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Editor’s quick points

n One span of the Rigolets Pass Bridge containing four 131-ft-

long (40 m), high-strength concrete bulb-tee girders was 

instrumented and monitored to obtain measured strain and 

temperature data.

n Measured girder prestress losses derived from concrete strains 

corrected for temperature and load effects were less than 

corresponding values calculated using AASHTO LRFD Bridge 

Design Specifications.

n Prestress losses calculated using both the approximate and 

refined estimates of time-dependent losses were evaluated 

relative to the measured losses.
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The Louisiana Department of Transportation and Develop-

ment (LADOTD) has been gradually introducing high-

strength concrete into its bridge construction programs. 

At the same time, the Louisiana Transportation Research 

Center (LTRC) has been sponsoring research work to ad-

dress design and construction issues related to the use of 

high-strength concrete.1,2,3 Findings from these research 

endeavors have provided the LADOTD with valuable 

information related to material properties and the structural 

behavior of bridge components fabricated using high-

strength concrete. This information has also provided the 

necessary technical basis for the continued implementation 

of high-strength concrete under a range of different bridge 

design conditions.

The construction of the Rigolets Pass Bridge located on 

US Route 90 and LA Route 433 in Orleans and St. Tam-

many Parishes, La., was recently completed. The Rigolets 

Pass Bridge (Fig. 1) is a 62-span bridge with a total length 

of 5489 ft (1673 m). High-strength concrete was used to 

produce the girders for two of the 62 bridge spans (spans 

42 and 43). In conjunction with the Rigolets Pass Bridge 

project, a research program was conducted with the objec-

tive of monitoring the structural behavior of one of the two 

spans incorporating high-strength concrete.4 Material-prop-

erty studies were also included in the research program. 
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All eight of the high-strength concrete BT-78 girders for 

spans 42 and 43 incorporate fifty-six 0.6-in.-diameter (15.2 

mm), Grade 270 (270 ksi [1860 MPa]), low-relaxation, 

seven-wire strands conforming to ASTM A416.6 Twelve 

of the 56 strands are debonded for lengths ranging from 

6.6 ft to 39.4 ft (2 m to 12 m) at each end of the girders. 

The specified initial tensile force for each strand was 43.95 

kip (195.5 kN), which corresponds to 75% of the specified 

minimum strand breaking strength.

The eight girders required for spans 42 and 43 were 

fabricated three at a time, using three separate castings or 

placements. Table 1 shows the concrete mixture propor-

tions used for the girders. Prior to placement, the measured 

slump of the concrete produced for all three castings 

ranged from 6½ in. to 9 in. (165 mm to 230 mm). Each 

girder required about 37.2 yd3 (28.5 m3) of concrete.

Immediately after placing the concrete, the bed was cov-

ered with a tarpaulin, which remained in place until the 

required release strength was achieved. None of the girders 

required steam curing. During the initial curing period, the 

concrete temperatures were monitored at the middle and 

both ends of the casting bed. Figure 3 shows the concrete 

This paper presents results from this research, focusing on 

measured prestress losses and corresponding calculated 

values determined using the American Association of State 

Highway and Transportation Officials’ AASHTO LRFD 

Bridge Design Specifications.5

Girder fabrication

Spans 42 and 43 of the Rigolets Pass Bridge compose a 

continuous unit, with span lengths of 131.2 ft (40 m). These 

spans each incorporate four 78-in.-deep (1.98 m) bulb-tee 

(BT-78) girders at 12 ft 7 in. (3.83 m) spacing. The speci-

fied concrete compressive strengths for the girders were 

6670 psi (46 MPa) at release and 10,000 psi (69 MPa) at 

56 days. Both spans incorporate an 8-in.-thick (203 mm), 

cast-in-place, high-performance concrete (HPC) deck slab 

with a specified 28-day concrete compressive strength of 

4200 psi (29 MPa). Span 43 of the Rigolets Pass Bridge was 

instrumented to measure concrete strains and temperatures 

at midspan. The four high-strength concrete girders used in 

span 43 were assigned specific alphanumeric designations 

(43A, 43B, 43C, and 43D) according to their position. The 

total width of the bridge deck is 45 ft 11 in. (14 m). Figure 2 

indicates typical details for the BT-78 girders.

