, and 80 MPa), respectively. Note that the curve for the 

bottom fiber stresses at service did not shift upward as the girder concrete strength 

increased which was unexpected.  

As mentioned earlier, the effect of light weight concrete on the span capability 

was investigated for two cases. Figure 2.17 shows the design curves for prestressed 

concrete girders with light weight and normal weight concrete. 
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Figure 2.17. Girder design results for light weight and normal weight concrete (Jeon 
et al. 2012). Note: 1 m = 3.3 ft, 1 kN/m3 = 6.36 pcf 

-----------------`  

Figure 2.17 shows that when the light weight concrete is used only for the deck, 

an additional sheath (or 12 strands) is required compared to the case where light weight 

concrete was used for both components. 

 Figure 2.18 shows the effect of girder continuity on the girder design for two 

span continuous girders with primary prestressing. Two cases were studied. In case 1, 

continuity was achieved when a continuity diaphragm and the deck were cast 

monolithic. In case 2, girders are made continuous before the deck placement. It was 

found that the span length increased from 141.0 ft (43 m) to 160.8 ft (49 m) and 187.0 

ft (57 m) for cases 1 and 2, respectively.     
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Figure 2.18. Girder design results for simple and continuous spans (Jeon et al. 
2011). Note: 1 m = 3.3 ft. 

 

2.5.2.2 Multistage Prestressing 

The second type of chart developed by the authors corresponds to multistage 

prestressing which has been shown to be a very effective strategy to increase the span 

length of a girder (Han et al. 2003). Two-stage prestressing consists of primary 

prestressing that is applied at the time the girder is fabricated followed by a second 

stage of prestressing. The secondary prestressing can be applied either before or after 

the deck is hardened. The principal difference is that in the latter case, the secondary 

prestressing is resisted by both the deck and the girder as a composite section.   

Figure 2.19 shows the eight curves corresponding to the eight stress criterions 

(as described in the figure) for two stages of prestressing.  
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Figure 2.19. Feasible design domain of standard prestressed concrete girder using 
multistage prestressing (Jeon et al. 2011). Note: 1 m = 3.3 ft. 

 

For the secondary prestressing, one sheath of tendons was assumed. 

Comparison of Figure 2.19 and Figure 2.15 shows that multistage prestressing results 

in a larger girder span length than primary prestressing only. This is evident by the 

upward shift of the curve representing the bottom fiber stress at service. Figure 2.20(a) 

shows the effect of increasing the number of sheaths for the secondary prestressing 

before composite action of the deck. As the number of sheaths in the secondary 

prestressing increases, the span length also increases. Using two and four secondary 

sheaths, the span length increased to 167.3 and 173.9 ft (51 and 53 m), respectively, 

from 137.8 ft (42 m).  

In certain cases, applying the secondary prestressing before composite action is 

difficult. The use of precast concrete deck panels (Issa et al. 2007) may be a possible 

solution to this issue. Using precast panels, the shear pockets are filled with mortar after 

the secondary prestressing has been applied. Figure 2.20(b) shows the effect of 
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increasing the number of sheaths for secondary prestressing after the concrete deck has 

hardened.  

 

 
               

 

   

Figure 2.20. Girder design results using multistage prestressing: a) secondary 
prestressing before composite action of deck and b) secondary prestressing after 

composite action of deck (Jeon et al. 2011). Note: 1 m = 3.3 ft. 
 

For this case, the maximum number of sheaths used for the secondary 

prestressing was two and the maximum span was 164.0 ft (50 m). Comparison of 

Figures 2.20(a) and 2.20(b) shows that applying the secondary prestressing before the 

(a) 

(b) 
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cast-in place deck has hardened is more favorable because the prestressing is applied 

to a smaller axial concrete compressive area than that after the deck has hardened.   

 A summary of the maximum span lengths from this study are shown in Figure 

2.21. This figure shows that the strategies that had the most significant impact (from 

largest to smallest) on the span capability were: high-strength concrete; decked 

prestressed concrete girders; span continuity; multistage prestressing; and light weight 

concrete. The graphical methodology presented in this study is very helpful because 

various options can be investigated and ranked according to the span range, thus aiding 

the designer to optimize the final bridge girder design. 

   

 

Figure 2.21. Comparison of maximum span lengths for various design strategies 
(Jeon et al. 2011). Note 1 m = 3.3 ft, 1 MPa = 145 psi. 
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2.6  Summary of Literature Review  

 The design criteria and description of preliminary design charts previously 

developed by other researchers have been discussed and illustrated. Design charts 

found in this literature provided very useful aids for preliminary bridge girder design. 

However, there are limitations to the general use of these charts by designers. For 

example, the PCI-11 preliminary design charts that were developed based on the 

AASHTO LRFD Bridge Design Specifications (2010) limit the designer to a concrete 

strength of  푓′  = 8,000 psi (55.2 MPa) and 0.6-in. (15 mm) diameter strands. Another 

limitation is that these charts were developed only for simple spans.  

  From the literature review, it was found that previous work was made based on 

methods of analysis with non-closed form solutions or iterative processes that do not 

allow a designer to evaluate other bridge girder alternatives efficiently. For instance, to 

determine a feasible design domain for an interior girder, Jeon et al. (2011) first 

performed a number of finite element analyses using ABAQUS to obtain the equivalent 

distributed live and dead loads on each girder. This is a significantly time-consuming 

process. In addition, Fereig (1985) developed a method to determine the required 

prestressing force for different span lengths based on the CAN3-S6-M78 standard 

(1978) for design of highway bridges and a linear programming approach. 

Disadvantages of this method are that the CAN3-S6-M78 standard (1978) is outdated 

and the linear programming approach requires piecewise linearization to get the 

solution. It was also observed that the location where strength ceases to govern was not 

shown in any of the reviewed preliminary design charts. However, making this 
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distinction allows the designer to determine the number of strands and the girder span 

length where strength ceases to govern and service starts to control. This is important 

information that the designer can use to choose other alternatives (e.g., partially 

prestressed girders) which could be considered as an economical option in the final 

design of the bridge girder. 

  In this review, recall that design charts for two-and three-span continuous 

bridges were developed by Hanna et al. (2010) but only for NU I-girders based on the 

AASHTO LRFD Specifications (2007) and the NDOR Manual (2009) for interior 

girders. The PCI (2011) Bridge Design Manual does not include preliminary design 

charts for continuous spans. This is an important design option because the span length 

can be further increased using span continuity. Longer span bridges are advantageous 

when traffic and congestion increase in urban areas. Therefore, continuous span girders 

is an important design alternative that should be included in preliminary design charts 

to maximize structural performance and optimize the bridge cost when longer spans 

are required. 

  Common design policies that are stricter than the AASHTO LRFD Bridge 

Design Specifications (2010) have been adopted by many state departments of 

transportation (DOTs) for the design of precast, prestressed concrete I-girder bridges 

(Brice et al. 2013). These design policies include some design combinations of using 

gross or transformed section properties, reduced allowable tensile stresses, and a 

simple-span policy. The use of stricter policies leads to conservative designs compared 

with bridges designed with the AASHTO LRFD Bridge Design Specifications (2010). 



67 
 

A survey of state departments of transportation was conducted by Brice et al. (2013) to 

measure the degree to which bridge owners deviate from the minimum requirements 

given in the AASHTO LRFD Bridge Design Specifications (2010). A total of 38 state 

DOTs responded to the survey. From this survey, 42% of the states indicated the use 

of a simple-span policy, 76% responded that bridge design is carried out using gross 

section properties, and 18% reported that no tension in the precompressed tensile zone 

at the Service III limit state is used in the design of prestressed concrete girders.  

  To quantify the effects of common policies on the design of prestressed 

concrete bridge girders, Brice et al. (2013) performed a base line design study based on 

the AASHTO LRFD Bridge Design Specifications (2010) using a slab-on-girder 

system composed of a cast-in place concrete deck on Washington State Department of 

Transportation (WSDOT) wide-flange series precast concrete girders. Two spans of 

equal length were considered to analyze prestressed concrete girders that are simple 

span for girder and deck loads and continuous for superimposed dead and live loads. 

The bridge owner-adopted policies were compared with the base line design study. As 

expected, the research showed that using the owner-adopted policy designs led to more 

robust structures than those using AASHTO LRFD specifications (2010). The study 

shows the effect of three common owner-adopted design policies (mentioned above) 

on girder spacing, span capability and prestress requirements. It was reported that 

girder spacing was the most influenced and span capability the least influenced by the 

three owner-adopted design policies. Decreasing the allowable tensile stress has the 
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largest effect on girder spacing requirements, meanwhile designing with gross section 

properties instead of transformed section properties has the least overall effect.  

 

  A summary of the literature review is given in Table 2.6. The constant and rapid 

advancement of bridge technology requires that a versatile and simplified design 

procedure be developed to evaluate various combinations of different parameters 

including, but not limited to, concrete girder and deck strengths, girder section and 

spacing, allowable concrete stresses, stress-strain relationships for concrete and steel, 

strand sizes, prestress loss equations, and span continuity to provide preliminary design 

alternatives that allow the designer to achieve a feasible and economical bridge design.  

 

Table 2.6. Summary of the literature review. 
 

Paper 
Authors Summary Benefits Limitations 

Fereig 
(1985) 

A mathematical model 
based on linear 
programming was 
developed to obtain the 
required prestressing 
force versus the span 
length  

 Four different CPCI 
girders were analyzed 

 Two design controlling 
conditions for each 
CPCI section are 
identified 

 Different girder 
spacings 

 CAN3-S6-M78 
standard (1978) for 
design of highway 
bridges 

 Linear programming 
approach requires 
piecewise linearization 
to get the solution 

 Single concrete strength 
of 푓′ 	 = 5.08 ksi (35 
MPa) 

 Simple span only 
 Interior girders only 
 No distinction between 

service and strength in 
charts 
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Table 2.6. Summary of the literature review (continued). 
 

Paper 
Authors Summary Benefits Limitations 

PCI (2003) 

Preliminary design charts 
were developed to satisfy 
the strength and 
serviceability limit states 
of the AASHTO Standard 
Specifications (2002) 

 Two concrete strengths 
of  푓′  = 7 ksi  (48.3 
MPa) and 푓′ 	= 12 ksi 
(82.8 MPa) 

 Two strands of 0.5 and 
0.6-in. (13 and 15 mm) 
diameter, seven-wire, 
270 ksi (1.86 GPa) low 
relaxation strands 

 Different girder shapes 
and girder sizes 
 

 AASHTO Standard 
Specifications (2002) 

 Simple span only 
 Interior girders only 
 No distinction between 

service and strength in 
charts 

Hanna et al. 
(2010) 

 
 
Preliminary design charts 
were provided for NU I-
girders based on the 
AASHTO LRFD Bridge 
Specifications (2007) and 
NDOR (2009) 
 
 

 Different girder sizes 
(from NU900 to 
NU2000) 

 Different concrete 
strengths (8 to 15 
ksi)(55.2 to 103.4 MPa) 

 Two strands of 0.6 and 
0.7-in. (15 and 18 mm) 
diameter, seven-wire, 
270 ksi (1.86 GPa) low 
relaxation strands 

 Simple, two-span 
continuous and three-
span continuous bridge 
girders 

 Threaded rod continuity 
system allowing the 
deck weight to be 
resisted through 
continuity 

 Only NU I-girders 
 AASHTO LRFD 

Specifications (2007) 
and NDOR Manual 
(2009) 

 Interior girders only 
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 Table 2.6. Summary of the literature review (continued). 
 

PCI (2011) 

Preliminary design 
charts were developed 
to satisfy the strength 
and serviceability limit 
states of the AASHTO 
LRFD Bridge Design 
Specifications (2010)  

 
 AASHTO LRFD Bridge 

Design Specifications 
(2010) 

 Interior and exterior 
girders 

 New girder shapes 
including the NEXT 
beam, non-composite 
deck bulb-tee and U-
beams (see Figure 1.3 in 
Chapter 1) 
 

 Single concrete strength 
of  푓′  = 8,000 psi (55.2 
MPa) 

 Single strand 
configuration of 0.6-in. 
(15 mm) diameter, 
seven-wire, 270 ksi 
(1.86 GPa) low 
relaxation strand 

 Simple span only 
 No distinction between 

service and strength in 
charts 

Jeon et al. 
(2012) 

Graphical approach to 
evaluate different 
parameters on the span 
capability of a bridge 
girder 

 Two-span continuous  
 Multistage prestressing 
 Three concrete strengths 

of  푓′  = 5.8 ksi  (40 
MPa), 푓′ 	= 8.7 ksi (60 
MPa) and 푓′ 	= 11.6 ksi 
(80 MPa) 

 Decked prestressed 
concrete girders 

 Finite element analysis 
using ABAQUS to 
determine the live and 
dead load distribution 
on an interior girder 
(non-closed form 
solution) 

 Interior girders only 
 Only one girder spacing 
 No distinction between 

service and strength in 
charts 
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CHAPTER 3  

 DESCRIPTION OF PRESTRESSED GIRDER MODEL FOR SIMPLE SPANS 

 

This chapter presents the simplified procedure to develop preliminary design 

charts for simple span, prestressed concrete bulb-tee (BT) girders considering service 

load stresses, flexural strength and stresses at release. The charts were first developed 

based on the AASHTO Standard Specifications (2002) and compared with the PCI-03 

preliminary design charts (2003) for validation purposes. In Chapter 4, these charts 

were subsequently adapted to the AASHTO LRFD Bridge Design Specifications 

(2010) and compared or validated with the PCI-11 charts (2011).  A BT-72 girder was 

considered to illustrate the procedure for computing the maximum span length based 

on the number of prestressing strands and girder spacing. The prestressed girder model 

in this study was developed using MATLAB (2011). In the charts, the transition point 

where strength ceases to govern and service becomes the controlling limit state is 

identified and shown to provide valuable design information. The design criteria, 

assumptions, and description of the PCI-03 and PCI-11 design charts were previously 

given in Chapter 2. 

 

3.1 Design Criteria 

3.1.1    Service  

 For the service limit state, the flexural stresses due to dead load and live load, 

and the axial/flexural stresses due to prestressing forces at midspan were initially 
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computed according to the AASHTO Standard Specifications (2002). The cross-

section properties for a bulb-tee BT-72 shown in Figure 3.1 and Table 3.1 were used. 

 

 

Figure. 3.1. Strand pattern and geometry of AASHTO-PCI Bulb-Tee BT-72. 
Note: 1 in. = 25.4 mm 

 

Table 3.1. Mechanical properties of AASHTO-PCI Bulb-Tee BT-72. 

 
Type 

H 
in. 

(cm) 

Hw 
in. 

(cm) 

Area 
in.2 

(cm2) 

Inertia 
in.4 

(cm4) 

ybottom 
in. 

(cm) 

Weight 
kip/ft 

(N/cm) 

Maximum 
Span, ft 

(m) 

BT-72 72 
(2,195) 

54 
(1,646) 

767 
(712,566) 

545,894 
(471.2x109) 

37 
(1,128) 

0.799 
(117) 

146 
(45) 

 

Note that the maximum span listed, 146 ft (45 m), corresponds to a 28-day compressive 

strength of 9500 psi (66 MPa). The allowable stresses used in the prestressed girder 

model are summarized in Table 3.2. For HPC and UHPC (i.e., 푓′  > 12,000 psi or 82.8 

MPa), the allowable tensile stresses at release and service were assumed 33 percent 

higher than NSC (PCI 2003). That is, the allowable tensile stresses for HPC and UHPC 
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were set at 10 푓′  at release and 8 푓′  at service, while the allowable compressive 

stresses were left the same as NSC (i.e., 0.6푓′  and 0.6푓′ ). According to Russell and 

Graybeal (2013), the tensile strength of UHPC varies between 7.8 푓′  and 8.3 푓′  for 

steam cured specimens which concurs with the assumed value of 8 푓′ .  For release, 

the tensile stress limit was assumed 25% higher than service (i.e., 10 푓′ ) in order to 

agree with the ratio of the stress limits for normal strength concrete (i.e., 6 푓′  and 

7.5 푓′ ).  

 

Table 3.2. Allowable stresses used in the prestressed girder model. 

Type of Concrete 
Stress Limits at Service (psi)  Stress Limits at Release (psi) 

Compression Tension Compression Tension 

NSC 0.6푓′ 	 6 푓′  0.6푓′  7.5 푓′  

HPC 0.6푓′  8 푓′  0.6푓′  10 푓′  

UHPC 0.6푓′  8 푓′  0.6푓′  10 푓′  
Note: 1 MPa = 145 psi. 

 

The flow chart shown in Figure 3.2 was followed to compute the maximum 

span length for the serviceability (concrete tension) limit state. 
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Figure 3.2. Flow chart to compute maximum span length for the service limit state. 

Yes 

No 

퐹 = 6 푓′푐 psi (0.5 푓′푐 MPa) 
퐴 = 0.153 in.2 (99 mm2) 
푑푖푎 = 0.5 in. (13 mm) 
퐹 = 7.5 푓′  psi (0.63 푓′  MPa) 
퐹 =	0.6푓′  

(1)  Girder and deck properties 
 Material properties 
 Allowable tensile stress limit, 퐹   
 Number of prestressing strands, 푁 
 Area of one strand, 퐴  
 BT-72 section properties 
 Girder spacing 

(3) Bending moments  
 Dead load 
 Live load (HS25) + impact 

(4) Axial/flexural stresses 
 Service load stresses at bottom 

fiber, 푓 , at midspan due to dead 
and live load effects 

 Required precompressive stress 
at bottom fiber after losses, 푓 − 퐹  
               

(5) Compute strand eccentricity at                                                                                   
      midspan 

Ky 

 

(6) Prestress effects 
 Total losses = 푆퐻 + 퐸푆 + 퐶푅 +

퐶푅  
 Effective final prestress, 

푓 = 0.75푓′  – total losses 
 Effective pretension force after  

all losses, 푃  = 푁퐴 푓  
 Bottom fiber stress due to 

prestress after all losses, 푓  
 

(2) Composite section properties 
 Effective flange width 
 Modular ratio 
 Transformed section properties 

(7) Span length 
 Equate required 

precompression to the bottom 
fiber stresses due to prestress,  
	푓 − 퐹  = 푓   

 Solve for 퐿 in third degree 
polynomial 

 

Plot # strands 
vs. required span length 

퐹 	= 8 푓′  psi (0.67 푓′ 		MPa) 
퐴 =	0.217 in.2 (140 mm2) 
푑푖푎 =	0.6 in. (15 mm) 
퐹 = 10 푓′  psi (0.84 푓′  MPa) 
퐹 =	0.6푓′  

 푓′ 	  ≥ 12 ksi (83 MPa) 

Ky 
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 In step 1, the girder spacing, BT-72 section properties, and an 8-in. (203 mm) 

thick concrete deck plus a 0.5-in. (13 mm) haunch were specified. Compressive 

strengths at 28 days of 푓′  = 7,000 psi (48.3 MPa) and 12,000 psi (82.8 MPa) were used 

for the NSC and HPC girders, respectively. Low relaxation strands with 0.5-in. (13 

mm) diameter at 2 in. (51 mm) spacing were used for NSC and 0.6-in. (15 mm) 

diameter strands were used for HPC. An ultimate stress of 푓′  = 270 ksi (1.86 GPa) and 

initial pretensioning of 푓  = 0.75푓′  were assumed. The allowable tension under 

service loads (퐹 ) were specified as discussed earlier. The maximum number of 

prestressing strands, 푁, for a BT-72 section was varied from 2 to 70. The maximum 

number of strands for a BT-72 girder section was assumed to be equal to 70 to agree 

with most of precast/prestressed concrete current practitioners. The next four steps 

consisted of the following computations: composite section properties (step 2); bending 

moments due to dead and live loads (step 3); flexural stresses at the bottom fiber due 

to dead and live load, 푓 , and required precompressive stress, 푓 − 퐹  (step 4); and 

midspan strand eccentricity (step 5). In step 6, the bottom fiber stress due to prestress 

after all losses, 푓 , was calculated, considering shrinkage of the concrete (푆퐻), elastic 

shortening (퐸푆), creep of the concrete (퐶푅 ), and relaxation of the steel (퐶푅 ). The 

bending moment due to live load per lane at midspan was computed as: 

 

푀 = 퐿 + − 14푃 (3.1) 
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where 푃 = 40 kips (corresponding to the largest axle load of an HS25 truck). 