Figure 1. This photograph of Rigolets Pass Bridge was taken from the east end.
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Figure 2. This drawing shows details of a typical BT-78 girder. Note: Ag = gross cross-sectional area of girder section; Aps = area of prestressing steel; epg = eccentricity of 

strands with respect to centroid of gross girder section; Ig = moment of inertia of girder cross section; ybg = vertical distance between bottom of girder section and centroid 

of gross girder section; yps = vertical distance between bottom of girder section and centroid of prestressing steel. 1 in. = 25.4 mm.
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Table 1. Concrete mixture proportions for girders

Material Quantities/yd3

Portland cement Type III 846 lb

Silica fume 100 lb

Fine aggregate 1149 lb

Coarse aggregate: limestone 1866 lb

Water 204 lb

Water-reducing admixture, ASTM C494, Type D 38 fl oz

HRWRA, ASTM C494, Type F 51 fl oz

Air entrainment None

Water–cementitious materials ratio 0.22

Note: HRWRA = high-range water-reducing admixture. 1 lb/yd3 = 0.593 kg/m3; 1 fl oz/yd3 = 38.7 mL/m3.
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measured strain and temperature data. Five vibrating-wire 

strain gauges (VWSGs) were installed at the midspan 

of each of the four girders. Each VWSG incorporated a 

thermistor for measuring the concrete temperature associ-

ated with each strain measurement. Three of the VWSGs 

were installed in the lower flange at the elevation of the 

strand-group centroid. The remaining two gauges were 

installed at the center of gravity of the top flange, located 

about 3 in. (76 mm) down from the top surface of the 

girder. At the bridge site, seven additional VWSGs were 

installed in the HPC deck slab of span 43 at midspan. The 

VWSGs in the deck slab were installed directly above each 

girder and at the midpoint between each of the four gird-

ers. All seven of these VWSGs were installed at mid-depth 

of the 8-in.-thick (203 mm) deck slab. Figure 4 shows the 

locations of all VWSG instrumentation installed in span 43 

of the Rigolets Pass Bridge.

During construction, VWSG readings were made prior to 

strand release, after strand release, after girder storage, 

at a concrete age of 28 days, once a month for the next 

two months, before shipping, after erection, and before 

and after casting the deck-slab concrete. After casting the 

deck slab, all VWSGs installed in the girders and deck 

slab were read once a week for the first month and once a 

month until the on-site data acquisition system (DAS) was 

installed.

temperatures measured in the bottom flange of girders 

produced for span 43 during the initial curing period. The 

concrete in the bottom flange near midspan achieved a 

maximum temperature of about 153 ºF (67 ºC) for both 

castings. The maximum temperature was achieved about 

12 hours after completion of concrete placement and then 

started to decrease at a rate of about 3 ºF (1.5 ºC) per hour.

The required release strength of 6670 psi (46 MPa) was 

typically achieved within 15 hours of completion of the 

casting. During the girder production runs for span 43, 

load cells were installed on 6 of the 56 prestressing strands 

between the dead-end bulkhead and anchorage chuck. These 

load cells were used to measure force levels at various 

time- or event-based intervals beginning at the time of initial 

tensioning and continuing until release. After stressing all 

strands, the measured force levels were within 5% of the 

specified 43.95 kip (195.5 kN) initial force, as required by 

the tolerance cited in the PCI Manual for Quality Control.7 

Prior to releasing the prestress, the measured force level in 

the strands ranged from 39.53 kip to 42.02 kip (175.8 kN to 

186.9 kN) and averaged 40.49 kip (180.1 kN). This average 

is about 8% less than the specified initial force.

Instrumentation

The high-strength concrete girders produced for span 43 

of the Rigolets Pass Bridge were instrumented to obtain 

Figure 3. This figure depicts girder concrete curing temperatures measured from the time of placement until strand release. Note: ºC = 5/9(ºF – 32).
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After completion of construction, the VWSGs were con-

nected to an automated on-site DAS with remote-access 

capabilities. Figure 5 shows a photograph of the DAS. 

Instrumentation for measuring ambient temperature and 

relative humidity conditions at the bridge site was also 

connected to the DAS. The DAS was programmed to 

record measured data for a monitoring period of one year. 

During this period, data from all instrumentation were 

read and stored once per hour. Stored data were down-

loaded via remote telephone modem access once a day and 

checked against previously stored data to ensure that the 

system was functioning properly. In addition, the measured 

data were posted to an interactive website created for the 

purpose of allowing the LADOTD to view and plot all the 

temperature and strain data recorded to date.

Concrete material properties

Material property tests were performed on specimens 

representing concrete placed in the midspan region of 

each girder fabricated for span 43. Girder-concrete mate-

rial property studies included unit weight, compressive 

strength (ASTM C39),8 modulus of elasticity (ASTM 

C469),9 and creep and shrinkage (ASTM C512).10 

Concrete cylinders used for unit weight, compressive 

strength, and modulus of elasticity were match cured 

to match the temperature in the lower flange of each 

corresponding girder. Other field-cured specimens were 

used for creep and shrinkage tests. Field-cured speci-

mens were covered with plastic and stored adjacent to 

the casting bed. Just prior to release of the strands, all of Figure 5. This automated data acquisition system was installed on the south 

guardrail of span 43.

Figure 4. This figure shows a cross-sectional view of span 43 and vibrating-wire strain gauge instrumentation installed at midspan. Note: 1 in. = 25.4 mm; 1 ft = 0.305 m.
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the match- and field-cured specimens were stripped from 

the molds.

Table 2 provides the average measured unit weight, con-

crete compressive strength, and modulus of elasticity for 

the four girders of span 43. Each value represents the aver-

age of 12 individual tests (3 for each girder). The concrete 

used in each girder exhibited similar compressive strength 

at all test ages and achieved required release and 56-day 

strength levels cited in the project specifications for the 

Rigolets Pass Bridge.

Creep and shrinkage tests were performed on field-cured 

6 in. × 12 in. (152 mm × 305 mm) cylinders representing 

concrete placed in the midspan region of girder 43D. The 

tests commenced at a concrete age of 3 days and were 

performed under ambient conditions of 73 ºF (23 ºC) 

and 50% relative humidity. The target applied load used 

for creep testing corresponded to 40% of the measured 

concrete compressive strength at the 3-day age of loading. 

Calculated midspan concrete stress at the centroid of the 

prestressing steel at the time of strand release fcgp for girder 

43D also corresponded to about 40% of the measured 

concrete compressive strength. Figures 6 and 7 show the 

measured creep coefficient, defined as the ratio of creep 

strain to initial strain, and shrinkage data, respectively.

Included in Fig. 6 and 7 are corresponding calculated val-

ues determined using provisions from the AASHTO LRFD 

specifications. According to article 5.4.2.3 of the AASHTO 

Figure 6. This figure shows plots of creep coefficient versus concrete age.
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Table 2. Average girder concrete properties

Concrete age, days Average unit weight, lb/ft3 Average compressive strength, psi Average modulus of elasticity, ksi

Release 146.6 9250 6000

28 days 146.2 10,850 6100

56 days 146.0 11,260 6300

90 days 146.6 11,670 6500

Note: 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa; 1 lb/ft3 = 16.02 kg/m3.
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LRFD specifications, when mixture-specific data are not 

available, estimates of creep and shrinkage may be made 

using the provisions of articles 5.4.2.3.2 and 5.4.2.3.3, 

respectively. Article 5.4.2.3.2 includes an equation for cal-

culating the creep coefficient for various ages after initial 

loading. Article 5.4.2.3.3 includes an equation for calculat-

ing shrinkage at various concrete ages.

Based on the data (Fig. 6 and 7), the AASHTO LRFD 

specifications provisions for estimating creep and shrink-

age (when mixture-specific data are not available) did not 

correlate well with the measured data. The final measured 

creep coefficient value for the 3-day age of loading was 

about 100% greater than the corresponding calculated 

AASHTO LRFD specifications estimated value. The final 

measured shrinkage value for the 3-day starting age was 

about 75% of the corresponding calculated AASHTO 

LRFD specifications estimated value. Consequently, for 

the field-cured cylinders made from the high-strength con-

crete batch placed in the midspan region of Girder 43D, 

the provisions of articles 5.4.2.3.2 and 5.4.2.3.3 of the 

AASHTO LRFD specifications underestimated the creep 

coefficient and overestimated shrinkage.

The field-cured cylinders used for the creep and shrinkage 

tests likely experienced different curing temperatures than 

the actual girder concrete temperatures (Fig. 3). Previous 

research has shown the importance of using match-cured 

test specimens to evaluate strength properties of precast 

concrete members made with high-strength concrete.2 It is 

currently unknown how using match-cured cylinders for 

the creep and shrinkage tests would have affected the com-

parisons with AASHTO LRFD specifications estimated 

values. However, it is reasonable to assume that, by virtue 

Figure 7. This figure shows plots of concrete shrinkage versus age.
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Table 3. Deck slab concrete properties

Concrete age, days Average unit weight, lb/ft3 Average compressive strength, psi Average modulus of elasticity, ksi

7 days 144.2 5680 5150

28 days 144.7 7760 5650

90 days 144.6 8700 6450

Note: 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa; 1 lb/ft3 = 16.02 kg/m3.
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Measured concrete strains 
and prestress losses

VWSGs were installed at midspan in each of the four in-

strumented girders of span 43 (Fig. 4). The three VWSGs 

installed in the bottom flange at the center of gravity of 

the prestressing strands were used primarily to determine 

prestress losses. The two VWSGs installed in the top 

flange of each girder provided a second reference point for 

girder-section strain measurements, which was used as a 

means of validating the overall response to creep, shrink-

age, temperature deformations, and external load effects. 