Multiplying 푀  by the live load distribution factor, S/5.5, the live load impact factor, 

50/(퐿+ 125), and a factor of ½ ( to account for wheel loading), the midspan moment 

for live load plus impact was: 

 

푀 = 	 	
.

  (3.2) 

 

Finally, in step 7, the required precompression (	푓 − 퐹 	) was set equal to 푓  

resulting in a third degree polynomial which was then solved for the girder length 퐿:  

 

푓(퐿) = 	 푐 퐿 + 푐 퐿 + 푐 퐿 + 푐  (3.3) 

 

where 푐 , 푐 , 푐 ,	and 푐  = constants. Equation 3.3 resulted in three roots, and the final 

girder length was equal to the maximum positive and non-imaginary root of the 

polynomial equation. Solving for the girder length 퐿 provided the service-based curves 

in the preliminary design charts.	 

 

3.1.2 Strength 

The flow chart shown in Figure 3.3 was used to compute the maximum span 

length for the strength limit state.  
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Figure 3.3. Flow chart to compute maximum span length for the strength limit state. 
 

 The ultimate moment, 푀 , was first determined based on the Group I load factor 

design combination of the AASHTO Standard Specifications (2002) (step 8 in Figure 

3.3) using the dead and live load moments previously determined for service (step 3 in 

Figure 3.2). The flexural design strength, ∅푀 , was then determined using the non-

linear strain compatibility approach given by Seguirant et al. (2005). General design 

formulas related to flexural strength assume a parabolic stress-strain relationship for 

the concrete in compression and ignore the concrete tensile strength. However, for 

UHPC, the compressive behavior has been shown to be linear and the tensile strength 

not to be negligible (FHWA 2006). Strain compability provides the means to directly 

incorporate the concrete stress-strain relationship in compression and tension, which is 

important for future implementation. For instance, the material model reported by 

(8) Ultimate moment,푀  
 Use Group I load factor design  
       combination of the AASHTO 
       Standard Specifications     

(9) Flexural design strength, ∅푀    
푛  = number of strands at the 
       푖  iteration. 
푁 = total number of strands 

 Use nonlinear strain 
compatibility approach 

 

푛 + 1 > 	푁 

  Plot 푛  vs. 퐿  
퐿  = required span length 

   at the 푖  iteration 
 

No 

KZ 

 

Yes 

KZ 

 

(10) Span length 
 Equate 푀  and ∅푀   
 Solve for 퐿 in third degree 

polynomial	  
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Gunes et al. (2012) could be used to represent the UHPC stress-strain curve and 

incorporated into the girder model for future development of UHPC preliminary design 

charts.  

 For a given number of strands, ∅푀  was computed at midspan (step 9 in Figure 

3.3). The nonlinear deck-girder flexural strength model which was used to compute  

∅푀  is shown in Figure 3.4. 

 

Figure 3.4. Nonlinear composite girder flexural strength model. 

 

 The neutral axis depth, c, was first assumed and the composite girder section 

was divided into differential slices. The strains were then computed over the girder 

height at the center of each slice based on the distance from the neutral axis and the 

corresponding stresses and forces were determined based on the material properties and 

geometry of the cross section. A maximum concrete compressive strain of 0.003 was 
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assumed and the non-linear stress-strain relationship from Collins and Mitchell (1991) 

was used for the deck and girder concrete, as follows: 

 

푓 = 푓′  (3.4) 

 

where 푓  = average compressive stress in concrete slice based on nonlinear behavior 

(psi); 푓′  = specified compressive strength of concrete at 28 days (psi); and 휀  = 

concrete strain above the neutral axis at the center of each slice. The concrete strain, 

휀 , when 푓  reaches 푓′   is computed as follows: 

 

휀 (1000) = 	  (3.5) 

 

The curve fitting factor for nonlinear concrete stress-strain curves,	푛, the modulus of 

elasticity of concrete, 퐸 , and the factor to increase post-peak decay in stress for 

nonlinear concrete stress-strain curves, 푘, are computed as follows: 

 

푛 = 0.8 + 	 (3.6) 
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퐸 = 	
, , ,

 (3.7) 

 

푘 = 0.67 + 	 if < 1.0,푘 = 1.0    (3.8) 

 

The resulting stress-strain curves from Collins and Mitchell (1991) are plotted in Figure 

3.5 for concrete compressive strengths ranging from 5,000 to 15,000 psi (34.5 to 103 

MPa).  

 

Figure 3.5. Nonlinear concrete compressive stress-strain relationships (Collins and 
Mitchell 1991). Note 1 psi =  MPa 
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 Equation 3.7 was used to determine the modulus of elasticity for the deck and 

girder concrete. The average stress within each concrete slice above the neutral axis 

was multiplied by the area of the slice to determine the associated compressive force. 

Based on the assumed value of c, the strain in the prestressing steel,	휀 , was calculated 

by (see Figure 3.4):  

 

휀 = 0.003 − 1 + 	   (3.9) 

 

where  푑  = distance from extreme compression fiber to extreme tension steel (in.); 

and 퐸  = modulus of elasticity of prestressing steel (28,500 ksi (196,500 MPa)) . Where 

strength controls, Seguirant et al. (2005) recommend that the effective stress in the 

prestressing steel after losses, 푓 , be estimated using the following equation (Seguirant 

et al. 2005):  

 

푓 = 158 − 0.2[푁 − 20]  (3.10) 

 

where 푁 = number of prestressing strands. The use of Equation 3.10 rather than 푓 =

0.75푓′ − 푡표푡푎푙	푙표푠푠푒푠 (as given in the AASHTO Standard Specifications (2002)) 

simplified the function that needed to be solved to determine the girder length	퐿. Based 

on the steel strain, 휀 , the stresses in the steel, 푓 , at ultimate moment were computed 

using the power formula as follows (Devalpura et al. 1992): 
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푓 = 	 휀 887 + ,

. .
≤ 270	ksi	(1862	MPa) (3.11) 

 

The final tension steel forces below the neutral axis were obtained by multiplying the 

stresses by the strand area, 퐴 . Force equilibrium was then checked, and if not 

satisfied, another value for the neutral axis depth 푐 was chosen and the process repeated. 

Finally, the flexural capacity of the girder was computed by summing moments due to 

the concrete compressive forces for the deck, 퐶 , and the girder, 퐶 , with 

respect to the centroid of the prestressing steel (see Figure 3.4). The strength reduction 

factor, ∅, was computed using the following equation (Seguirant et al. 2005): 

 

∅ = 0.583 + 0.25 − 1 		0.75 ≤ ∅ ≤ 1   (3.12)     

             

where 푑  = distance from extreme compression fiber to furthest row of tension steel 

(in.) and 푐 = distance from extreme compression fiber to neutral axis (in.). This 

equation accounts for the transition zone between tension and compression-controlled 

members. Similar to service, equating 푀  and ∅푀  resulted in a third-degree 

polynomial equation as a function of 퐿 for the strength limit state. Again, solving for 퐿 

provided the strength-based curves in the preliminary design charts.  
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3.2  Transition Points and Design Regions 

 Figure 3.6 shows a typical preliminary design chart for the BT-72 girder section 

developed based on the AASHTO Standard Specifications (2002) and HS25 truck 

loading. The transition point provides important information for design since it 

corresponds to the number of strands and span length where the governing limit state 

changes from strength to service. The transition point is located at the intersection of 

the strength and service curves (see Figure 3.6) and provides the information needed 

for a designer to distinguish the zones for fully prestressed (uncracked), partially 

prestressed, and non-prestressed (cracked) members.  

 

 

Figure 3.6.  Typical preliminary design chart for BT-72 girder showing transition 
point and prestressed zones. 
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 Currently, the AASHTO LRFD Bridge Design Specifications provides minimal 

design guidance for partially prestressed members. For instance, Article 5.5.4 of 

AASHTO LRFD Bridge Design Specifications (2010) provides information regarding 

the partiall prestress ratio (푃푃푅) for tension-controlled partially prestressed 

components defined as: 

 

푃푃푅 = 	     [LRFD Eq. 5.5.4.2.1-4]                (3.13) 

 

where 퐴  = area of prestressing steel (in.2); 푓  = yield strength of prestressing steel 

(ksi); 푓  = specified yield strength of reinforcing bars (ksi); and 퐴  = area of 

nonprestressed tension reinforcement (in.2). Note that no guidance related to this issue 

was provided in the AASHTO LRFD Bridge Design Specifications (2014). However, 

this alternative may be more practical for bridge girders, particularly for longer span 

lengths due to the large number of strands required to obtain a fully prestressed 

member. Since partially prestressed girders are allowed to experience stresses 

exceeding the allowable tensile stress, these members may be designed with the number 

of strands falling within the range above the transition points and between the 

governing strength and service curves (see Figure 3.6). Hence, the number of strands 

for partially prestressed girders is less than the number required for the service limit 

state and larger than the number required for the strength limit state. In general, 

partially prestessed girders may be considered an economical option for bridge design 
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and the simplified procedure developed in this study provides useful information for 

selecting the required number of strands particularly for longer span lengths. Design 

regions that do not meet the strength and service design criteria are shown as “No 

Good” in Figure 3.6. 

  

3.3  Comparison with PCI-03 Charts 

The results obtained from the prestressed girder model were compared with the 

PCI-03 charts for NSC and HPC for a BT-72 girder section. Figures 3.7 and 3.8 show 

the NSC and HPC results.   

 

Figure 3.7. Comparison between prestressed girder model and PCI-03 charts using 
푓′ = 7 ksi (48 MPa) and 0.5 in. (13 mm) diameter strands. 
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Figure 3.8. Comparison between prestressed girder model and PCI-03 charts using 
푓′ = 12 ksi (83 MPa) and 0.6 in. (15 mm) diameter strands. 

 

 Overall, the average difference between the NSC and HPC models and PCI-03 

curves was less than 2% (Marquez et al. 2012). Notice that for a compressive strength 

of 푓′  = 7 ksi (48 MPa), the transition point ranges from 24 to 32 prestressing strands 

while for 12 ksi (83 MPa) it was 23 to 29 strands for the four girder spacings. Based on 

these results, the span lengths were governed mostly by service.  

 Note that the transfer length of the prestressing force will affect the behavior 

and design of the end zones (Barnes et al. 2003), but will have no impact on the 

preliminary design charts developed in this study which were based on the final 

conditions of the structure: service and strength. Cases where stresses at release are the 

controlling criteria to determine the maximum span length were not considered here 

but will be discussed later. Having verified the accuracy of the prestressed girder model 
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with the PCI-03 preliminary design charts, the model was subsequently adapted to the 

LRFD Specifications which is discussed in the next chapter. 
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CHAPTER 4  

 ADAPTATION TO LRFD DESIGN CRITERIA 

 

 This section explains the changes made to adapt the preliminary design charts 

originally developed using the AASHTO Standard Specifications (2002) to the LRFD 

Specifications (2010). Modifications of the prestressed girder model were made to 

satisfy the LRFD Service III and Strength I limit states. For Service III, the live load 

effects and prestress losses were adjusted and for Strength I, live load and dead load 

effects were adjusted according to LRFD design criteria. No changes were made to the 

flexural strength model since strain compatibility was used and the same allowable 

stresses were adopted for service since there is no difference between the AASHTO 

Standard and LRFD Specifications allowable stress requirements.  

 

4.1  Modifications for Service III Limit State  

 To satisfy the LRFD Service III limit state, bending moments including impact 

due to HS-20 truck loading were multiplied by an adjustment factor to match bending 

moments for HL-93 live loading.  In addition, prestress losses for the Service III limit 

state were determined based on the LRFD design criteria.  

 

4.1.1 Live Load Effects 

 The live load effects (i.e., bending moments including impact) due to HS-20 

and HL-93 loading were generated and compared for different girder spacings and span 
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lengths. The live load bending moment plus impact due to HS-20 truck loading was 

calculated as follows: 

 

푀 ( ) = (푀 )
.

	  (4.1) 

 

where 푀 = bending moment per lane at midspan due to HS-20 truck loading from Eq. 

3.1 with 푃 = 32 kips; 푆 5.5⁄  = moment distribution factor based on wheel loading; and 

50 (퐿 + 125)⁄  = live load impact factor as before. The midspan bending moment due 

to HL-93 live loading plus impact was computed as follows: 

 

푀 ( ) = [(푀 )1.33 + 	푀 	](푚푔)  (4.2) 

 

where 1.33 = live load impact factor; 푀  = bending moment at midspan due to lane 

loading of 0.64 kip/ft; and 푚푔 = moment distribution factor under axle loading for an 

interior girder and multiple design lanes (see Eq. 2.1).  

 Figure 4.1 shows the bending moments at midspan of a simple-supported beam 

under HS-20 and HL-93 live loading plus impact based on the AASHTO Standard 

(2002) and LRFD Specifications (2010), respectively, for 6 and 12 ft (1.8 and 3.7 m) 

girder spacings. As shown in the figure, bending moments due to HL-93 loading exceed 

the magnitudes for HS-20 loading as expected. For the smaller girder spacing, the 

difference between the HL-93 and HS-20 bending moments is larger. The purpose of 
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this analysis was to adapt the live load effects from the AASHTO Standard to LRFD 

Specifications. 

 

 

Figure 4.1. Bending moment at midspan of simple supported beam due to HS-20 and 
HL-93 live loading plus impact. 

 

  Accordingly, the girder moments computed for HS-20 truck loading in the 

prestressed girder model were multiplied by an adjustment factor to match the bending 

moments for HL-93 live loading. These factors were determined by averaging the ratio 

of the HL-93 and HS-20 bending moments over the range of span lengths for each 

girder spacing. Since four girder spacings were considered, four adjustment factors 

were determined. By multiplying Eq. 4.1 by the adjustment factors, the live load 

moments closely matched the values from Eq. 4.2. That is: 

 

푀 ( ) = 푀 ( ) ∗ 퐴푑푗푢푠푡푚푒푛푡	퐹푎푐푡표푟 ≈ 푀 ( ) (4.3)         
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where  푀 ( )  = simulated bending moment due to HL-93 live loading plus 

impact. Bending moments for the LRFD Service III limit state, 푀 , were then 

computed as follows: 

 

푀  = 푀 + 	푀 + 푀 + 푀 + 훾 푀 ( )   (4.4) 

 

where 푀  = bending moment at midspan due to girder weight; 푀 =	 bending moment 

due to the slab weight and haunch; 푀  =  bending moment due to barrier weight; 푀 = 

bending moment due to wearing surface weight; and 훾  = live load factor (equal to 0.8).  

 For girder spacings of 6, 8, 10, and 12 ft (1.8, 2.4, 3.0, and 3.7 m), factors of 

1.642, 1.507, 1.416 and 1.303 were obtained. Averaging the factors for 6 and 8 ft (1.8 

and 2.4 m), which are typical bridge girder spacings, and multiplying the average value 

of 1.575 by the LRFD live load factor of 0.8 gave a value of 1.25. Recall that the 

original PCI-03 charts used the HS-25 truck loading which is 1.25 times heavier than 

the HS-20 and approximately equal to the HL-93 live load effects. 

 

 4.1.2 Prestress Losses 

  From a parametric study, it was found that the AASHTO Standard 

Specifications (2002) tended to overestimate prestress losses, thereby preventing longer 

span lengths. Figure 4.2 shows this finding. A compressive strength at 28-days of 푓′ = 

17,500 psi (121 MPa) with 0.7-in. (18 mm) diameter strands and a girder spacing of 6 
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ft (1.8 m) were selected to develop this graph.  Notice that as the number of strands 

increases, prestress losses also increase preventing longer span lengths.  

 

 

Figure 4.2. Preliminary design chart for UHPC BT-72 girders using 푓′ = 17,500 psi 
(121 MPa) with 0.7-in. (15 mm) diameter strands and a girder spacing of 6 ft (1.8 m). 
 

More evidence of the overestimation of prestress losses based on the AASHTO 

Standard Specifications (2002) is given in Figure 4.3. 

 

 



  
 

 

93 
 

 

Figure 4.3. Preliminary design chart for UHPC BT-72 girders using 푓′ = 17,500 psi 
(121 MPa) with 0.6-in. (15 mm) and 0.7-in. (18 mm) diameter strands. 

 

  A compressive strength at 28-days of 푓′ = 17,500 psi (121 MPa) with 0.6-in. 

(15 mm) and 0.7-in. (18 mm) diameter strands and girder spacings of 12 ft (3.7m), 10 

ft (3.0 m), 8 ft (2.4 m) and 6 ft (1.8 m) were selected to develop Figure 4.3. Notice that 

as the number of strands increased, the different curves corresponding to the four girder 

spacings reached a maximum span length and become more pronounced as the girder 

spacing decreased due to the overestimation of prestress losses. This finding agreed 

with a previous study conducted by Seguirant et al. (1998) which recommended that 

designers take caution using the AASHTO Standard Specifications (2002) to estimate 

prestress losses particularly for girders with high pretensioning forces. This is no longer 

an issue since the preliminary girder design procedure was adapted to the LRFD 

Specifications (2010). To compute the effective prestressing force, the total prestress 
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losses for the Service III limit state were determined according to LRFD Article 

5.9.5.1-1 as follows: 

 

∆푓 = 	 ∆푓 + ∆푓                                                                                (4.5) 

 

where  ∆푓 = instantaneous prestress losses due to elastic shortening and  ∆푓 = 

long term prestress losses due to creep, concrete shrinkage and steel relaxation. 

The	∆푓  and ∆푓  prestress losses were computed according to LRFD Eq. 

5.9.5.2.3a-1 and LRFD Eq. 5.9.5.3-1, respectively, as given below (AASHTO 2010):   

 

∆푓 =
퐴푝푠푓푝푏푡 퐼푔+푒푚2 퐴푔 −푒푚푀푔퐴푔

퐴푝푠 퐼푔+푒푚2 퐴푔 +
퐴푔퐼푔퐸푐푖

퐸푝

	  [LRFD Eq. 5.9.5.2.3a-1] (4.6) 

 

where 퐴  = area of prestressing steel (in.2); 퐴  = gross area of non-composite beam 

section (in.2); 퐸  = modulus of elasticity of concrete at transfer (ksi); 퐸  = modulus of 

elasticity of prestressing tendons (ksi);  푒  = average prestressing steel eccentricity at 

midspan; 푓  = stress in prestressing steel prior to transfer (ksi);  퐼  = moment of inertia 

of non-composite beam section (in.4); and 푀  = midspan moment due to member self-

weight (kip-in). Values of 28,500 ksi (196,552 MPa) and 202 ksi ( 1393 Mpa) were 

assumed for 퐸  and 푓 , respectively. The modulus of elasticity of concrete at transfer, 

퐸 , is determined as 퐸 = 33,000퐾 푤 . 푓′  where 푓′  = concrete strength at 
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release (ksi). The correction factor for the aggregate source , 퐾 , was taken as 1.0 and 

a value of 0.150 kcf was used for the unit weight of concrete, 푤 . Long-term prestress 

losses were estimated as: 

 

∆푓 = 10.0 훾 훾 + 12.0훾 훾 + ∆푓 	  [LRFD Eq. 5.9.5.3-1] (4.7) 

 

where 푓  = prestressing steel stress immediately prior to transfer (equal to 푓 ). The 

correction factor for relative humidity of the ambient air, 훾 , is computed as 1.7 −

0.01퐻 where the average annual ambient humidity, 퐻 (%), was assumed to be 70%. 

The correction factor for concrete strength at time of transfer, 훾 , is computed as 

5/(1+푓′ ). Equations 4.6 and 4.7 are based on research work conducted by Al-Omaishi 

et al. (2009). To estimate the relaxation loss,	∆푓 , a value of 2.4 ksi (16.5 MPa) was 

assumed for low relaxation strands. The effective prestress force was then calculated 

as follows: 

 

푓 = (푓 − ∆푓 )퐴  (4.8)  

 

4.2  Modifications for Strength I Limit State  

  Based on the AASHTO Standard Specifications (2002), dead and live load 

moments are factored for the Group I load combination as follows: 
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푀 = 1.3 푀 + 	푀 + 푀 + 푀 + 1.67푀 ( )   (4.9) 

 

where 푀  = ultimate bending moment and  푀 ( ) = bending moment plus 

impact due to HS-20 truck loading. For LRFD, Eq. 4.9 was substituted by the Strength 

I load combination as follows:  

 

푀 = 1.25 푀 + 푀 + 푀 + 1.5푀 + 1.75푀 ( )   (4.10) 

 

For consistency with the PCI-11 charts, the following changes were also made in the 

prestressed girder model: 

 Barrier weight of 15 psf (73.24 kg/m2) times girder spacing was changed to 0.25 

kip/ft (372.4 kg/m); 

 Wearing surface of 0.025 ksf (122 kg/m2) was changed to 0.035 ksf (171 

kg/m2); and 

 Slab thickness of 8 in. (203 mm) for a girder spacing of 12 ft (3.7 m) was 

changed to 9 in. (229 mm).   

 

4.3  Comparison with PCI-11 Charts 

 The credibility of the approach presented in this document was evaluated not 

only based on the comparison between the girder model and the PCI-03 preliminary 

design charts but also with the PCI-11 charts. Having adapted the girder model to the 
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LRFD Specifications, an analysis was subsequently performed to compare the results 

obtained from the simplified procedure with the PCI-11 preliminary design charts 

which showed an excellent agreement.  Figure 4.4 shows the comparison between the 

prestressed girder model and PCI-11 charts using 푓′ = 8 ksi (55.2 MPa) with 0.6-in (15 

mm) diameter strands.   

 

 

Figure 4.4. Comparison between prestressed girder model and PCI-11 charts using 
푓′ = 8 ksi (55.2 MPa) and 0.6-in. (15 mm) diameter strands. 

 
 

Overall, the average percentage difference in length between the girder model 

and the PCI-11 preliminary design charts was about 4%. Based on the prestressed 

girder model, transition points were plotted as shown in Figure 4.4, but no distinction 

between service and strength was made in the PCI-11charts. The impact of continuity 
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and the maximum span lengths governed by stresses at release are not shown in PCI-

11 charts; however, these issues will be evaluated later using the girder model.  

  Recall that the PCI-11 preliminary design charts were developed only for 푓′  = 

8 ksi (55.2 MPa) and thus, may have limitations for bridge design practice in the U.S. 

The simplified procedure developed in this research provides the designer the 

capability to input different design parameters including: 

 Concrete girder and deck strengths; 

 Constitutive relationships for concrete and steel; 

 Girder section and spacing; 

 Strand size and prestress loss equations; and 

 Allowable concrete stress limits for tension and compression. 

The preliminary design charts were developed only for BT-72 girder sections in this 

dissertation. However, the prestressed girder model can be easily expanded to other 

girder sections.  

 

4.4  Consideration of Release Stresses 

For a given number of strands and span length, concrete stresses at release at 

the top and bottom fibers of the girder section were computed at two different 

longitudinal locations for each girder spacing to determine maximum span lengths 

governed by stresses at release. The first section considered was at the harp point 

location which is 40% of the beam length from the end of the beam. The second section 

was located at midspan.  
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Figure 4.5 shows an upper bound limit labeled with the specified concrete 

strength at release, 푓′  = 6.8 ksi (47 MPa), indicating cases where the controlling 

criteria for the maximum span length is compressive or tensile stresses at release. This 

chart was developed using a value of 푓′ = 8 ksi (55.2 MPa) with 0.6-in. (15 mm) 

diameter strands.  

 

 
 

Figure 4.5. Preliminary design chart using 푓′ = 8 ksi (55.2 MPa) and 0.6-in. (15 mm) 
diameter strands with 푓′  = 6.8 ksi (47 MPa). 

 

If a larger value of 푓′  is used but not exceeding 푓′ , the upper bound labeled 

as 푓′  = 6.8 ksi (47 MPa) in Figure 4.5 moves upwards. As an example, the effect of 

increasing the strength at release from 푓′  = 6.8 ksi (47 MPa) to 7.8 ksi (54 MPa) was 

investigated as shown in Figure 4.6. A compressive strength at 28-days of 푓′ = 8 ksi 

(55.2 MPa) with 0.6-in. (15 mm) diameter strands were used to develop this chart.  
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Figure 4.6. Effect of increasing strength at release from 푓′  = 6.8 ksi (47 MPa) to 7.8 
ksi (54 MPa) with 푓′ = 8 ksi (55.2 MPa) and 0.6-in. (15 mm) diameter strands. 

 

As shown in the figure, the span lengths controlled by release at 푓′  = 6.8 ksi 

(47 MPa) increased by 8, 9, 10 and 11 ft (2.4, 2.7, 3.0, and 3.4 m) for 12, 10, 8, and 6 

ft (3.7, 3.0, 2.4 and 1.8 m) girder spacings, respectively. In addition, the number of 

prestressing strands increased by 7 to 11 for the four girder spacings. Figure 4.6 also 

shows that span lengths controlled by service (span lengths above the transition points) 

for 푓′  = 6.8 ksi (47 MPa) increased slightly by about 1.53%. This is attributed to the 

fact that instantaneous prestress losses due to elastic shortening decreased leading to 

the longer span lengths. Instantaneous prestress losses, ∆푓  , decreased because the 

modulus of elasticity of concrete at transfer, 퐸 , increased due to the 1 ksi (6.9 MPa) 

increase of 푓′  (see Eq. 4.6).  Below the transition points (where strength controls) 

there was no change in span length because the 28-day concrete compressive strength 
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was not modified and 푓′  has negligible influence on the strength limit state. Finally, 

it can also be noticed that for a compressive strength at release of 6.8 ksi (47 MPa), the 

transition point ranges from 18 to 24 prestressing strands while for 7.8 ksi (54 MPa) it 

was 19 to 25 strands for the four girder spacings. Based on this data, the strength limit 

state governs only for a low number of strands as shown before. 

  To attain larger span lengths than those for 푓′  = 7.8 ksi (55 MPa), a higher 

target 푓′  value can be computed as follows. For a given number of prestressing 

strands, span length and girder spacing, the required concrete strength at release can 

be determined by equating the largest value between the top and bottom release 

stresses computed at the harp points and midspan locations to the allowable stresses 

at release and solving for 푓′ . It is important to note that increasing 푓′  will affect 

production schedules due to the time increase in curing process and consequently, the 

bridge cost. 

 

4.5  Extension to Two-Span Continuous Bridges 

4.5.1  Analytical Approach 

  Equal spans of length L as shown in Figure 4.7 were considered to develop 

preliminary design charts for two-span continuous bridges. Figure 4.7 shows a typical 

configuration of simple span versus two-span continuous bridge considering dead and 

live load distribution and bending moment curves. Simple spans carry the girder weight 

(푤 ), slab and haunch weights (푤 + 푤 ), barriers and wearing surface loads (푤 +

푤 ), and HL-93 live loading (HS-20 design truck + lane loading) placed as shown in 
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Figure 4.7 to get maximum bending moments. Two-span continuous girders are 

typically constructed simple for dead load and continuous for live load.  

Based on qualitative influence lines and bending moment diagrams for two-span 

continuous beams, it was assumed that the maximum bending moments due to live and 

superimposed dead loads (i.e., HL-93 loading and (푤 + 푤 ) occur at 퐿 from an 

exterior support as shown in Figure 4.7.   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7. Example sketch of simple span vs. continuous span configurations 

Note: P = 32 kips (142.34 kN). 

lane loading = 0.64 kip/ft (953.3 kg/m) 

slab weight + haunch =		푤 + 푤 	 
Type	equation	here. girder weight = 푤  

barriers and wearing surface weight = 푤 + 푤  

1

푀
Simple span Two-span continuous 

HS-20 design truck  

HL-93 Loading = HS-20 design truck + lane loading
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For two-span continuous bridges, the girder, slab and haunch weights (푤 , 

푤 	and 푤 ) are placed on the girders when the slab and haunch concrete has not yet 

harden and consequently, continuity has not been achieved. Therefore, for two-span 

continuous girders, bending moment diagrams due to the girder, slab and haunch 

weights (푀  and 푀 ) are the same as those for simple spans as shown in Figure 4.7. 

However, after the slab concrete has hardened, the girder section is composite and the 

girders are continuous. After continuity has been achieved, live and superimposed dead 

loads are placed on the two-span continuous girders resulting in bending moment 

values (푀  and 푀 ) smaller than those for simple span girders as shown in 

Figure 4.7. To analyze a two-span continuous girder, it is important to note that even 

though maximum positive moments occur at different locations (before and after the 

concrete hardens), live and dead load moments are assumed to be maximum at 퐿 from 

an exterior support.  

Bending moments due to live and superimposed dead loads were determined as 

follows. Figure 4.8 shows the typical configuration of a two-span beam loaded with the 

HS-20 design truck and lane loading of 0.64 kip/ft (953.3 kg/m) that was used to 

compute the maximum live load effects.  
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(a) HS-20 design truck 

 

(b) Lane loading 

Figure 4.8. Typical configuration of two-span beam loaded with a) HS-20 truck 
loading and b) lane loading of 0.64 kip/ft (953.3 kg/m) used to compute maximum 

positive moments. Note: P = 32 kips (142.34 kN). 
 

Bending moments due to the HS-20 design truck and lane loading of 0.64 kip/ft 

(953.3 kg/m) for a two-span continuous system were determined at 	L from the exterior 

support (see Figure 4.7) as follows: 

 

푀 ( ) = 	 ( )	 (4.11) 

 

푀 ( ) =  (4.12) 
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Equations 4.11 and 4.12 were determined using MATLAB (2011) and the live loads 

shown in Figure 4.8.  

 Bending moments due to non-composite dead loads (i.e., beam, deck and 

haunch weight) and superimposed dead loads (i.e., barriers and future wearing surface) 

were computed at 	L from an exterior support using simple and two-span continuous 

bending moment equations as follows: 

 

푀 	( ) = 	 푤 퐿  (4.13) 

 

푀 	( 	 ) = 	 	(푤 + 푤 )퐿 	  (4.14) 

 

푀 	( ) = 	 푤 퐿   (4.15) 

 

푀 	( ) = 	 푤 퐿  (4.16) 

 

where 푀 	( ) = simple-span bending moment due to girder weight (푤 ); 

푀 	( 	 ) = simple-span bending moment due to the slab weight (푤 ) and haunch 

(푤 );  푀 	( ) = two-span bending moment due to barrier weight (푤 ); and 

푀 	( ) = two-span bending due to wearing surface weight (푤 ). Equations 

4.13 and 4.14 were derived using basic static equations. Equations 4.15 and 4.16 were 



  
 

 

106 
 

determined using the reaction supports for a 2-equal span continuous beam of length L 

given by Leet et al. (2008) and basic static equations. Equations 4.11 to 4.16 are the 

basis to compute the live and dead bending moments to develop preliminary design 

charts for two-span continuous bridges. 

 

4.5.2.  Design Criteria  

Design criteria followed to develop the LRFD preliminary design charts for 

simple-span, prestressed concrete bulb-tee (BT) girders considering service load 

stresses, flexural strength and stresses at release was extended to two-span girder 

continuous bridges. Modifications for service and strength are given below.  

 

4.5.2.1 Service 

Equations 4.11 and 4.12 were used to compute 푀  and 푀 , respectively, 

and were substituted into Equations 4.1 and 4.2 to compute bending moments plus 

impact due to HS-20 and HL-93 live loading for two-span continuous systems. Bending 

moments at 	L from an exterior support due to HS-20 and HL-93 live loading plus 

impact were then plotted as shown in Figure 4.9. 
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Figure 4.9. Bending moment at 	L from an exterior support of two-span beam due to 
HS-20 and HL-93 live loading plus impact. 

 

For girder spacings of 6, 8, 10, and 12 ft (1.8, 2.4, 3.0, and 3.7 m), new 

adjustment factors of 1.653, 1.518, 1.425 and 1.309 were determined respectively. 

Adjustment factors increased slightly by an average of 0.62% compared to those 

obtained for simple-span girders. Substituting the new adjustment factors and bending 

moments plus impact due to HS-20 for two-span continuous bridges into Equation 4.3, 

bending moments for HL-93 live loading were simulated. Bending moments for the 

LRFD Service III limit state, 푀 , were then computed by substituting Equations 4.13 

through 4.16 and the simulated bending moment due to HL-93 live loading plus impact 

for two-span continuous bridges into Equation 4.4.   

The flow chart shown in Figure 3.2 was followed to compute the maximum 

span length for the service limit state and the prestress losses were determined 
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according to LRFD Article 5.9.5.1-1 (see Equations 4.5 to 4.7). Equation 4.8 was used 

to compute the effective prestress force. The flexural service load stress at the bottom 

fiber due to live and dead loads, 푓 , was computed based on the dead load moments 

from  Equations 4.13 through 4.16 and simulated bending moment due to HL-93 live 

loading plus impact for two-span continuous behavior. The bottom fiber stress due to 

prestress after all losses, 푓 , was calculated considering 푓  from Equation 4.8. As 

before, a third degree polynomial resulted from equating the required precompression 

(	푓 − 퐹 	) to 푓 . Solving for the girder length 퐿 provided the service-based curves in 

the preliminary design charts for two-span continuous bridges.  

  

4.5.2.2 Strength 

  The flow chart shown in Figure 3.3 was followed to compute the maximum 

span length for the strength limit state. Equations 4.13 through 4.16 and simulated 

bending moments due to HL-93 live loading plus impact for two-span continuous 

behavior were substituted into Equation 4.10 to determine the ultimate bending 

moment, 푀 . As before, for a given number of strands, the flexural design strength, 

∅푀 , was computed using the strain compability approach. Again, equating 푀  and 

∅푀  resulted in a third-degree polynomial equation as a function of 퐿. Solving for 퐿 

provided the strength-based curves in the preliminary design charts for two-span 

continuous bridges. 
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4.5.2.3 Release  

Similarly to simple spans, maximum span lengths governed by stresses at 

release were determined for two-span continuous girders. As before, stresses at release 

were computed at harped and midspan locations using simple span bending moments 

due to self-weight and pretension force after allowing for elastic shortening. Maximum 

span lengths governed by stresses at release are indicated as shown in Figure 4.10.  

 

Figure 4.10. Maximum span lengths governed by stresses at release for simple and 
two-span continuous girders using 푓′ = 8 ksi (55.2 MPa) and 0.6-in. (15 mm) 

diameter strands with 푓′  = 6.8 ksi (47 MPa). 
 

In Figure 4.10, the maximum span lengths governed by stresses at release are 

indicated by an upper bound limit labeled with the specified concrete strength at 

release, 푓′  = 6.8 ksi (47 MPa) for simple and two-span continuous girders. Note that 
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a solid line represents the maximum span lengths for simple spans and continues as a 

dashed line representing the maximum span lengths for two-span continuous systems 

at release. At girder spacings of 6, 8 and 10 ft (1.8, 2.4 and 3.0 m) these two lines 

overlap each other as if only one line were plotted because stresses at release are 

computed considering only moments due to self-weight and pretension forces after 

allowing for elastic shortening and continuity at the supports is not considered. As the 

girder spacing decreases, maximum span lengths governed by stresses at release 

increase (the upper bound limit increases) and the controlling service range becomes 

larger.  The impact of continuity using higher concrete strengths and larger strand 

diameters with considerations of release stresses is discussed in the next chapter.   
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CHAPTER 5 

IMPACT OF CONCRETE STRENGTH, STRAND SIZE, AND SPAN 

CONTINUITY 

 

Using the simplified LRFD procedure, preliminary design charts were 

developed as shown in Figures 1.1 and 1.2 (Chapter 1) for simple span bridges to 

investigate the impact of concrete strength and strand size on prestressed concrete 

girder design (including span length capability, number of prestressing strands, and 

girder spacings). Concrete compressive strengths at 28 days of 푓′ = 7 ksi (48 MPa) for 

NSC, 12 ksi (83 MPa) for HPC, and 20 ksi (138 MPa) for UHPC were considered. In 

addition, prestressing strands of 0.5-in. (13 mm), 0.6-in. (15 mm), and 0.7-in. (18 mm) 

diameters were used.  

  To study the impact of span continuity and strand size, preliminary design 

charts were developed for simple span and two-span continuous bridges. Concrete 

strengths of 8, 12 and 20 ksi (55, 83, and 138 MPa) with prestressing strands of 0.6-in. 

(15 mm) and 0.7-in. (18 mm) diameters were assumed. Some states in the U.S have 

adopted a simple span policy instead of a continuous bridge policy based on the 

AASTHO LRFD Bridge Design Specifications (2010). The implications of this policy 

will be discussed in this chapter. 

  According to PCI (2003) only a very limited number of precast producers in the 

country are likely to have a prestressing bed capacity capable of 90 strands. To develop 

the preliminary design charts there was no attempt to determine whether or not the 
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number of strands was feasible. Accordingly, this should be verified with the bed 

capacity of local producers. The maximum number of strands for a BT-72 girder 

section was assumed to be equal to 70 which is typical of current precast/prestressed 

concrete producers.   

  In the charts, the transition point where strength ceases to govern and service 

becomes the controlling limit state is explained and shown to provide valuable design 

information. In addition, the maximum span lengths governed by stresses at release are 

presented and discussed in this chapter. Practical limitations on span length based on 

fabrication, transportation and erection are discussed to show the potential impact of 

using the maximum attainable girder span lengths.  

  

5.1.  Impact of Concrete Strength and Strand Size 

With the prestressed girder model adapted to the AASHTO LRFD design 

criteria, and the results in agreement with the 2011 PCI Bridge Design Manual, new 

preliminary design charts were confidently generated for a BT-72 girder. Figures 5.1 

through 5.3 show the charts for different combinations of 푓′  equal to 12 and 20 ksi 

(82.8 and 137.9 MPa) and strand diameters of 0.6 and 0.7 in. (15 and 18 mm). The 

transition point where the span length changes from being controlled by the LRFD 

Strength I to Service III limit state is marked by a dark circle in the figures.  

 In Figure 5.1, compressive strengths of 12 ksi (82.8 MPa) and 20 ksi (137.9 

MPa) with a 0.6-in (15 mm) diameter strand were used. The figure shows that the 

change in concrete strength had no effect on the span length for the strength limit state 
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(situated below the transition point) since the tensile strength of the concrete was 

ignored after cracking (also for UHPC). Furthermore, as the girder spacing increases, 

the number of strands at the transition point increases, signifying that the strand layout 

is governed more by the strength limit state. The transition point ranges between 25 

and 31 strands for 푓′  = 12 ksi (82.8 MPa) and between 32 and 44 strands for 푓′  = 20 

ksi (137.9 MPa). Above the transition point, the span lengths are governed by the 

service limit state. Also note that the number of strands at the transition points increases 

as the concrete compressive strength increases. This is because the allowable tensile 

stress of the concrete increases as the concrete compressive strength increases. For 

instance, at 8 ft (2.4 m) girder spacing, the number of strands at the transition point 

increased from 28 strands with 푓′  = 12 ksi (82.8 MPa) to 37 strands with 푓′  = 20 ksi 

(137.9 MPa). 

 

 
Figure 5.1. Preliminary design chart for BT-72 girder using 푓′  = 12 ksi (82.8 MPa) 

and 20 ksi (137.9 MPa) with 0.6-in. (15 mm) diameter strands. 
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Setting the number of prestressing strands constant above the transition point, 

longer span lengths can theoretically be achieved when the concrete compressive 

strength is increased. Considering 40 strands and an increase in compressive strength 

from 12 ksi (82.8 MPa) to 20 ksi (137.9 MPa), the theoretically possible span length 

increased by an average of 4.7% in Figure 5.1. In a like manner, for a given span length 

above the transition point, the number of prestressing strands decreases as the 

compressive strength increases. At a span length of 130 ft (39.6 m), for example, the 

average decrease in the number of strands was 8.2%. It is important to note that 

relatively small changes occurred since the strand diameter was not increased (only the 

concrete compressive strength was increased). 

 Note that maximum span lengths governed by stresses at release are indicated 

by an upper bound labeled as 푓′  = 8.4 ksi (62 MPa). Coordinates at release are also 

provided in Figure 5.1. For instance, for a concrete strength of 12 ksi (82.8 MPa) and 

a girder spacing of 8 ft (2.4 m) the maximum span length attained at release is 157.9 ft 

(48 m) and the required number of prestressing strands is 59.  For a concrete strength 

of 20 ksi (137.9 MPa) stresses at release no longer control the maximum span lengths 

but rather stresses at service. 

Figure 5.2 shows the impact of using different strand diameters with no change 

in compressive strength. A 28-day compressive strength of 푓′  = 12 ksi (82.8 MPa) 

with 0.6-in. (15 mm) and 0.7-in. (18 mm) strands were used to develop this graph. As 

shown in the figure, the effect of using a larger strand diameter was more significant 
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than increasing the concrete compressive strength since the change in span length and 

number of strands was much greater.  

 
 

Figure 5.2. Preliminary design chart for BT-72 girder using 푓′  = 12 ksi (82.8 MPa) 
with 0.6-in. (15 mm) and 0.7-in. (18 mm) diameter strands. 

 
 

For instance, at 40 strands, the potential span length increased by approximately 

17 ft (5.2 m) due to the increase in strand diameter, whereas the 8 ksi ( 55.2 MPa) 

increase in compressive strength resulted in only a 6.5 ft (2.0 m) longer span as shown 

in Figure 5.1. In other words, at 40 strands the span length increased by 260% more 

due to the increase in strand diameter than due to the increase in concrete strength. 

Furthermore, the number of strands decreases more significantly as the strand diameter 

increases. For example, at a 10 ft (3.0 m) girder spacing and span length of 120 ft (36.6 

m), the number of prestressing strands decreased from 30 to 22 (75%) when the strand 

diameter was changed from 0.6-in. (15 mm) to 0.7-in. (18 mm). 
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Figure 5.1 shows that above the transition points and for a concrete strength of 

20 ksi (137.9 MPa) service governs meanwhile for 0.7-in. (18 mm) diameter strands 

maximum span lengths are governed by stresses at release as shown in Figure 5.2. For 

instance, Figure 5.1 shows that for a girder spacing of 8 ft (2.4 m) and a concrete 

strength of 20 ksi (137.9 MPa) with 0.6-in. (15 mm) diameter strands the maximum 

potential span length is governed by service and is equal to 171.7 ft (52.3 m) meanwhile 

Figure 5.2 shows that for the same girder spacing with a concrete strength of 12 ksi 

(82.8 MPa) and 0.7-in. (18 mm) diameter strands the maximum span length governed 

by stresses at release is equal to 159 ft (48 m). Finally, Figure 5.2 shows that increasing 

the diameter strand from 0.6-in. (15 mm) to 0.7-in. (18 mm), the maximum span lengths 

governed by stresses at release increased slightly by an average of 0.9 % (from 152.2 

ft (46.4 m) to 153.5 (46.8 m)). Meanwhile, the number of strands was reduced 

significantly by an average of 48.7 % (from 58 to 39 strands). Although the increase in 

span length is not substantial, the number of prestressing strands reduced significantly 

which results in a decrease in material and labor costs. 

Figure 5.3 shows the impact of increasing the concrete strength and the strand 

diameter. This graph was developed with compressive strengths of 푓′  = 12 ksi (82.8 

MPa) and 20 ksi (137.9 MPa) with 0.6-in. (15 mm) and 0.7-in. (18 mm) strands, 

respectively. The figure shows that the increase of both properties was much more 

significant than the individual increase of either the concrete strength or strand 

diameter.  
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Figure 5.3. Preliminary design chart for BT-72 girder using 푓′ = 12 ksi (82.8 MPa) 
with 0.6-in. (15 mm) diameter strands and 푓′ = 20 ksi (137.9 MPa) with 0.7-in. (18 

mm) diameter strands. 
 

At 40 strands, the potential span length increased by approximately 26.2 ft (8 

m), whereas increasing either the compressive strength from 12 to 20 ksi (82.8 to 137.9 

MPa) or the strand diameter from 0.6-in. (15 mm) to 0.7-in. (18 mm) resulted in 6.5 ft 

(2 m) or 17 ft (5.2 m) longer spans as shown before in Figures 5.1 and 5.2, respectively. 

In Figure 5.3, above the transition points and for a concrete strength of 푓′ = 12 ksi 

(82.8 MPa) release controls and for 푓′ = 20 ksi (137.9 MPa) service controls. Note that 

maximum span lengths governed by stresses at release are indicated by an upper bound 

labeled as 푓′  = 8.4 ksi (62 MPa) and coordinates at release are provided as shown in 

Figure 5.3.    
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 Figure 5.4 shows the impact of using NSC, HPC, and UHPC with 0.5-in. (13 

mm), 0.6-in. (15 mm) and 0.7-in. (18 mm) strands, respectively, for a girder spacing of 

8 ft (2.4 m). Transition points (marked by a dark circle) show that the maximum span 

lengths are governed mainly by the service limit state.  

 

 
 

Figure 5.4. Preliminary design chart for BT-72 girders using NSC, HPC, and UHPC.  
 

As shown in the figure, an 8 ksi (55.2 MPa) increase in concrete strength and 

another strand change of 0.1 in. (2.54 mm) diameter resulted in approximately the same 

increase in potential span length as when the concrete strength was changed from 7 to 

12 ksi (48.3 to 82.8 MPa) and the strand diameter was changed from 0.5 to 0.6-in. (13 

to 15 mm). In other words, the increase in span lengths from HPC to UHPC are 

comparable to those obtained from NSC to HPC. Note that above the transition points, 
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and for NSC and HPC, maximum span lengths are governed by stresses at release. 

Meanwhile, for UHPC, service controls. Above the transition points, as the concrete 

strength increases and the girder spacing decreases, stresses at release cease to govern 

maximum span lengths and service becomes the controlling criterion. Figures 5.1 

through 5.4 illustrate the different options available to the designer to conduct a 

preliminary investigation of the pros and cons of using different combinations of 

concrete strengths and strand diameters for a BT-72 girder. 

 

5.2.  Impact of Continuity 

 Using the two-span continuous and simple span prestressed girder models, new 

preliminary design charts were generated for a BT-72 girder to evaluate the impact of 

continuity on prestressed concrete bridge design (e.g., span lengths, prestressing 

strands, and girder spacings). Figures 5.5 and 5.7 were developed for simple and two-

span continuous girders; different combinations of 푓′  equal to 12 and 20 ksi (82.8 and 

137.9 MPa) and strand diameters of 0.6 and 0.7 in. (15 and 18 mm) were used. In Figure 

5.5, changing from a simple to two-span continuous layout, the span length increased 

by an average of 10.8, 11.9, 12.5, and 13.2% for girder spacings of 12, 10, 8, and 6 ft 

(3.7, 3.0, 2.4, and 1.8 m), respectively. As shown in the figure, as the girder spacing 

decreases, the potential span length increases by approximately the same amount for 

both the simple span and two-span continuous configuration. For example, considering 

40 strands and a decrease in girder spacing from 10 ft (3.7 m) to 8 ft (3.0 m), the span 
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length increased by 8 ft (2.4 m) for simple span layout, and 8.4 ft (2.6 m) for two-span 

continuous layout. 

 

Figure 5.5. Preliminary design chart using 푓′  = 12 ksi (82.8 MPa) with strand 
diameter of 0.6-in. (15 mm) for simple and two-span continuous girder layouts. 

 

Transition points are marked by dark and white circles for simple and two-span 

continuous layouts, respectively. For a given girder spacing, the number of strands at 

the transition points is lower for two-span continuous than for simple span, signifying 

that service governs more for continuous span. In Figure 5.5, an upper bound labeled 

as 푓′  = 9.0 ksi (47 MPa) indicates the maximum span lengths that are governed by 

stresses at release. As the girder spacing decreases, the upper bound labeled as 푓′  = 

9.0 ksi (47 MPa) increases meaning that the release limit state ceases to govern 
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maximum span lengths and service becomes the controlling criterion. Simple span and 

two-span continuous coordinates at release are shown in Figure 5.5. For example, the 

maximum potential span length governed by stresses at release at a girder spacing of 8 

ft (2.4 m) for simple span is 164 ft (50 m) and the number of strands is 69. For a two-

span continuous and a girder spacing of 10 ft (3.0 m) the maximum span at release is 

151.8 ft (46.3 m).  Note that for a girder spacing of 6 ft (1.8 m) for simple span and 6, 

8 and 10 ft (1.8, 2.4 and 3 m) for two-span continuous, stresses at release no longer 

control girder span lengths but service. 

  To determine whether top or bottom stresses control at release, release stresses 

at harp points and midspan were plotted versus the span length of the girder as shown 

in Figures 5.6 and 5.7.  

 

Figure 5.6. Top and bottom release stresses at harp points of simple span girder. 
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Figure 5.7. Top and bottom release stresses at midspan of simple span girder. 
 

The behavior and design of the end zones will be affected by the transfer length 

of the prestressing force (Barnes et al., 2003), but will have no impact on the 

preliminary design charts developed in this study which were based on the final 

conditions of the structure: service and strength.  

Figures 5.6 and 5.7 show that the bottom compressive stresses are larger than 

the top stresses (tension or compression) at release and consequently, govern the 

maximum possible span lengths. In addition, Figures 5.6 and 5.7 show that release 

stresses at the harp points are slightly larger than those at midpan for any girder spacing 

and therefore, the harp points are the governing locations. For instance, for a given span 

length of 120 ft (36.6 m) bottom release stresses at harp points are 3.9, 3.2, 2.7, and 2.1 

ksi (26.9, 22.1, 18.6 and 14.5 MPa) for girder spacings of 12, 10, 8, and 6 ft (3.7, 3.0, 



123 
 

2.4, and 1.8 m), respectively, meanwhile at midspan are 3.8, 3.1, 2.6, and 2.0 ksi (26.2, 

21.4, 17.9, 13.8 MPa) for the same girder spacings, respectively. Furthermore, Figures 

5.6 and 5.7 show that as the girder spacing decreases, the potential span length increases 

and the bottom and top stresses at release decrease and increase, respectively, due to 

the bending moment increase from the self-weight of the girder.  

Figure 5.8 shows the impact of continuity based on concrete compressive 

strength of 20 ksi (82.8 MPa) and 0.7-in. (15 mm) diameter strand for simple and two-

span continuous layouts. 

 

 

Figure 5.8. Preliminary design chart using 푓′  = 20 ksi (137.9 MPa) with a strand 
diameter of 0.7-in. (18 mm) for simple and two-span continuous layouts. 
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For girder spacings of 12, 10, 8, and 6 ft (3.7, 3.0, 2.4, and 1.8 m), the potential 

span length increased by an average of 10.7, 10.9, 10.6 and 10.2%, respectively, due to 

span continuity. As before, reducing the girder spacing by 2 ft (0.6 m) for a simple span 

layout, results in approximately the same increase in potential span length as the two-

span continuous layout. Transition points show that service governs more the two-span 

than the simple span layout. As shown in Figure 5.8, maximum span lengths are no 

longer governed by stresses at release but by the service limit state. The longest span 

length reached 230.3 ft (70.2 m) for a girder spacing of 6 ft (1.8 m).  However, 

according to Hueste et al. (2012), span lengths above 150 ft (46 m) are not feasible due 

to weight and length restrictions during girder transportation. Practical implications are 

further discussed in the next section.  

 

5.3.  Practical Implications 

 Using maximum span lengths and girder spacings from Figure 4.10 (Chapter 

4), 5.5 and 5.8, the chart shown in Figure 5.9 was developed. Figure 5.9 shows the 

maximum attainable span length versus girder spacing for a BT-72 girder for concrete 

strengths of 8, 12, and 20 ksi (55, 83, and 138 MPa) with 0.6 and 0.7-in. (15 and 18 

mm) diameter strands for simple and two-span continuous layouts. For consistency 

with the PCI-11 charts, the concrete strength at release, 푓′ , was assumed as 85% of 

푓′  for a concrete strength of 8 ksi (55 MPa). For concrete strengths larger than 8 ksi 

(55 MPa), a value of 75 % of 푓′  was assumed. The allowable tensile and compressive 

stresses at release are shown in Figures 5.6 and 5.7.  
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Figure 5.9. Maximum span length versus girder spacing for BT-72 girder using 푓′  = 
8, 12, and 20 ksi (55, 83, and 138 MPa) with 0.6 and 0.7-in. (15 and 18 mm) diameter 

strands for simple and two span continuous layouts. 
 

For a given girder spacing, concrete strength, and strand diameter, the 

maximum attainable span length can be estimated from Figure 5.9 for simple and two-

span continuous layouts. The governing limit state and number of strands are provided 

at girder spacings of 6, 8, 10, and 12 ft (1.8, 2.4, 3.0 and 3.7 m) in the figure. It is shown 

that bottom compressive stresses at release govern for span lengths less than 180 ft (55 

m), except at girder spacings of 6 ft (1.8 ) for simple span with a concrete strength of 

12 ksi ( 83 MPa) and 8 and 10 ft (2.4 and 3.0 m) for two-span continuous. That is, using 

HPC with 0.6-in. (15 mm) diameter strands, compressive stresses at release mostly 

govern for span lengths smaller than 180 ft (55 m) for simple and two-span continuous 
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layouts; for span lengths larger than 180 ft (55 m), tension at service controls. Note that 

for simple and two-span continuous layouts service controls when the number of 

prestressing strands reaches 70 at any girder spacing and with concrete strengths of at 

least 푓′  = 12 ksi (83 MPa).  

Using a concrete strength of  푓′  = 20 ksi (137.9 MPa) and a girder spacing of 

6 ft (1.8 m), maximum span lengths of 212 and 230.3 ft (64.6 and 70.2 m) result for 

simple and two-span continuous layouts, respectively, from Figure 5.9. However, the 

use of longer full-span girders has limitations based on fabrication, transportation, and 

erection that must be considered. For instance, Hueste et al. (2012) states that span 

lengths above 150 ft (46 m) are not feasible due to weight and length restrictions during 

girder transportation. However, precast beams 210 ft (64 m) in length and more than 

150 tons in weight have been allowed in Pennsylvania, Washington, Nebraska and 

Florida (PCI 2011). Prestressed concrete girders longer than 200 ft (61 m) can be 

constructed but according to the Florida Department of Transportation (FDOT 2013) 

the maximum transportable girder length is approximately 180 ft (54.9 m). 

Nevertheless, longer span lengths for prestressed simple supported concrete girders 

may be achieved using a new splicing technique (FDOT 2013).  The Florida I-beam 

ninety six (FIB96), for example, can attain a maximum length of 208 ft (63.4 m) using 

a concrete strength of 8.5 ksi (58.6 MPa) and 215 ft (65.5 m) using 10 ksi (68.9 MPa) 

concrete. The girder length restriction of 180 ft (54.9 m) from FDOT is represented by 

a horizontal line in Figure 5.9 labeled as “FDOT (2013)”. Based on this girder length 

restriction and considering a concrete strength of 푓′  = 20 ksi (138 MPa) with 0.7-in. 
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(18 mm) diameter strands, the maximum span lengths are not feasible at any girder 

spacing for a two-span continuous layout and at girder spacings smaller than 10.3 ft 

(3.1 m) for simple spans.  

The span-to-depth ratio is an important bridge parameter that should be 

considered to design prestressed concrete bridges because it influences the structural 

behavior, cost efficiency, and aesthetics of the structure (Hueste et al. 2012). 

Traditional minimum depths for constants depth superstructures are given in Table 

2.5.2.6.3-1 of the AASHTO LRFD Specifications (2010) as shown in Table 5.1. 

 

Table 5.1. Traditional minimum depths for constant depth superstructures 
(adapted from AASHTO 2010). 
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Table 5.1. Traditional minimum depths for constants depth superstructures 
 (adapted from AASHTO 2010) (continued). 

 

 

 

 Barker and Puckett (2007) state that values given in this table are traditional 

ratios used to guarantee that vibration and deflection would not be a problem. Research 

conducted by Poon (2009) at the University of Toronto indicated that values given in 

Table 2.5.2.6.3-1 of the AASHTO LRFD Specifications (2010) give an optimal 

solution in terms of cost efficiency and aesthetics. According to Leonhardt (1982), the 

concrete volume is reduced, and the prestressing requirements are increased when a 

high ratio (i.e., slender girder) is used. For precast I-beam simple span and continuous 

span layouts, respectively, values of 0.045L and 0.040L (L = girder length) are given 

in Table 2.5.2.6.3-1 of AASHTO LRFD Specifications (2010). Hence, based on these 

span-to-depth ratios, the maximum span lengths for a BT-72 girder section for simple-

span and two-span continuous layouts are 133.3 ft (40.6 m) and 150 ft (45.7 m), 

respectively.  

The girder length restriction of 150 ft (46 m) from Hueste et al. (2012) is 

represented by a horizontal line in Figure 5.9 labeled as “Hueste et al. (2012)”. Based 
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on this girder length restriction and considering a concrete strength of 푓′  = 8 ksi (55 

MPa) with 0.6-in. (15 mm) diameter strands, the maximum span lengths are not feasible 

at girder spacings smaller than 6.4 ft (1.95 m) for simple spans and for girder spacings 

smaller than 8.8 ft (2.7 m) for two-span continuous layouts as shown in Figure 5.9. For 

concrete strengths of 푓′  = 12 ksi (83 Mpa) with 0.6-in. (15 mm) diameter strands, 

maximum span lengths are not feasible for girder spacings smaller than 10.1 ft (3.1 m) 

for simple spans and at any girder spacing for two-span continuous layouts. Maximum 

span lengths are not feasible for concrete strengths equal to or greater than 20 ksi (138 

MPa) with 0.7-in. (18 mm) at any girder spacing. 

According to Brice et al. (2013), real bridge cost savings result from extending 

spans (reducing the number of piers) and/or reducing the girder lines. As shown in 

Figure 5.9, changing from a simple to two-span continuous layout, the span length 

increases by an average of 12.9, 11.6, and 12.5% for concrete strengths of 8, 12 and 20 

ksi (55, 83, and 138 MPa ), respectively. In addition, the span length increases by an 

average of 42.9% using span continuity and increasing the concrete strength from 8 to 

20 ksi (55 to 138 MPa). Article 5.14.1.4 of the AASHTO LRFD Bridge Design 

Specifications (2010) provide the requirements for simple-span concrete bridge girders 

made continuous. Currently, some states in the U.S. do not design continuous span 

girders but rather have adopted a simple-span design policy.  

To evaluate the degree of which bridge owner’s may deviate from the minimum 

requirements given in the LRFD specifications, a survey of state departments of 

transportation (DOTs)) was conducted by Brice et al. (2013). A total of 38 state DOTs 
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responded to the survey and 42% indicated the adoption of a simple-span policy 

including Arizona, Colorado, Idaho, Kansas, Louisiana, Minnesota, New York, North 

Carolina, Oklahoma, Pennsylvania, and Texas. Alternatively, the states of Washington, 

Michigan, Pennsylvania, and South Carolina design for the more critical of a fully 

effective continuity connection and simple span. The survey ultimately showed that 

using the owner-adopted design policy led to stouter structures than those designed 

using the AASHTO LRFD specifications (2010). 

Normally, the overall cost of a bridge is not significantly influenced by the 

number of prestressing strands except it may exceed the capacity of local precast 

producers (Brice et al. 2013). From Figure 5.9, it is evident that the number of strands 

increases as the concrete strength increases and the girder spacing decreases. The 

maximum number strands assumed for a BT-72 girder is 70; however, it must be 

determined if the required number of strands is compatible with the prestressing bed 

capacity of local producers.  

Section 2.5.2.6 of the AASHTO LRFD Specifications (2010) states that 

deformations in bridges including live load deflections and span-to-depth ratios should 

be limited to avoid undesirable structural behavior or psychological effects. Live load 

deformation effects and span-to-depth ratio criteria was adopted to limit deterioration 

of wearing surfaces and local cracking of concrete deck slabs that could adversely 

affect serviceability and durability. According to the AASHTO LRFD Specifications 

(2010) Article 2.5.2.6.2 limits the maximum deflection due to live load and impact as 

follows: 
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 Vehicular load, general = Span/800 

 Vehicular and/or pedestrian loads = Span/1000 

 

No explanations or detailed justifications for these limits are provided in the AASHTO 

LRFD Design Specifications (2010) articles and/or commentary (Hueste et al. 2012). 

Deflections due to prestressing force at transfer (camber), dead loads, live loads and 

impact, were not considered in the development of preliminary design charts in this 

dissertation. However, these deflections should be considered for the final design of 

the bridge. In summary, girder length restrictions due to fabrication, transportation, and 

erection, span-to-depth ratios, number of strands, and the continuous span design policy 

are issues that significantly influence a preliminary prestressed concrete bridge design 

and should be considered carefully to optimize the final design of the bridge. 
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CHAPTER 6 

SUMMARY, CONCLUSIONS, AND FUTURE WORK 

 

6.1 Summary 

 This dissertation provides a simplified method to develop preliminary design 

charts for prestressed concrete bulb-tee girders considering service load stress limits, 

flexural strength, and stresses at release. A BT-72 girder was considered to illustrate 

the procedure for computing the maximum span length based on the number of 

prestressing strands and girder spacing. The charts were first developed based on the 

AASHTO Standard Specifications (2002) and compared with the PCI-03 preliminary 

design charts (2003) for validation purposes. These charts were subsequently adapted 

to the AASHTO LRFD Bridge Design Specifications (2010) and further confirmed 

with the PCI-11 charts (2011).  

 Modifications of the prestressed girder model were made to satisfy the LRFD 

Service III and Strength I limit states. For Service III, the live load effects and prestress 

losses were adjusted and for Strength I, live load and dead load effects were adjusted 

according to LRFD design criteria.  

 Prestress losses were computed considering shrinkage of the concrete, elastic 

shortening, creep of the concrete, and relaxation of the steel. The simplified method 

presented in this study resulted in third-degree polynomial functions whose solutions 

provided the girder span lengths for a given number of strands and girder spacing based 

on the release, service, and strength limit states.   
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Using the simplified LRFD procedure, preliminary design charts were developed for 

simple span bridges to investigate the impact of concrete strength and strand size on 

prestressed concrete girder design (including span length capability, number of 

prestressing strands, and girder spacings). Concrete compressive strengths at 28 days 

of 푓′ = 7 ksi (48 MPa) for NSC, 12 ksi (83 MPa) for HPC, and 20 ksi (138 MPa) for 

UHPC were considered. In addition, prestressing strands of 0.5-in. (13 mm), 0.6-in. (15 

mm), and 0.7-in. (18 mm) diameters were used.  

 To study the impact of span continuity and strand size, preliminary design 

charts were developed for simple span and two- span continuous bridges. Concrete 

strengths of 8, 12 and 20 ksi (55, 83, and 138 MPa) with prestressing strands of 0.6-in. 

(15 mm) and 0.7-in. (18 mm) diameters were assumed. In the charts, the transition point 

where strength ceased to govern and service became the controlling limit state is 

explained and shown to provide valuable design information. Maximum span lengths 

governed by stresses at release and service were determined to show the maximum 

attainable span length versus girder spacing for concrete strengths of 8, 12, and 20 ksi 

(55, 83, and 138 MPa) with 0.6 and 0.7-in. (15 and 18 mm) diameter strands for simple 

and two-span continuous layouts. Practical limitations on span length based on 

fabrication, transportation, erection, span-to-depth ratio criteria, and deflections due to 

live and dead load were discussed to show their influence on the maximum attainable 

span length given in the preliminary design charts developed in this dissertation.   
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6.2  Conclusions 

The simplified procedure given in this dissertation is a unique contribution to 

the prestressed concrete bridge profession because it offers a closed-form solution for 

preliminary girder design. Spreadsheets or commercial software may alternatively be 

used, however, these tools may require the designer to solve for the span length 

iteratively to obtain discrete solutions for different combinations of the number of 

strands and girder spacing.  

Many factors can affect preliminary girder design including:  regional and/or 

state polices for calculating prestress losses; types of beam sections (AASHTO, Bulb-

tee, I girders); section analysis using different properties (gross, net, transformed); and 

methods for dead and live load distribution analyses. Such factors can be easily 

incorporated into the prestressed girder model developed herein that correspond to the 

design policies adopted by the bridge owner. The development of the preliminary 

design charts for a BT-72 prestressed concrete girder section presented herein has led 

to the following findings: 

 

(1) The girder model was formulated and adapted from the AASHTO Standard to 

the LRFD Specifications and provides the designer more options to consider 

including different combinations of concrete strengths and strand diameters 

instead of being limited to a given concrete strength. 

(2) The use of the “transition point” was introduced which corresponds to the 

number of strands and span lengths where the governing limit state changes 
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from strength to service. The point is located at the intersection of the strength 

and service curves, and provides the information needed for a designer to 

distinguish the zones between fully prestressed (uncracked), partially 

prestressed, and non-prestressed (cracked) members.  The transition points 

between the strength and service limit states for the prestressed girder model 

showed that the span lengths were governed mostly by service. At this time, the 

AASHTO LRFD Bridge Design Specifications provides minimal design 

guidance for partially prestressed members. However, this alternative may be 

more practical for bridge girders, particularly for longer span lengths due to the 

large number of strands required to obtain a fully prestressed member. 

(3) New LRFD preliminary design charts were generated for a BT-72 girder using 

normal strength concrete (NSC), high performance concrete (HPC), and ultra-

high performance concrete (UHPC).  Based on the excellent agreement (within 

2% and 4%) between the preliminary design charts developed in this study and 

those given in the PCI Bridge Design Manuals (2003, 2011), the new LRFD 

charts were shown to be accurate for the design assumptions made. The charts 

provide initial results for comparing the potential span length capability of 

UHPC girders with NSC and HPC.   

(4) This dissertation illustrates the increases in span lengths caused by 

implementation of 0.7 in. (18 mm) diameter strand and UHPC which many state 

DOTs are considering for future prestressed concrete bridge design. According 

to Morcous et al. (2011), 0.7-in. (18 mm) diameter strands can be used without 
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major changes to current production practices and/or the design criteria given 

in the LRFD specifications. 

(5) The preliminary design charts demonstrate the impact of using UHPC and/or 

larger strand size and/or two-span continuous layouts. Increasing the concrete 

compressive strength or the strand diameter or using two-span continuous for a 

given number of strands and girder spacing resulted in an increase of the span 

length. The effect of using two-span continuous with the combination of UHPC 

and a larger strand diameter was clearly shown to be much more significant 

than just increasing the concrete compressive strength or the strand diameter or 

using two-span continuous layouts. However, the use of longer full-span girders 

has girder length restrictions due to fabrication, transportation, erection, span-

to-depth ratios, and live and dead load deflections that influence a preliminary 

prestressed concrete bridge design and consequently, should be considered 

carefully for the final design of the bridge. For instance, Hueste et al. (2012) 

states that span lengths above 150 ft (46 m) are not feasible due to weight and 

length restrictions during girder transportation. 

The use of UHPC results in more slender girders than current practice which may lead 

to transportation and erection challenges that may be assessed based on the span lengths 

given in the new LRFD charts.  
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However, there are UHPC design alternatives other than increasing the span length that 

can be considered to reduce material cost and avoid transportation limitations by truck 

such as increasing the girder spacing (to reduce the number of beam lines) and/or 

reducing the girder depth.  

 

6.3 Future Work 

To further investigate the structural behavior and economic impact on the 

superstructure of prestressed concrete bridges using the simplified method developed 

herein, the following recommendations are made based off the findings of the research 

presented in this dissertation:   

(1) The simplified method developed herein is subject to the following limitations: 

(1) BT-72 sections and (2) interior girders.  The new LRFD charts were 

generated based on allowable tension and flexural strength using the same 

assumptions as the PCI Bridge Design Manuals (2003, 2010). Future 

implementation of the simplified procedure requires that Articles of the LRFD 

specifications related to prestress losses, allowable stresses, material properties, 

and flexural resistance be updated as research becomes available for concrete 

strengths larger than the current upper limits of 10 ksi (69 MPa) and 15 ksi (103 

MPa), in particular for UHPC. 

(2) Camber, dead and live load deflections were not considered to develop the 

preliminary design charts for concrete prestressed concrete bridge girders 

presented herein. To improve the designer options to look at different 
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combinations of concrete strengths and strand diameters, camber, dead and live 

load deflections should be considered in the simplified method presented in this 

dissertation.  

(3) States such as Washington, Texas, Nebraska, Utah, Florida, Pennsylvania, and 

the New England states have developed their own girder shapes based on 

typical AASHTO-PCI bulb-tee sections, AASHTO I-beams, and multi-web 

stemmed beams given in the PCI Bridge Design Manuals (2003, 2011). It is 

recommended to implement these girder shapes to the simplified method to 

expand the designer options and optimize the final design and cost of the 

superstructure of prestressed concrete bridges. 

(4) The AASHTO LRFD Bridge Design Specifications (2010) provides minimal 

design guidance for partially prestressed members and no guidance related to 

this issue was provided in the AASHTO LRFD Bridge Design Specifications 

(2014). Partial prestress girders may be an economical option for bridge design 

and a more practical alternative for bridge girders, particularly for longer span 

lengths due to the large number of strands required to obtain a fully prestressed 

member. Hence, recommendations for partially prestressed members should be 

developed to optimize the final design of the prestressed concrete bridge 

girders. 
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 APPENDIX 

A.1 Equations 2.12 to 2.19 were used by Jeon et al., 2012 to plot the feasible design 

domain represented by the shaded area shown in Figure 2.15 (Chapter 2). Equations 

2.12 to 2.15 are applied to compute top and bottom stresses at release and service, 

respectively. Equations 2.16 to 2.19 were derived from Equations 2.12 to 2.15 to 

compute the girder span length given in Figure 2.15 (Chapter 2). 

 

푓 = 	 − 푦 + 푦 > 푓 , ,         (2.12) 

  

푓 = 	 + 푦 − 푦 < 푓 , ,                         (2.13) 

 

푓 = 	 − 푦 + 푦 + ∗ 푦 ,
∗ < 푓 , ,                        (2.14) 

 

푓 = 	 + 푦 − 푦 − ∗ 푦∗ > 푓 , ,                        (2.15) 

 

푙 <
, ´ ,

,
                         (2.16) 
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푙 <
, ´ ,

,
                                   (2.17) 

 

푙 <
, , ´ ,

,
                       (2.18) 

 

푙 <
, , ´ ,

,
                       (2.19) 

 

where: 

푓   = top concrete fiber stresses 

푓   = bottom concrete fiber stresses  

푃  = 푛퐴 푓  = average prestressing force at release  

푃  = 푛퐴 푓 = average effective prestressing force 

푓  = average prestress at release 

푓  = average effective prestress  

푛  = number of sheaths (ducts) 

퐴  = total área of the strands included in one sheath =	1.84 in.2 (1185 mm2) 

푒  = average eccentricity of the strands 

퐼  = non-composite moment of inertia of girder 
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퐼 ∗   = composite moment of inertia of girder 

푦  = non-composite distance from neutral axis to the extreme 
   compression fiber   

푦 ∗   = composite distance from neutral axis to the extreme 
       compression fiber 

푦    = non-composite distance from neutral axis to the to the 
       extreme tensile fiber 

푦∗ ,    = composite distance from neutral axis to the to the extreme 
                                        tensile fiber 

푀    = bending moment by the self-weight of a girder 

푀    = bending moment by the self-weight of a deck with the 
                                       contribution of cross beams (diaphragms) included 
 
푀    = bending moment by live load with the self-weight of 
                                       pavement and railing Included 

푓 , ,  = 푎 푓′ ,       = allowable tensile concrete girder stress at release as a 

                                       function of the concrete compressive stress at release, 푓′ ,  

푓 , ,  = 푎 푓′ ,  = allowable compressive concrete girder stress at release as a 
                                    function of the concrete compressive stress at release, 푓′ ,  

푓 , , 	=  푎 푓′ ,  = allowable tensile concrete girder stress at service as a 

                                       function of the concrete compressive stress at service, 푓′ ,  
 
푓 , ,  = 푎 푓′ ,  = allowable compressive concrete girder stress at service as a  
             function of the concrete compressive stress at service, 푓′ ,  

푎 , 푎 , 푎 , 푎   = concrete compressive stresses coefficients > 0 

푏 ,푏 , 푏   = moment coefficients which represent the maximum positive 
                                       moment occurring in the span, are 0.125 for a simple span 
                                       and have a lower value for a continuous span 
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훾   = unit weight of the girder 

훾 ,   = unit weight of the deck 

퐴   = concrete area of non-composite section 

퐴   = area of the deck 

푙  = span length 

푤 , 푤  = equivalent distributed load due to cross beams and live load, 
      respectively, applied to one girder  
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A.2 MATLAB Code 
 
% A Simplified Method to Develop LRFD Preliminary Design Charts for 1 
Prestressed Concrete Bridges.  2 
 3 
% Service Limit State 4 
%Data:                   5 
%Cast-in place Slab:                     6 
%Structural thickness (in): 7 
%ts = 7.5; 8 
%Concrete strength at 28 dias, f'c(psi): 9 
fcs = 4000; 10 
%Haunch thickness (in): 11 
Ht = 0.5; 12 
%Precast beams: AASHTO-PCI BT-72 Bulb-Tee :                     13 
%Concrete strength at release, f'ci (psi): 14 
fci = input ('Beam Concrete strength at release, (psi)= ?'); 15 
%Concrete strength at 28 dias (service), f'c: 16 
fcb = input ('Beam Concrete strength at service, (psi)= ?'); 17 
%Concrete unit weigth (pcf): 18 
Wc = 150; 19 
%Distance center to center of beams (ft): 20 
%for J = 1 :100 21 
%BS = input('Beam Spacing Vector = [s1,s2,...n] = ? (ft)'); 22 
%ts = input('deck thickness Vector = [t1,t2,...n] = ? (in)'); 23 
%F = input('Factors to adapt STANDARD to LRFD charts = [f1,f2,...n] = ?'); 24 
%R = input('Is there any error ? (y/n) = ','s'); 25 
%if  R == 'n' 26 
%break 27 
%else 28 
%clear BS 29 
%end 30 
%end 31 
%Nstr = input('Maximum number of strands to be considered = (a pair 32 
number) ?'); 33 
BS = [ 12 10 8 6]; 34 
ts = [8.5 7.5 7.5 7.5]; 35 
F = [ 1.302927 1.416086 1.50673056 1.642456658]; 36 
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Nstr = 70; 37 
LE = length(BS); 38 
AS = input('Do you want to keep previous plot(s)? (y/n) = ','s'); 39 
if AS == 'y'  40 
hold on 41 
else 42 
hold off 43 
end 44 
Mu = cell(LE,1); 45 
cont1 = 0; 46 
cont2 = 0; 47 
SFL = cell(Nstr,1); 48 
ROOT = zeros(Nstr, LE); 49 
Yst = zeros(Nstr, 1); 50 
ROOT3 = zeros(Nstr,1); 51 
Pse2 = cell(Nstr,LE); 52 
Psi2 = cell (Nstr,LE); 53 
Psi3 = zeros(Nstr,LE); 54 
Mgt3 = zeros(Nstr,LE); 55 
Mgt4 = zeros(Nstr,LE); 56 
MB = cell(LE,1); 57 
MWS = cell(LE,1);  58 
ML = cell(LE,1); 59 
MG = cell(LE,1); 60 
MS = cell(LE,1); 61 
STG = zeros(LE,1); 62 
SBC = zeros(LE,1); 63 
LRTCH = zeros(Nstr,LE); 64 
LRTTH = zeros(Nstr,LE); 65 
LRBCH = zeros(Nstr,LE); 66 
LRBTH = zeros(Nstr,LE); 67 
LRTCM = zeros(Nstr,LE); 68 
LRTTM = zeros(Nstr,LE); 69 
LRBCM = zeros(Nstr,LE); 70 
LRBTM = zeros(Nstr,LE); 71 
FINN = zeros(Nstr,LE); 72 
ftrH12 = zeros(Nstr,1); 73 
ftrH10 = zeros(Nstr,1); 74 
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ftrH08 = zeros(Nstr,1); 75 
ftrH06 = zeros(Nstr,1); 76 
fbrH12 = zeros(Nstr,1); 77 
fbrH10 = zeros(Nstr,1); 78 
fbrH08 = zeros(Nstr,1); 79 
fbrH06 = zeros(Nstr,1); 80 
ftrM12 = zeros(Nstr,1); 81 
ftrM10 = zeros(Nstr,1); 82 
ftrM08 = zeros(Nstr,1); 83 
ftrM06 = zeros(Nstr,1); 84 
fbrM12 = zeros(Nstr,1); 85 
fbrM10 = zeros(Nstr,1); 86 
fbrM08 = zeros(Nstr,1); 87 
fbrM06 = zeros(Nstr,1); 88 
for V =1 : LE 89 
%Pretensioning Strands: seven wire, low relaxation:                  90 
%Area of one strand (in2): 91 
%Ast = 0.153 or Ast = .217 depending of the type of concrete used 92 
% Ast = 0.153 in2 for Normal concrete strength 93 
% Ast = 0.217 in2 for High concrete strength 94 
%Ultimate Stress, f's(ksi): 95 
fs = 270; 96 
%Yield Strength, fy = 0.9*f's (ksi): 97 
Fyp = .9*fs 98 
%Initial Pretensioning, Fsi = 0,75*f's(ksi): 99 
Fsi = 0.75*fs 100 
%Modulus of Elasticity, Es (ksi):    101 
Est = 28500; 102 
% Design Parameters According to PCI-11: Section 6.5.2 103 
% Future wearing surface = 35 psf  104 
% Barriers weight = 0.25 Kip/ft 105 
Wws = 35*BS(1,V)/1000; 106 
%Barrier and railing weight : 0.25 kip/ft  107 
Wb = 0.25; 108 
% Cross Section Properties for a Typical Interior Beam:                                  109 
%Non-Composite Section:                               110 
%A = Area of cross section of precast beam (in2): 111 
A = 767;         112 
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%h = overall depth of precast beam (in) = 113 
h = 72;      114 
%I = moment of Inertia about the centroid of the non-composite precast beam 115 
(in4): 116 
I = 545894;  117 
Ig = I; 118 
%Yb = Distance from centroid to the extreme bottom fiber of the non-119 
composite precast beam (in):         120 
Yb = 36.6; 121 
%Ybh = Distance from centroid of the hauncch to the extreme bottom fiber of 122 
the non-composite precast beam (in) 123 
Ybh = 72.25 124 
%Ybsl = Distance from centroid of the slab to the extreme bottom fiber of the 125 
non-composite precast beam (in)  126 
Ybsl = 76.25 127 
%Yt = Distance from centroid to the extreme top fiber of the non-composite 128 
precast beam (in): 129 
Yt = 35.4;           130 
%Sb = Section Modulus for the extreme bottom fiber of non-composite 131 
precast beam = I/Yb (in3)  132 
Sb = I/Yb            133 
%St  = Section Modulus for the extreme top fiber of the non-composite 134 
precast beam = I/Yt (in3): 135 
St = I/Yt    136 
%Modulus of Elasticity for the cast-in-place slab (psi): 137 
Ecs = ((Wc)^1.5)*33*sqrt(fcs)/1000 138 
%Modulus of Elasticity for the beam at release (psi) :                           139 
Eci = ((Wc)^1.5)*33*sqrt(fci)/1000   140 
%Modulus of Elasticity for the beam at service loads (psi) : 141 
Ecb = ((Wc)^1.5)*33*sqrt(fcb)/1000 142 
%Composite Section                               143 
%Efective web width (bew):                       144 
%Effective web width of the precast beam is the lesser of    145 
%a.)be1 =Top flange width (in) 146 
be1 = 42;        147 
%b.)be2 = 6*(tflange,max) + web width + 2*fillets (in) 148 
%Maximum Flange Thickness Tfl (in) :  149 
Tfl = 5.5; 150 
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%Web width Ww (in) 151 
Ww = 6; 152 
%Fillets: Fill (in) 153 
Fill = 2; 154 
%be2 = 6*(5.5)+ 6 + 2*(2) 155 
be2 = 6*(Tfl)+ 6 + 2*Fill; 156 
if be1 <= be2 157 
bew = be1; 158 
else 159 
bew = be2; 160 
end 161 
%The effective flange width (be) is the lesser of: 162 
%a.)1/4 span length; (not applicable for bulb tee (BT-72)since min L=70 ft) 163 
%b.) Distance center to center of beams 164 
bef1 = BS(1,V)*12; 165 
%c.)12(effective slab thickness) plus effective beam web with: 166 
bef2 = 12*ts(1,V) + bew; 167 
if bef1 < bef2 168 
be = bef1; 169 
else 170 
be = bef2; 171 
end 172 
%Modular ratio between slab and beam materials                173 
%n = Ec(slab)/Ec(beam)  174 
n= Ecs/Ecb; 175 
%Transformed Section Properties:              176 
%Transformed Flange width = n(effective flange width): 177 
TFW = n*be; 178 
% Transformed Flange area = n(effective flange width)(ts): 179 
TFA = n*be*ts(1,V); 180 
%Transformed haunch width: 181 
THW = n*be1; 182 
%Transformed Area of the haunch: 183 
THA = n*be1*Ht; 184 
 % Properties of Composite Section: 185 
%Total Area of the composite section = Beam + Haunch + Slab 186 
Ac = A + THA + TFA; 187 
%hc = Total height of composite section : 188 
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hc = 80;                                                                                                                                                                                                                                                 189 
%Ybc = Distance from the centroid of the composite section to extreme 190 
bottom fiber of the precaste beam (in): 191 
Ybc = (A*Yb + THA*Ybh + TFA*Ybsl)/Ac; 192 
%Ic = Moment of Inertia of the composite section (in4)                   193 
format ('long') 194 
Ic = (I + A*(Ybc-Yb)^2)+ (((1/12)*THW*Ht^3)+THA*(Ybc-Ybh)^2 ) + 195 
(((1/12)*TFW*(ts(1,V))^3)+ TFA*(Ybc-Ybsl)^2);                                                                                       196 
%Ytg  = distance from the centroid of the composite section to extreme top 197 
fiber of the precaste beam:                                                                               198 
Ytg = h-Ybc; 199 
%Ytc = Distance from the centoid of the composite section to extreme top 200 
fiber of the slab:                                                                              201 
Ytc = hc-Ybc; 202 
%Sbc = composite section modulus for extreme bottom fiber of the precast 203 
beam = Ic / Ybc:                204 
Sbc = Ic/Ybc; 205 
%Stg = composite section modulus for top fiber of the precast beam =   Ic / 206 
Ytg:                 207 
Stg = Ic/Ytg; 208 
%Stc = composite section modulus for top fiber of the slab 209 
Stc = Ic/(n*Ytc); 210 
Dead Loads: 211 
%Wg = Beam weight kip/ft: 212 
Wg = 0.799;  213 
% 8 in slab weight: 214 
Ws = (Wc/1000)*((ts(1,V) + 0.5)/12)*BS(1,V); 215 
%Haunch weight: 216 
Wh = (Ht/12)*(be1/12)*(Wc/1000); 217 
% LIVE LOAD : Consider HS25 Truck = 1.25 x Standard HS20 Truck (Used 218 
in many states) 219 
%P = 32*1.25; 220 
P = 32; 221 
% Mc = Flexural Moment due to HS25 Truck at the middle of the Span L 222 
syms L 223 
Mc = (P/2)*(((9/8)*L)+(42/4))-14*P; 224 
% Df = Distribution Factor 225 
Df = (BS(1,V)/5.5)*(1/2); 226 
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% IM = Impact Factor  227 
IM = (50/(L+125))+ 1;  228 
% MLL = Flexural Moment due to Live Load plus Impact 229 
MLL = ((P/2)*(((9/8)*L)+42/4)-230 
14*P)*((BS(1,V)/5.5)*(1/2))*(1+(50/(L+125)))*F(1,V) 231 
ME = subs(MLL, L, 120) 232 
%Ybs = Distance from center of gravity of the strand to the bottom fiber of 233 
the beam 234 
% eccentricity at midspan : Ybs 235 
% Data for Strands Arrangement according to AASHTO/PCI Standard 236 
PRODUCTS 237 
AA=[1 12 12; 2 12 24; 3 8 32; 4 4 36; 5 2 38; 6 2 40; 7 2 42; 8 2 44; 9 2 46; 238 
10 2 48; 11 2 50; 239 
12 2 52; 13 2 54; 14 2 56; 15 2 58; 16 2 60; 17 2 62; 18 2 64; 19 2 66; 20 2 240 
68; 21 2 70;  241 
22 2 72; 23 2 74; 24 2 76; 25 2 78; 26 2 80; 27 2 82; 28 2 84; 29 2 86; 30 2 242 
88; 31 2 90; 243 
32 2 92; 33 2 94; 34 2 96; 35 2 Nstr]; 244 
%Coputing Strand eceentricity at midspan : 245 
Ybs = zeros(Nstr,1); 246 
for J = 1:12 247 
Ybs(J) = 2; 248 
end 249 
for J = 13 : 24 250 
Ybs(J) = (12*2 + (J-12)*4)/J; 251 
end 252 
for J= 25: 32 253 
Ybs(J) = (12*2 + 12*4 + (J-24)*6)/J; 254 
end 255 
for J = 33 : 36 256 
Ybs(J) = (12*2 + 12*4 + 8*6 +(J-32)*8)/J; 257 
end 258 
con = 0; 259 
K1 = 36; 260 
K = 5; 261 
KON = Ybs(J); 262 
for J = 37 : Nstr 263 
Ybs(J) = (KON*(K1) + (J-K1)*K*2)/J; 264 
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con = con+1; 265 
if con >=2 266 
K1=K1+con; 267 
K=K+1; 268 
KON = Ybs(J); 269 
con = 0; 270 
end 271 
end 272 
% ec = Strand eccentricity with respect to the centroid of the 273 
% non-precast beam = Yb-Ybs 274 
ec = zeros(Nstr,1); 275 
for R = 1 : Nstr 276 
ec(R) = Yb-Ybs(R); 277 
end 278 
%disp('The strand eccentricity for 44 strands is: ec = (in)') 279 
%disp(ec(44)) 280 
% Compute Bottom tensile stress due to apllied load, considering: 281 
% fb = (Mg+Ms)/Sb     +    (Mb+ Mws + MLL+I)/Sbc 282 
% Compute Mg: Unfactored bending Moment due to beam self-weight,ft-kip 283 
Mg = Wg*L^2/8; 284 
% Compute Ms : Unfactored bending Moment due to slab and haunch 285 
weights: 286 
Ms = ((Ws + Wh)/2)*(L^2/4); 287 
% Compute Mb : Unfactored bending Moment due to Barriers: 288 
Mb = Wb*L^2/8; 289 
% Compute Mws: Unfactored bending Moment due to wearing surface: 290 
Mws = Wws*L^2/8; 291 
% MLL + I = Refer to Line # 151 292 
fb = ((Mg + Ms)*12/Sb) + (Mb + Mws + 0.8*MLL)*12/Sbc ; 293 
FB = subs(fb, L, 120); 294 
%Compute Allowable Tensile strength at service ( Fb ): 295 
% for dia = 0.5 in,  Ast = 0.153 in2 296 
% for dia = 0.6 in,  Ast = 0.217 in2 297 
% for dia = 0.7 in,  Ast = 0.294 in2 298 
if fcb >= 12000 299 
Fb = 8*sqrt(fcb); 300 
Ast = 0.217; 301 
dia = 0.6; 302 
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ft = 10*sqrt(fci); 303 
fb2 = 0.6*fci; 304 
% where dia = nominal diameter of a 7 wire low relaxation strand in inches    305 
else 306 
Fb = 6*sqrt(fcb); 307 
Ast = 0.217; 308 
dia = 0.6; 309 
ft = 7.5*sqrt(fci); 310 
fb2 = 0.6*fci; 311 
end 312 
disp('The Allowable Tensile strength at service is =(psi)') 313 
disp(Fb) 314 
%Compute Prestress Losses 315 
%Total Losses = fPES + fPLT 316 
%fPES = Prestress Losses due to Elastic Shortening  317 
%fPLT = Prestress Losses due to creep, shrinkage and relaxation 318 
%To compute fPES use Alternative approach from LRFD Eq.(5.9.5.2.3a-1) 319 
%LRFD fifth Edition 2010 320 
Aps = zeros(Nstr,1); 321 
for J =1 : Nstr 322 
Aps(J) = J*Ast; 323 
end 324 
%computing fPES (Prestress Losses due to Elastic Shortening ) 325 
fPES = cell(Nstr,1); 326 
for J=1: Nstr 327 
fPES{J,1} = (Aps(J)*Fsi*(Ig+(ec(J)^2)*A)-328 
ec(J)*Mg*12*A)/(Aps(J)*(Ig+(ec(J)^2)*A)+(A*Ig*Eci/Est)); 329 
end 330 
%computing fPLT (Prestress Losses due to creep, shrinkage and relaxation) 331 
%To compute fPLT use Aproximate Estimate of Time-Dependent Losses  332 
%from LRFD Eq. (5.9.5.3.-1) 333 
%Gh=Correction factor for relative humidity of the ambient air 334 
%Gst=Correction factor for concrete strength @ time of transfer 335 
%fPR=Estimate of relaxation loss = 2.4 ksi for low relaxation strands 336 
%RH=Average Annual ambient humidity (%) 337 
RH = 70; 338 
Gh = 1.7-0.01*RH; 339 
Gst = 5/(1+(fci/1000)); 340 
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fPR = 2.4; 341 
fPLT = cell(Nstr,1); 342 
for J = 1 : Nstr 343 
fPLT{J,1} = (10*Fsi*Aps(J)*Gh*Gst/A) + 12*Gh*Gst + fPR ; 344 
end 345 
%Total Losses at SErvice Loads 346 
%Total Losses = TLOS = fPES + fPLT 347 
TLOS = cell(Nstr,1); 348 
for J = 1:Nstr 349 
TLOS{J,1} = fPES{J,1} + fPLT{J,1}; 350 
end 351 
%subs(TLOS{44,1}, L, 120) 352 
%Compute Effective Final Prestress (ksi) 353 
%fse = 0.75*f's - Total final losses 354 
%fse = 0.75*(270 ksi) - TLOS 355 
%Compute Pse = Effective final prestress in Kips 356 
%Pse = Number of Strands*Cross sectional Area*fse 357 
Pse = cell(Nstr,1); 358 
Psi = cell(Nstr,1); 359 
for J=1 :Nstr 360 
Pse{J,1} = J*Ast*(0.75*fs - TLOS{J,1}); 361 
Psi{J,1} = J*Ast*(0.75*fs - fPES{J,1}); 362 
end 363 
for J = 1: Nstr  364 
Pse2{J,V} = Pse{J,1}; 365 
Psi2{J,V} = Psi{J,1}; 366 
end 367 
% subs(Pse{44,1}, L, 120) 368 
%Set the required precompression (fb - Fb); (Refer to 199 and 212 369 
%lines) equal to the bottom fiber stress due to prestress: 370 
% fb - Fb = Pse/A   +   Pse*(ec)/Sb 371 
% A = Refer to line 48 372 
% Pse = Refer to line 285 373 
% ec = Refer to line 157 374 
% Sb = Refer to line 62 375 
%!!!!!! SET EQUATION  FOR SOLVE L : SFL = fb - Fb - Pse/A - 376 
Pse*(ec)/Sb =0 377 
%SFL = cell(Nstr,1); 378 
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%ROOT = zeros(Nstr, LE); 379 
for J=1:Nstr 380 
SFL{J,1} = fb-(Fb/1000)-(Pse{J,1}/A) - (Pse{J,1}*ec(J)/Sb); 381 
end 382 
% subs(SFL{44,1}, L, 120) 383 
% Get Polinomial coefficient vector and compute polinomial roots 384 
D = cell(Nstr,1); 385 
C = cell(Nstr,1); 386 
RR = cell(Nstr,1); 387 
%ROOT = zeros(Nstr, LE); 388 
%Yst = zeros(Nstr, LE); 389 
RO = zeros(3,1); 390 
for J = 1 :Nstr 391 
D{J,1} = (L+125)*SFL{J,1}; 392 
D{J,1} = collect(D{J,1});  393 
C{J,1} = sym2poly(D{J,1}); 394 
RR{J,1} = roots(C{J,2});        395 
RO = roots(C{J,1}); 396 
for H = 1 : 3 397 
if imag(RO(H,1))==0 398 
RO(H,1) = RO(H,1); 399 
else 400 
RO(H,1) = 0; 401 
end 402 
end 403 
Yst(J,1) = J; 404 
end 405 
cont1 = cont1 + 1; 406 
if cont1 == 1  407 
for Z=1:Nstr 408 
ROOT3(Z,1) = ROOT(Z,1); 409 
end 410 
plot(ROOT3,Yst, 'b') 411 
else 412 
end 413 
if cont1 == 2 414 
for Z=1:Nstr 415 
ROOT3(Z,1) = ROOT(Z,2); 416 
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end 417 
plot(ROOT3,Yst, 'g') 418 
else 419 
end 420 
if cont1 == 3 421 
for Z=1:Nstr 422 
ROOT3(Z,1) = ROOT(Z,3); 423 
end 424 
plot(ROOT3,Yst, 'r') 425 
else 426 
end 427 
if cont1 == 4 428 
for Z=1:Nstr 429 
ROOT3(Z,1) = ROOT(Z,4); 430 
end 431 
plot(ROOT3,Yst, 'k') 432 
else 433 
end 434 
xlabel('SPAN, (ft)'),ylabel('NUMBER OF STRANDS') 435 
if fcb == 7000 436 
title('AASHTO-PCI Bulb-Tee-BT-72, using fc = 7000 psi') 437 
else 438 
title('AASHTO-PCI Bulb-Tee-BT-72, using fc = 12000 psi') 439 
end 440 
grid on, axis([70 170 20 70]) 441 
for g = 1 : 100 442 
STR = input('label text for this curve =','s'); 443 
RE = input('Is there any error ? (y/n) = ','s'); 444 
if RE == 'n' 445 
 break 446 
else 447 
end 448 
end 449 
gtext(STR) 450 
% Flexural Strength: Computing Mu (Ultimate Moment) 451 
% Using Group 1 load factor design loading combination, given in 452 
% Section 9.3.4.3 of the Standard Specifications: 453 
% Mu = 1.3[Mg + Ms + Mb + Mws + 1.67*(MLL+I)] 454 
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Mu{V,1} = 1.25*(Mg + Ms + Mb) + 1.5*Mws + 1.75*(MLL);  455 
MB{V,1} = Mb; 456 
MWS{V,1} = Mws; 457 
ML{V,1} = MLL; 458 
MG{V,1} = Mg; 459 
MS{V,1} = Ms; 460 
STG(V,1)= Stg; 461 
SBC(V,1) = Sbc; 462 
end 463 
hold off 464 
 465 
% Flexural Strength Program for Composite T-Beams 466 
% Using Strain Compability  467 
%HT = Overall composite section depth,(in) 468 
HT = h+ts(1,V); 469 
% be =Deck slab width, (in)  470 
%ts = Structural deck slab thickness, (in) 471 
%flange T-Beam thickness, (in): see figs. 1 and 2 on July 4th 2011 Notes 472 
tf = 3.5; 473 
%Width of the Bulb-Tee(Bt-72), (in) 474 
bf = bew; 475 
%bw = input ('Width of girder web, (in)  476 
tw = Ww ; 477 
%fpcs = input ('Design concrete Slab strength, (psi)  478 
fpcs =  fcs ; 479 
%fpcg = input ('Design concrete Girder strength, (psi)  480 
fpcg = fcb; 481 
%Fillets (According to figures 1 and 2 July 4th, 2011) in inches: 482 
f1 = 2; 483 
f2 = 2; 484 
f3 = 2; 485 
% hl = see figs 1 and 2 July 4th, 2011 in inches 486 
hl = 69; 487 
% Strand Location : 488 
Ys = zeros(Nstr,1); 489 
for J = 1:12 490 
Ys(J) = 2; 491 
end 492 
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for J = 13 : 24 493 
Ys(J) = 4; 494 
end 495 
for J= 25: 32 496 
Ys(J) = 6; 497 
end 498 
for J = 33 : 36 499 
Ys(J) = 8; 500 
end 501 
for J = 37 : 2: Nstr 502 
Ys(J) = Ys(J-2) + 2; 503 
end 504 
for J = 38 : 2 :Nstr 505 
Ys(J) = Ys(J-2) + 2; 506 
end 507 
%computing the allowable assumed compressive height, hcr:  508 
hcr = zeros(Nstr,1); 509 
for J=1:Nstr 510 
hcr(J) = HT-Ys(J)-(dia/2); 511 
if hcr(J) > hl 512 
hcr(J) = hl; 513 
else 514 
end 515 
end 516 
%Computing N ; N = Number of Slices to be considered through hcr (the  517 
%allowable assumed copressive heigth): 518 
%assume to have 100 slices  519 
%To control the slices width, it will be considered that the slices 520 
%width can not be greater than 0.33333 = 7/21. This value was taken 521 
%fronm Appendix B (Flexural Strength Calculations for Composite T-Beams 522 
%from Stephen J. Seguirant, Brice, and Khaleghi PCI Journal 2005 523 
N = zeros (Nstr,1);  524 
for J = 1 : Nstr 525 
AN = 100; 526 
for K = 1:5000 527 
if (hcr(J)/AN) > (7/21) 528 
AN = AN + 1; 529 
else 530 
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break     531 
end 532 
end 533 
N(J) = AN; 534 
end 535 
%Computing the number of slices (N1,.. N5)that corresponds to each area A1, 536 
%A2...A5, See Fig. 3 and refer to page 4, on July 4th, 2011 Notes. 537 
N1 = zeros(Nstr,1); 538 
N2 = zeros(Nstr,1); 539 
N3 = zeros(Nstr,1); 540 
N4 = zeros(Nstr,1); 541 
N5 = zeros(Nstr,1); 542 
for J = 1: Nstr 543 
w1 = ts(1,V)*N(J)/hcr(J); 544 
N1(J) = round(w1); 545 
w2 = tf*N(J)/hcr(J); 546 
N2(J) = round(w2); 547 
w3 = f1*N(J)/hcr(J); 548 
N3(J) = round(w3); 549 
w4 = f2*N(J)/hcr(J); 550 
N4(J) = round(w4); 551 
N5(J) = N(J)-N1(J)- N2(J)- N3(J) - N4(J); 552 
%NN = [N(J) N1(J) N2(J) N3(J) N4(J) N5(J);] 553 
end 554 
%Aps = input ('Area of prestressing steel, (in2)  555 
Aps = zeros(Nstr,1); 556 
for J =1 : Nstr 557 
Aps(J) = J*Ast; 558 
end 559 
%dp = input('Depth to centroid of prestressing steel, (in)  560 
dp = zeros(Nstr,1); 561 
for J =1 : Nstr 562 
 dp(J)= HT - Ybs(J); 563 
end 564 
%Ep = input('Modulus of elasticity of prestressing steel, (ksi)  565 
Ep = Est; 566 
%fpe = input('Effective prestress after all losses, (ksi)  567 
% fpe value is computed according to Parametric Study made by  568 
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% Seguirant, Brice and Khaleghi, 2005,page 48, after formula 15. 569 
fpe = zeros(Nstr,1); 570 
for J = 1 : Nstr 571 
fpe(J) = 158-0.2*abs(J-20); 572 
end 573 
%For the Deck and Girder concrete: 574 
Ecs2 = (40000*sqrt(fpcs) + 1000000)/1000; 575 
ns = 0.8 + (fpcs/2500) ; 576 
ng = 0.8 +(fpcg/2500) ; 577 
Ecg = (40000*sqrt(fpcg) + 1000000)/1000; 578 
%Compute Strain in the Slab when fc reaches f'c: 579 
Epcs = (fpcs/Ecs2)*(ns/(ns-1)); 580 
Epcg =(fpcg/Ecg)*(ng/(ng-1)); 581 
Nmax =max(N);  582 
y = zeros(Nmax,1); 583 
Ecf = zeros(Nmax,1); 584 
fc = zeros(Nmax,1); 585 
Pc = zeros(Nmax,1);  586 
Eps = zeros(Nmax,1); 587 
fsi = zeros(Nmax,1); 588 
SM = zeros(Nmax,1); 589 
Tsi = zeros(Nmax,1); 590 
kON = 0; 591 
J = 0; 592 
OMn = zeros(Nstr,1); 593 
%Compute y(I,1) coordinates for each strip. 594 
for J = 1: Nstr  595 
% Compute girder concrete areas    596 
% A1,A2,......A5= Girder concrete areas.  597 
% For A1:    598 
y(1,J) = ts(1,V)/(2*N1(J)); 599 
for I = 2 : N1(J) 600 
y(I,J) = y((I-1),J) + (ts(1,V)/N1(J)); 601 
end 602 
%For A2: 603 
y((N1(J) + 1),J) = ts(1,V)+(tf/(2*N2(J))); 604 
for I = (N1(J)+4): N1(J) + N2(J) 605 
y(I,J) = y((I-1),J) + (tf/N2(J)); 606 
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end 607 
%For A3: 608 
y((N1(J) + N2(J)+ 1),J) = ts(1,V) + tf + (f1/(2*N3(J))); 609 
for I =(N1(J) + N2(J)+ 2)  : N1(J) + N2(J)+ N3(J) 610 
y(I,J) = y((I-1),J) + (f1/N3(J)); 611 
end 612 
%For A4: 613 
y((N1(J) + N2(J)+ N3(J)+ 1),J) = ts(1,V) + tf + f1 + (f2/(2*N4(J))); 614 
for I = (N1(J) + N2(J)+ N3(J)+2) : N1(J) + N2(J)+ N3(J)+ N4(J) 615 
y(I,J) = y((I-1),J) + (f1/N4(J)); 616 
end 617 
%For A5: 618 
y(( N1(J) + N2(J)+ N3(J)+ N4(J)+ 1),J) = ts(1,V) + tf + f1 + f2 + ((hcr(J)-619 
(ts(1,V)+tf+f1+f2))/(2*N5(J))); 620 
for I = ( N1(J) + N2(J)+ N3(J)+ N4(J)+2) : N1(J) + N2(J)+ N3(J)+ N4(J)+ 621 
N5(J) 622 
y(I,J) = y((I-1),J) + ((hcr(J)-(ts(1,V)+tf+f1+N3(J)))/N5(J)); 623 
end 624 
end 625 
%Computing differential Areas 626 
%DA1, DA2,... DA5 = Differential Areas corresponding to A1.. A5 defined 627 
above. 628 
%Incremental Area = width*slice thickness;  629 
%slice thickness = Deck-girder area thickness/number of slices (N1 or N2 or... 630 
N5)  631 
d1 = max(N1 + N2 + N3); 632 
d2 = max(N1 + N2 + N3 + N4); 633 
DA1 = zeros(Nstr,1); 634 
DA2 = zeros(Nstr,1); 635 
DA3 = zeros(d1,Nstr); 636 
DA4 = zeros(d2,Nstr); 637 
DA5 = zeros(Nstr,1); 638 
A1 = zeros(Nstr,1); 639 
A2 = zeros(Nstr,1); 640 
A3 = zeros(Nstr,1); 641 
A4 = zeros(Nstr,1); 642 
A5 = zeros(Nstr,1); 643 
for J = 1 : Nstr 644 
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DA1(J) = be*ts(1,V)/N1(J); 645 
DA2(J) = bf*tf/N2(J); 646 
for I = N1(J) + N2(J) +1 : N1(J) + N2(J) + N3(J) 647 
x = (((bf-tw)/2)-f3)*(f1-(y(I,J)-tf-ts(1,V)))/f1; 648 
DA3(I,J) = (2*x*f1/N3(J)) + (tw+2*f3)*(f1/N3(J)); 649 
end 650 
for I =  N1(J) + N2(J) + N3(J)+1 : N1(J) + N2(J) + N3(J) + N4(J) 651 
x = f3*(f2-(y(I,J)-ts(1,V)-tf-f1))/f2; 652 
DA4(I,J) = (2*x*f2/N4(J)) + (tw*f2/N4(J)); 653 
end 654 
DA5(J) = tw*(hcr(J)-(ts(1,V)+tf+f1+f2))/N5(J); 655 
end 656 
for J =1 :Nstr 657 
A1(J) = N1(J)*DA1(J); 658 
A2(J) = N2(J)*DA2(J); 659 
for I = N1(J) + N2(J) +1 : N1(J) + N2(J) + N3(J) 660 
A3(J) = A3(J) + DA3(I,J); 661 
end 662 
for I =  N1(J) + N2(J) + N3(J)+1 : N1(J) + N2(J) + N3(J) + N4(J) 663 
A4(J) = A4(J) + DA4(I,J); 664 
end 665 
A5(J) = N5(J)*DA5(J); 666 
end 667 
cc = 0; 668 
Q = J; 669 
for J=1 : Nstr 670 
for cc = hcr(Q)/N(Q): hcr(Q)/(100*N(Q)):hcr(Q) 671 
%compute Strain in the first concrete slice Ecf(1,1) caused by fc 672 
Ecf(1,J)= (0.003/cc)*(cc-y(1,J)); 673 
da  = DA1(J); 674 
nn = ns; 675 
Epc = Epcs; 676 
fpc = fpcs; 677 
if (Ecf(1,J)/(Epc/1000)) < 1.0 678 
k = 1.0; 679 
else 680 
k = 0.67 + (fpc/9000); 681 
end 682 
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%compute compression Force, Pc(I,1) 683 
fc(1,J) = (fpc/1000)*nn*(Ecf(1,J)/(Epc/1000))/(nn-684 
1+(Ecf(1,J)/(Epc/1000))^(nn*k)); 685 
Pc(1,J) = fc(1,J)*da; 686 
%Compute moment related to the top combressive concrete force about top 687 
%compressive T-Beam fiber: 688 
SM(1,J) = fc(1,J)*da*y(1,J); 689 
%Compute tensile strain in prestressing steel: 690 
Eps(1,J) = 0.003*((dp(J)/cc)-1) + (fpe(J)/Ep); 691 
%compute Tensile stress in prestressing steel using power formula: 692 
fsi(1,J) = Eps(1,J)*(887 + (27613/((1 + (112.4*Eps(1,J))^7.36))^(1/7.36))); 693 
if fsi(1,J) > 270 694 
fsi(1,J) = 270; 695 
else 696 
end 697 
%compute Tensile Force: 698 
Tsi(1,J) = fsi(1,J)*Aps(J); 699 
if Tsi(1,J)-Pc(1,J)< 0 700 
% Compute Nominal Flexural strength: 701 
Mn = Pc(1,J)*(dp(J)-y(1,J)); 702 
% Compute Factor Resistance O: 703 
dt = HT-2; 704 
O = 0.5 + 0.3*((dt/cc)-1); 705 
if O >1.0 706 
O = 1.0; 707 
else 708 
end 709 
if O < 0.75 710 
O = 0.75; 711 
else 712 
end 713 
% Compute facored flexural resistance: 714 
OMn(J) = O*Mn; 715 
else 716 
end 717 
for I =2 : N(J) 718 
if cc >= y(I,J) 719 
%assume cc = neutral axis depth = t/N 720 
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%cc(I,1) = 34.42; 721 
%compute Strain in the concrete slice Ecfg(I,1) caused by fc 722 
Ecf(I,J)= (0.003/cc)*(cc-y(I,J)); 723 
if y(I,J) <= ts(1,V) 724 
fpc = fpcs; 725 
da = DA1(J); 726 
nn = ns; 727 
Epc = Epcs; 728 
else 729 
end 730 
if y(I,J) > ts(1,V) && y(I,J) <= (ts(1,V)+tf) 731 
fpc = fpcg; 732 
da = DA2(J); 733 
nn = ng; 734 
Epc = Epcg; 735 
else 736 
end 737 
if y(I,J) > (ts(1,V)+tf) && y(I,J) <= (ts(1,V) + tf + f1) 738 
fpc = fpcg; 739 
da = DA3(I,J); 740 
nn = ng; 741 
Epc = Epcg; 742 
else 743 
end 744 
if y(I,J) > (ts(1,V)+tf+f1) && y(I,J) <= (ts(1,V) + tf + f1 + f2) 745 
fpc = fpcg; 746 
da = DA4(I,J); 747 
nn = ng; 748 
Epc = Epcg; 749 
else 750 
end 751 
if y(I,J) > (ts(1,V)+tf+f1+f2) && y(I,J) <= (ts(1,V) + tf + f1 + f2 + (hcr(J)-752 
(ts(1,V)+tf+f1+f2)))  753 
fpc = fpcg; 754 
da = DA5(J); 755 
nn = ng; 756 
Epc = Epcg; 757 
else 758 
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end 759 
if (Ecf(I,J)/(Epc/1000)) < 1.0 760 
k = 1.0; 761 
else 762 
k = 0.67 + (fpc/9000); 763 
end 764 
%Compute concrete strees  765 
fc(I,J) = (fpc/1000)*nn*(Ecf(I,J)/(Epc/1000))/(nn-766 
1+(Ecf(I,J)/(Epc/1000))^(nn*k)); 767 
%Compute resultant compression force in concrete, Pc(I,1) 768 
Pc(I,J) = fc(I,J)*da + Pc((I-1),J); 769 
%Compute sum of moments related to combressive concrete forces about top 770 
%compressive T-Beam fiber: 771 
SM(I,J) = fc(I,J)*da*y(I,J) + SM((I-1),J); 772 
%Compute tensile strain in prestressing steel: 773 
Eps(I,J) = 0.003*((dp(J)/cc)-1) + (fpe(J)/Ep); 774 
%compute Tensile stress in prestressing steel using power formula: 775 
fsi(I,J) = Eps(I,J)*(887 + (27613/((1 + (112.4*Eps(I,J))^7.36))^(1/7.36))); 776 
if fsi(I,J) > 270 777 
fsi(I,J) = 270; 778 
else 779 
end 780 
KON = I; 781 
%compute Tensile Force: 782 
Tsi(I,J) = fsi(I,J)*Aps(J); 783 
else    784 
end 785 
if Tsi(I,J)-Pc(I,J)< 0 786 
break 787 
else 788 
end 789 
end 790 
% cc 791 
%  Tsi(KON,1) 792 
%  Pc(KON,1) 793 
% Tsi(KON,1)-Pc(KON,1) 794 
if Tsi(I,J)-Pc(I,J)< 0 795 
display('Neutral axis Location from the Top T-beam fiber') 796 
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J 797 
cc  798 
KON 799 
Tsi(I,J) 800 
Pc(I,J) 801 
Tsi(I,J)-Pc(I,J) 802 
break 803 
else 804 
end  805 
end 806 
% compute compressive concrete force resultant location from top 807 
% T-Beam fiber: 808 
Yr = SM(I,J)/Pc(I,J); 809 
%Compute Nominal Flexural Moment Resistant : 810 
Mn = Pc(I,J)*(dp(J)-Yr); 811 
Pc(I,J); 812 
Yr 813 
Mn 814 
% Compute Factor Resistance O: 815 
dt = HT-2; 816 
O = 0.5 + 0.3*((dt/cc)-1); 817 
if O >1.0 818 
O = 1.0; 819 
else 820 
end 821 
if O < 0.75 822 
O = 0.75; 823 
else 824 
end 825 
% Compute factored flexural resistance: 826 
OMn(J) = O*Mn/12; 827 
FM = OMn(J); 828 
FM 829 
end 830 
SFL = cell(LE,Nstr); 831 
ROOT2 = zeros(V, LE); 832 
%Yst2 = zeros(V, LE); 833 
Yst2 = zeros(Nstr, 1); 834 
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for V =1 : LE 835 
for J = 1 : Nstr 836 
%SET EQUATION Mu{V,1} = OMn (J)  SOLVING FOR L : 837 
SFL{V,J} = Mu{V,1} - OMn(J); 838 
% subs(SFL{44,1}, L, 120) 839 
%Get Polinomial coefficient vector and compute polinomial roots 840 
D = cell(V,1); 841 
C = cell(V,1); 842 
RR = cell(V,1); 843 
D{V,J} = (L+125)*SFL{V,J}; 844 
D{V,J} = collect(D{V,J});  845 
C{V,J} = sym2poly(D{V,J}); 846 
RR{V,J} = roots(C{V,J});        847 
RO = roots(C{V,J}); 848 
for H = 1 : 3 849 
if imag(RO(H,1))==0 850 
RO(H,1) = RO(H,1); 851 
else 852 
RO(H,1) = 0; 853 
end 854 
end 855 
ROOT2(J,V) = max(RO); 856 
Yst2(J,1) = J; 857 
end 858 
cont2 = cont2 + 1; 859 
if cont2 == 1  860 
for Z=1:Nstr 861 
ROOT3(Z,1) = ROOT2(Z,1); 862 
end 863 
plot(ROOT3,Yst2,'bo:') 864 
else 865 
end 866 
grid on  867 
hold on 868 
if cont2 == 2 869 
for Z=1:Nstr 870 
ROOT3(Z,1) = ROOT2(Z,2); 871 
end 872 
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plot(ROOT3,Yst2, 'go:') 873 
else 874 
end 875 
if cont2 == 3 876 
for Z=1:Nstr 877 
ROOT3(Z,1) = ROOT2(Z,3); 878 
end 879 
plot(ROOT3,Yst2, 'ro:') 880 
else 881 
end 882 
if cont2 == 4 883 
for Z=1:Nstr 884 
ROOT3(Z,1) = ROOT2(Z,4); 885 
end 886 
plot(ROOT3,Yst2,'ko:') 887 
else 888 
end 889 
for g = 1 : 100 890 
STR = input('label text for this curve =','s'); 891 
RE = input('Is there any error ? (y/n) = ','s'); 892 
if RE == 'n' 893 
break 894 
else 895 
end 896 
end 897 
gtext (STR) 898 
end 899 
AS = input('Do you want to keep Flexural plot(s)? (y/n) = ','s'); 900 
if AS == 'y'  901 
hold on 902 
else 903 
hold off 904 
end 905 
SE12 = zeros(Nstr,1); 906 
SE10 = zeros(Nstr,1); 907 
SE08 = zeros(Nstr,1); 908 
SE06 = zeros(Nstr,1); 909 
STR12 = zeros(Nstr,1); 910 
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STR10 = zeros(Nstr,1); 911 
STR08 = zeros(Nstr,1); 912 
STR06 = zeros(Nstr,1); 913 
 for J = 1 : Nstr 914 
SE12(J) = ROOT(J,1); 915 
SE10(J) = ROOT(J,2); 916 
SE08(J) = ROOT(J,3); 917 
SE06(J) = ROOT(J,4); 918 
STR12(J) = ROOT2(J,1); 919 
STR10(J) = ROOT2(J,2); 920 
STR08(J) = ROOT2(J,3); 921 
STR06(J) = ROOT2(J,4); 922 
end 923 
 924 
%Finding the Intersection Point between service and Strength 925 
DIF12 = zeros(Nstr,1); 926 
DIF10 = zeros(Nstr,1); 927 
DIF08 = zeros(Nstr,1); 928 
DIF06 = zeros(Nstr,1); 929 
for J = 1 : Nstr 930 
DIF12(J) = abs(SE12(J)-STR12(J)); 931 
DIF10(J) = abs(SE10(J)-STR10(J)); 932 
DIF08(J) = abs(SE08(J)-STR08(J)); 933 
DIF06(J) = abs(SE06(J)-STR06(J)); 934 
end 935 
[d12,J12] = min(DIF12); 936 
[d10,J10] = min(DIF10); 937 
[d08,J08] = min(DIF08); 938 
[d06,J06] = min(DIF06); 939 
FIN12 = zeros(Nstr,1); 940 
FIN10 = zeros(Nstr,1); 941 
FIN08 = zeros(Nstr,1); 942 
FIN06 = zeros(Nstr,1); 943 
for J =1 : J12 944 
FIN12(J) = STR12(J); 945 
end 946 
for J = (J12+1) : Nstr 947 
FIN12(J) = SE12(J); 948 
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end 949 
for J =1 : J10 950 
FIN10(J) = STR10(J); 951 
end 952 
for J = (J10+1) : Nstr 953 
FIN10(J) = SE10(J); 954 
end 955 
for J =1 : J08 956 
FIN08(J) = STR08(J); 957 
end 958 
for J = (J08+1) : Nstr 959 
FIN08(J) = SE08(J); 960 
end 961 
for J =1 : J06 962 
FIN06(J) = STR06(J); 963 
end 964 
for J = (J06+1) : Nstr 965 
FIN06(J) = SE06(J); 966 
end 967 
plot(FIN12,Yst,FIN10,Yst,FIN08,Yst,FIN06,Yst) 968 
hold on 969 
 970 
%Reproduction of PCI-03 Charts: 971 
X1 = [70; 972 
77.1875  973 
80 974 
88.1818 975 
94.45 976 
98.7878 977 
102.7272 978 
104.5454 979 
107.27 980 
108.8757 981 
111.3939]; 982 
Y1 = [22.9; 983 
24.24 984 
26 985 
30 986 
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36 987 
40 988 
46 989 
50 990 
56 991 
60 992 
66]; 993 
X2 = [70; 994 
85.75 995 
94.0828 996 
102.7272 997 
107.2727 998 
111.5151 999 
114.4848 1000 
118.1818 1001 
120.3 1002 
121.9393]; 1003 
Y2 = [21; 1004 
26 1005 
30 1006 
36 1007 
40 1008 
46 1009 
50 1010 
56 1011 
60 1012 
64]; 1013 
X3 = [78.75; 1014 
98.9696 1015 
107.5757 1016 
115.4545 1017 
120 1018 
124.5454 1019 
127.3939 1020 
130.606 1021 
132.5454 1022 
134.8484]; 1023 
Y3 = [20; 1024 
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26 1025 
30 1026 
36 1027 
40 1028 
46 1029 
50 1030 
56 1031 
60 1032 
64]; 1033 
X4 = [91.2121 1034 
111.818181 1035 
120 1036 
127.5757 1037 
132.7272 1038 
137.5757 1039 
140.606 1040 
144.1818 1041 
146.67 1042 
150]; 1043 
Y4 = [20 1044 
26 1045 
30 1046 
36 1047 
40 1048 
46 1049 
50 1050 
56 1051 
60 1052 
66]; 1053 
X5 = [78.33333; 1054 
99.0303 1055 
105.7575 1056 
112 1057 
116.1818 1058 
120.6 1059 
130.0]; 1060 
Y5 = [20; 1061 
26 1062 



175 
 

30 1063 
36 1064 
40 1065 
46.25 1066 
66]; 1067 
X6 = [89.09 1068 
108.18 1069 
116.36 1070 
123.93 1071 
128.18 1072 
132.42 1073 
134.54 1074 
138.18 1075 
139.39]; 1076 
Y6 = [20  1077 
26 1078 
30 1079 
36 1080 
40 1081 
46 1082 
50 1083 
56 1084 
58.78]; 1085 
X7 =[103.0303 1086 
118.7878 1087 
126.9696 1088 
134.8484 1089 
139.3939 1090 
144.8484 1091 
147.8787 1092 
151.818]; 1093 
Y7 = [20 1094 
26 1095 
30 1096 
36 1097 
40 1098 
46 1099 
50 1100 
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54.8484]; 1101 
X8 = [120 1102 
136.0606 1103 
143.9393 1104 
151.8181 1105 
156.0606 1106 
161.5151 1107 
164.303 1108 
168.1818 1109 
170]; 1110 
Y8 = [20 1111 
26 1112 
30 1113 
36 1114 
40 1115 
46 1116 
50 1117 
56 1118 
58.78]; 1119 
X9 = [106.25 145.3125]; 1120 
Y9 = [53.63 57.5757]; 1121 
X10 = [120.6 142.72 170]; 1122 
Y10 = [46.25 53.03 58.78]; 1123 
AS = input('Do you want to plot PCI-03 Charts ? (y/n) = ','s'); 1124 
if AS == 'y'  1125 
hold on 1126 
plot(X1,Y1, 'b--',X2,Y2,'g--', X3,Y3,'r--', X4,Y4,'k--', X9,Y9, 'b--') 1127 
grid on, axis([70 170 20 70]) 1128 
end 1129 
% Reproduction of Chart BT-4 AASHTO-PCI Bulb-Tee BT-72 based on 1130 
% PCI-11 1131 
 x12 = [40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120]; 1132 
y12 = [6 8 10 10 12 14 14 16 18 20 22 24 26 28 30 34 36]; 1133 
x10 = [50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130]; 1134 
y10 = [8 10 10 12 14 14 16 18 20 22 24 24 26 30 32 34 38]; 1135 
x8 = [45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 1136 
140 145]; 1137 
y8 = [6 8 8 10 10 12 14 14 16 18 18 20 22 24 26 28 30 32 36 40 42]; 1138 
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x6 = [40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 1139 
140 145 150 ]; 1140 
y6 = [4 6 6 8 8 10 10 12 12 14 14 16 18 20 20 22 24 26 28 32 34 38 40]; 1141 
AS = input('Do you want to plot PCI-11 Charts ? (y/n) = ','s'); 1142 
if AS == 'y'  1143 
hold on          1144 
plot(x12,y12, x10,y10, x8,y8, x6,y6); 1145 
end 1146 
% Concrete Stresses at Transfer or Release 1147 
% Data : 1148 
%Allowable stress limits: 1149 
%For normal strength concrete: 1150 
%Allowable Concrete Tensile Stress at release = 7.5*Sqrt(f'ci) 1151 
%Allowable Concrete compressive Stress at release = 0.6*(f'ci) 1152 
 %For high strength concrete: 1153 
%Allowable Concrete Tensile Stress at release = 10*Sqrt(f'ci) 1154 
%Allowable Concrete compressive Stress at release = 0.6*(f'ci) 1155 
 % for dia = 0.5 in,  Ast = 0.153 in2 1156 
% for dia = 0.6 in,  Ast = 0.217 in2 1157 
% for dia = 0.7 in,  Ast = 0.294 in2 1158 
%Compute Allowable Tensile strength at service ( Fb ): 1159 
if fcb >= 12000 1160 
Ast = 0.217; 1161 
dia = 0.6; 1162 
ft = 10*sqrt(fci)/1000; 1163 
fb2 = 0.6*fci/1000; 1164 
ft1 = ft + 0.00000000001; 1165 
fb22 = fb2 + 0.00000000001; 1166 
% where dia = nominal diameter of a 7 wire low relaxation strand in inches    1167 
else 1168 
Ast = 0.217; 1169 
dia = 0.6; 1170 
ft = 7.5*sqrt(fci)/1000; 1171 
% ft = 0.200; 1172 
fb2 = 0.6*fci/1000; 1173 
ft1 = ft + 0.00000000001; 1174 
fb22 = fb2 + 0.00000000001; 1175 
end 1176 
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% Compute Top and Bottom Stresses at Harped Points and Midspan:        1177 
% Harped Point: 1178 
%HP = .40*L + 0.5; 1179 
%Due to the camber on the beam at release, the beam sel-weight is acting 1180 
%on the overall beam length. It is assumed that the beam extends 6 in 1181 
%beyond the bearing centerline. Therefore the overall length will be = 1182 
% L + 1 ft. Where L is the design span. 1183 
%Compute Psi 1184 
%Psi = Effective pretension force after allowing for the initial losses 1185 
%(computed before at 336 and 341 steps) 1186 
% Compute concrete stresse at the top fiber of the beam, ft: 1187 
% ft = Psi/A - Psi*e/St + Mg/St 1188 
% Compute concrete stresses at the bottom fiber of the beam, 1189 
% fb2 = Psi/A + Psi*e/St - Mg/St 1190 
% Bending Moment at the HARP POINT (0.4L) due to beam self-weight is  1191 
% calculated using the followin equation : 1192 
% Mx = 0.5*w*x*(L-x)  1193 
% where w = 0.799 Kip/ft 1194 
% x = HP = 0.40L + 0.5 [=] ft  1195 
%Total length = TL = L + 1  [ft] 1196 
%Mgt3 = 0.5*(0.799)*HP*(TL-HP); 1197 
%Bending Moment at MIDSPAN (x = MS = TL/2) due to beam self-weight is  1198 
% calculated using the followin equation : 1199 
%Mgt4 = 0.5*(0.799)*MS*(TL-MS); 1200 
for J = 1 : Nstr 1201 
Psi3(J,1) = subs(Psi{J,1}, L, FIN12(J)); 1202 
HP = 0.40*(FIN12(J))+0.5; 1203 
TL = FIN12(J) + 1; 1204 
MS = TL/2; 1205 
Mgt3(J,1) = 0.5*(0.799)*HP*(TL-HP); 1206 
Mgt4(J,1) = 0.5*(0.799)*MS*(TL-MS); 1207 
end 1208 
for J = 1 : Nstr 1209 
Psi3(J,2) = subs(Psi{J,2}, L, FIN10(J)); 1210 
HP = 0.40*(FIN10(J))+0.5; 1211 
TL = FIN10(J) + 1; 1212 
MS = TL/2; 1213 
Mgt3(J,2) = 0.5*(0.799)*HP*(TL-HP); 1214 
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Mgt4(J,2) = 0.5*(0.799)*MS*(TL-MS); 1215 
end 1216 
for J = 1 : Nstr 1217 
Psi3(J,3) = subs(Psi{J,3}, L, FIN08(J)); 1218 
HP = 0.40*(FIN08(J))+0.5; 1219 
TL = FIN08(J) + 1; 1220 
MS = TL/2; 1221 
Mgt3(J,3) = 0.5*(0.799)*HP*(TL-HP); 1222 
Mgt4(J,3) = 0.5*(0.799)*MS*(TL-MS); 1223 
end 1224 
for J = 1 : Nstr 1225 
Psi3(J,4) = subs(Psi{J,4}, L, FIN06(J)); 1226 
HP = 0.40*(FIN06(J))+0.5; 1227 
TL = FIN06(J) + 1; 1228 
MS = TL/2; 1229 
Mgt3(J,4) = 0.5*(0.799)*HP*(TL-HP); 1230 
Mgt4(J,4) = 0.5*(0.799)*MS*(TL-MS); 1231 
end 1232 
for V =1 : LE 1233 
for J = 1 : Nstr 1234 
if V == 1 1235 
FINN(J,V) = FIN12(J); 1236 
end 1237 
if V == 2 1238 
FINN(J,V) = FIN10(J); 1239 
end 1240 
if V == 3 1241 
FINN(J,V) = FIN08(J); 1242 
end 1243 
if V == 4 1244 
FINN(J,V) = FIN06(J); 1245 
end 1246 
end 1247 
end 1248 
% Check stresses at Release at Harp Points 1249 
for V =1 : LE 1250 
for J = 1 : Nstr 1251 
ftr =  (Psi3(J,V)/A)-(Psi3(J,V)*ec(J,1)/St)+((Mgt3(J,V)*12)/St); 1252 
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fbr =  (Psi3(J,V)/A)+(Psi3(J,V)*ec(J,1)/Sb)-((Mgt3(J,V)*12)/Sb); 1253 
if V == 1 1254 
ftrH12(J) = ftr; 1255 
fbrH12(J) = fbr; 1256 
end 1257 
if V == 2 1258 
ftrH10(J) = ftr; 1259 
fbrH10(J) = fbr; 1260 
end 1261 
if V == 3 1262 
ftrH08(J) = ftr; 1263 
fbrH08(J) = fbr; 1264 
end 1265 
if V == 4 1266 
ftrH06(J) = ftr; 1267 
fbrH06(J) = fbr; 1268 
end 1269 
if ftr >= 0 1270 
if ftr > fb2 1271 
LRTCH(J,V) = FINN(J,V); 1272 
end 1273 
end 1274 
if ftr < -ft 1275 
LRTTH(J,V) = FINN(J,V); 1276 
end 1277 
if fbr >= 0 1278 
if fbr > fb2 1279 
LRBCH(J,V) = FINN(J,V); 1280 
end 1281 
end 1282 
if fbr < -ft 1283 
LRBTH(J,V) = FINN(J,V); 1284 
end             1285 
end 1286 
end 1287 
% Check stresses at Release at Midspan 1288 
for V =1 : LE 1289 
for J = 1 : Nstr 1290 
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ftr =  (Psi3(J,V)/A)-(Psi3(J,V)*ec(J,1)/St)+((Mgt4(J,V)*12)/St); 1291 
fbr =  (Psi3(J,V)/A)+(Psi3(J,V)*ec(J,1)/Sb)-((Mgt4(J,V)*12)/Sb); 1292 
if V == 1 1293 
ftrM12(J) = ftr; 1294 
fbrM12(J) = fbr; 1295 
end 1296 
if V == 2 1297 
ftrM10(J) = ftr; 1298 
fbrM10(J) = fbr; 1299 
end 1300 
if V == 3 1301 
ftrM08(J) = ftr; 1302 
fbrM08(J) = fbr; 1303 
end 1304 
if V == 4 1305 
ftrM06(J) = ftr; 1306 
fbrM06(J) = fbr; 1307 
end 1308 
if ftr >= 0 1309 
if ftr > fb2 1310 
LRTCM(J,V) = FINN(J,V); 1311 
end 1312 
end 1313 
if ftr < -ft 1314 
LRTTM(J,V) = FINN(J,V); 1315 
end 1316 
if fbr >= 0 1317 
if fbr > fb2 1318 
LRBCM(J,V) = FINN(J,V); 1319 
end 1320 
end 1321 
if fbr < -ft 1322 
LRBTM(J,V) = FINN(J,V); 1323 
end             1324 
end 1325 
end 1326 
for V = 1 : LE 1327 
for J = 1 : Nstr 1328 
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if LRTCH(J,V) > 0 && V == 1  1329 
Hx1 = LRTCH(J,V); 1330 
Hy1 = J; 1331 
HFT1 = 'Top Compression at Harp points'; 1332 
break 1333 
end 1334 
if LRTCH(J,V) > 0 && V == 2  1335 
Hx2 = LRTCH(J,V); 1336 
Hy2 = J; 1337 
HFT2 = 'Top Compression at Harp points';  1338 
break 1339 
end 1340 
if LRTCH(J,V) > 0 && V == 3  1341 
Hx3 = LRTCH(J,V); 1342 
Hy3 = J; 1343 
HFT3 = 'Top Compression at Harp points';  1344 
break 1345 
end 1346 
if LRTCH(J,V) > 0 && V == 4  1347 
Hx4 = LRTCH(J,V); 1348 
Hy4 = J; 1349 
HFT4 = 'Top Compression at Harp points' ; 1350 
break 1351 
end 1352 
if LRTTH(J,V) > 0 && V == 1  1353 
Hx1 = LRTTH(J,V); 1354 
Hy1 = J; 1355 
HFT1 = 'Top Tension at Harp points'; 1356 
break 1357 
end 1358 
if LRTTH(J,V) > 0 && V == 2  1359 
Hx2 = LRTTH(J,V); 1360 
Hy2 = J; 1361 
HFT2 = 'Top Tension at Harp points'; 1362 
break 1363 
end 1364 
if LRTTH(J,V) > 0 && V == 3  1365 
Hx3 = LRTTH(J,V); 1366 
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Hy3 = J; 1367 
HFT3 = 'Top Tension at Harp points'; 1368 
break 1369 
end 1370 
if LRTTH(J,V) > 0 && V == 4  1371 
Hx4 = LRTTH(J,V); 1372 
Hy4 = J; 1373 
HFT4 = 'Top Tension at Harp points'; 1374 
break 1375 
end 1376 
if LRBCH(J,V) > 0 && V == 1  1377 
Hx1 = LRBCH(J,V); 1378 
Hy1 = J; 1379 
HFT1 = 'Bottom Compression at Harp points'; 1380 
break 1381 
end 1382 
if LRBCH(J,V) > 0 && V == 2  1383 
Hx2 = LRBCH(J,V); 1384 
Hy2 = J; 1385 
HFT2 = 'Bottom Compression at Harp points'; 1386 
break 1387 
end 1388 
if LRBCH(J,V) > 0 && V == 3  1389 
Hx3 = LRBCH(J,V); 1390 
Hy3 = J; 1391 
HFT3 = 'Bottom Compression at Harp points';  1392 
break 1393 
end 1394 
if LRBCH(J,V) > 0 && V == 4  1395 
Hx4 = LRBCH(J,V); 1396 
Hy4 = J ; 1397 
HFT4 = 'Bottom Compression at Harp points' ; 1398 
break 1399 
end 1400 
if LRBTH(J,V) > 0 && V == 1  1401 
Hx1 = LRBTH(J,V); 1402 
Hy1 = J; 1403 
HFT1 = 'Bottom Tension at Harp points'; 1404 
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break 1405 
end 1406 
if LRBTH(J,V) > 0 && V == 2  1407 
Hx2 = LRBTH(J,V); 1408 
Hy2 = J; 1409 
HFT2 = 'Bottom Tension at Harp points'; 1410 
break 1411 
end 1412 
if LRBTH(J,V) > 0 && V == 3  1413 
Hx3 = LRBTH(J,V); 1414 
Hy3 = J; 1415 
HFT3 = 'Bottom Tension at Harp points '; 1416 
break 1417 
end 1418 
if LRBTH(J,V) > 0 && V == 4  1419 
Hx4 = LRBTH(J,V); 1420 
Hy4 = J; 1421 
HFT4 = 'Bottom Tension at Harp points'; 1422 
break 1423 
end   1424 
end 1425 
end 1426 
for V = 1 : LE 1427 
for J = 1 : Nstr 1428 
if LRTCM(J,V) > 0 && V == 1  1429 
Mx1 = LRTCM(J,V); 1430 
My1 = J; 1431 
MFT1 = 'Top Compression at midspan'; 1432 
break 1433 
end 1434 
if LRTCM(J,V) > 0 && V == 2  1435 
Mx2 = LRTCM(J,V); 1436 
My2 = J; 1437 
MFT2 = 'Top Compression at midspan';  1438 
break 1439 
end 1440 
if LRTCM(J,V) > 0 && V == 3  1441 
Mx3 = LRTCM(J,V); 1442 
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My3 = J; 1443 
MFT3 = 'Top Compression at midspan';  1444 
break 1445 
end 1446 
if LRTCM(J,V) > 0 && V == 4  1447 
Mx4 = LRTCM(J,V); 1448 
My4 = J; 1449 
MFT4 = 'Top Compression at midspan' ; 1450 
break 1451 
end 1452 
if LRTTM(J,V) > 0 && V == 1  1453 
Mx1 = LRTTM(J,V); 1454 
My1 = J; 1455 
MFT1 = 'Top Tension at midspan'; 1456 
break 1457 
end 1458 
if LRTTM(J,V) > 0 && V == 2  1459 
Mx2 = LRTTM(J,V); 1460 
My2 = J; 1461 
MFT2 = 'Top Tension at midspan'; 1462 
break 1463 
end 1464 
if LRTTM(J,V) > 0 && V == 3  1465 
Mx3 = LRTTM(J,V); 1466 
My3 = J; 1467 
MFT3 = 'Top Tension at midspan '; 1468 
break 1469 
end 1470 
if LRTTM(J,V) > 0 && V == 4  1471 
Mx4 = LRTTM(J,V); 1472 
My4 = J; 1473 
MFT4 = 'Top Tension at midspan'; 1474 
break 1475 
end 1476 
if LRBCM(J,V) > 0 && V == 1  1477 
Mx1 = LRBCM(J,V); 1478 
My1 = J; 1479 
MFT1 = 'Bottom Compression at midspan'; 1480 
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break 1481 
end 1482 
if LRBCM(J,V) > 0 && V == 2  1483 
Mx2 = LRBCM(J,V); 1484 
My2 = J; 1485 
MFT2 = 'Bottom Compression at midspan'; 1486 
break 1487 
end 1488 
if LRBCM(J,V) > 0 && V == 3  1489 
Mx3 = LRBCM(J,V); 1490 
My3 = J; 1491 
MFT3 = 'Bottom Compression at midspan';  1492 
break 1493 
end 1494 
if LRBCM(J,V) > 0 && V == 4  1495 
Mx4 = LRBCM(J,V); 1496 
My4 = J ; 1497 
MFT4 = 'Bottom Compression at midspan' ; 1498 
break 1499 
end 1500 
if LRBTM(J,V) > 0 && V == 1  1501 
Mx1 = LRBTM(J,V); 1502 
My1 = J; 1503 
MFT1 = 'Bottom Tension at midspan '; 1504 
break 1505 
end 1506 
if LRBTM(J,V) > 0 && V == 2  1507 
Mx2 = LRBTM(J,V); 1508 
My2 = J; 1509 
MFT2 = 'Bottom Tension at midspan'; 1510 
break 1511 
end 1512 
if LRBTM(J,V) > 0 && V == 3  1513 
Mx3 = LRBTM(J,V); 1514 
My3 = J; 1515 
MFT3 = 'Bottom Tension at midspan'; 1516 
break 1517 
end 1518 
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if LRBTM(J,V) > 0 && V == 4  1519 
Mx4 = LRBTM(J,V); 1520 
My4 = J; 1521 
MFT4 = 'Bottom Tension at midspan'; 1522 
break 1523 
end    1524 
end 1525 
end 1526 
if Hx1 < Mx1; 1527 
x1 = Hx1; 1528 
y1 = Hy1; 1529 
%FT1 = HFT1; 1530 
else 1531 
x1 = Mx1; 1532 
y1 = My1; 1533 
%FT1 = MFT1; 1534 
end 1535 
if Hx2 < Mx2; 1536 
x2 = Hx2; 1537 
y2 = Hy2; 1538 
%FT2 = HFT2; 1539 
else 1540 
x2 = Mx2; 1541 
y2 = My2; 1542 
%FT2 = MFT2; 1543 
end 1544 
if Hx3 < Mx3; 1545 
x3 = Hx3; 1546 
y3 = Hy3; 1547 
%FT3 = HFT3; 1548 
else 1549 
x3 = Mx3; 1550 
y3 = My3; 1551 
%FT3 = MFT3; 1552 
end 1553 
if Hx4 < Mx4; 1554 
x4 = Hx4; 1555 
y4 = Hy4; 1556 
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%FT4 = HFT4; 1557 
else 1558 
x4 = Mx4; 1559 
y4 = My4; 1560 
%FT4 = MFT4; 1561 
end 1562 
X =[x1,x2,x3,x4]; 1563 
Y =[y1,y2,y3,y4]; 1564 
if Hx1 == 0; 1565 
X = [x2, x3, x4]; 1566 
Y = [y2, y3, y4]; 1567 
end 1568 
if Hx2 == 0; 1569 
X = [x1, x3, x4]; 1570 
Y = [y1, y3, y4];    1571 
end 1572 
if Hx3 == 0; 1573 
X = [x1, x2, x4]; 1574 
Y = [y1, y2, y4]; 1575 
end 1576 
if Hx4 == 0; 1577 
X = [x1, x2, x3]; 1578 
Y = [y1, y2, y3];  1579 
end 1580 
if Mx1 == 0; 1581 
X = [x2, x3, x4]; 1582 
Y = [y2, y3, y4]; 1583 
end 1584 
if Mx2 == 0; 1585 
X = [x1, x3, x4]; 1586 
Y = [y1, y3, y4];   1587 
end 1588 
if Mx3 == 0; 1589 
X = [x1, x2, x4]; 1590 
Y = [y1, y2, y4];  1591 
end 1592 
if Mx4 == 0; 1593 
X = [x1, x2, x3]; 1594 
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Y = [y1, y2, y3]; 1595 
end 1596 
AS = input('Do you want to plot Release Stresses ? (y/n) = ','s'); 1597 
if AS == 'y'  1598 
hold on 1599 
% TOP AND BOTTOM RELEASE STRESSES AT HARP POINTS 1600 
plot(FIN12,ftrH12,'b--',FIN10,ftrH10,'g--', FIN08,ftrH08,'r--',FIN06,ftrH06,'k-1601 
-', FIN12,fbrH12,'b',FIN10,fbrH10,'g', FIN08,fbrH08,'r', FIN06,fbrH06,'k' ) 1602 
%grid on, axis([70 170 20 70]) 1603 
RRR = input('Please save the file and press return','s'); 1604 
hold off 1605 
 1606 
% TOP AND BOTTOM RELEASE STRESSES AT MIDSPAN 1607 
plot(FIN12,ftrM12,'b--',FIN10,ftrM10,'g--', FIN08,ftrM08,'r--1608 
',FIN06,ftrM06,'k--', FIN12,fbrM12,'b',FIN10,fbrM10,'g', FIN08,fbrM08,'r', 1609 
FIN06,fbrM06,'k' ) 1610 
end 1611 
plot (X,Y) 1612 
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