Each VWSG included a thermistor for measuring concrete 

temperature associated with each strain measurement. 

Figure 8 shows plots of measured concrete strain versus 

time for VWSGs installed in the top and bottom flanges of 

each girder. Each plot represents the average of the data 

measured from all VWSGs installed in either the top or 

bottom flange of each girder.

The plotted average values (Fig. 8) were based on indi-

vidual strain readings that were adjusted to a constant 

temperature. The temperature correction applied to the 

individual strain readings was calculated based on the mea-

sured concrete temperature associated with the reading, the 

average measured coefficient of thermal expansion of the 

of their higher strength, match-cured cylinders would 

likely have produced lower creep and shrinkage deforma-

tions than the field-cured cylinders. The AASHTO LRFD 

specifications provisions for estimating creep and shrinkage 

(when mixture-specific data are not available) do not di-

rectly account for variations in initial curing conditions and 

the corresponding effect on concrete-strength development.

Material-property tests were performed on specimens 

representing HPC placed in the midspan region of the deck 

slab for span 43. Deck-slab concrete material property 

studies included unit weight, compressive strength (ASTM 

C39), and modulus of elasticity (ASTM C469). Concrete 

cylinder specimens used for material-property tests were 

field cured. Field-cured specimens were covered with 

plastic and stored adjacent to the bridge span for a period 

of seven days after concrete placement. Table 3 provides 

average measured concrete properties for the deck slab 

of span 43. Each value reported in Table 3 represents the 

average of three individual tests. The concrete placed in the 

midspan region of span 43 achieved the required 28-day 

strength level cited in the project specifications for the 

Rigolets Pass Bridge.

Figure 8. This figure shows plots of concrete strains measured in the top flange (TF) and bottom flange (BF) of each girder.
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release, denoting the elastic response due to placement of 

the deck-slab concrete.

The measured concrete strain changes at the center of 

gravity of the prestressing strands were used to quantify 

prestress loss. Using the compatibility assumption that the 

changes in concrete strain measured at the center of gravity 

of the prestressing strands are equal to the corresponding 

average steel strain changes, the measured values (Fig. 8) 

can be used to calculate prestress losses using the modulus 

of elasticity of the strand. When the bottom-flange strain 

data (Fig. 8) are edited to remove elastic-strain effects 

resulting from external loading and multiplied by the 

average measured modulus of elasticity of the prestressing 

strand equal to 27,950 ksi (193 GPa), the resulting plot of 

prestress loss in Fig. 9 results. The data plotted in Fig. 9 

represent the total measured prestress loss in each girder 

due to the combined effects of elastic shortening and time-

dependent effects (concrete creep and shrinkage) for a time 

interval beginning at release of the prestressing strands and 

ending one year after construction was completed.

The measured prestress loss in Fig. 9 does not include any 

loss due to relaxation of the prestressing strands occurring 

after release because such losses occur without a cor-

responding change in strain. Relaxation losses occurring 

prior to release were also not considered, as is consistent 

with article 5.9.5.4.2c of the AASHTO LRFD specifi-

cations. However, based on the measured reduction in 

girder concrete, and the coefficient of thermal expansion of 

the strain-gauge wire provided by the manufacturer. There-

fore, the plotted average values represent corrected strains 

that theoretically do not include effects due to temperature 

change. 

Strain readings taken just prior to release of the strands 

served as the zero reference for the concrete strains (Fig 

8). After strand release, the compressive strains measured 

in the bottom flange (BF) gradually increased due to the 

effects of creep and shrinkage until the time when the deck 

slab was added. The corresponding measured strains in 

the top flange (TF) essentially mirrored the behavior of 

the bottom flange until about 80 days, when the readings 

exhibited maximum tension.

During the time period bounded by the dates of girder 

erection (between 126 and 134 days after strand release) 

and deck casting, the compressive strain in the bottom 

flange continued to increase while the top flange strains 

transitioned from slight tension to compression. The 

gradual load additions resulting from the diaphragms, 

formwork, and deck-slab reinforcing steel did not pro-

duce noticeable changes in the bottom-flange strains. 

However, the effects of these additions were evident 

in the measured top-flange strains. The data plotted in 

Fig. 8 indicate a marked reduction in the bottom-flange 

compressive strain and corresponding increase in the 

top-flange compressive strain occurring 185 days after 

Figure 9. This figure shows plots of measured prestress losses derived from measured concrete strains in each girder. Note: 1 psi = 6.895 kPa.
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days after release (Fig. 9). From that point, the measured 

losses decreased slightly over the next 160 days and then 

began to increase again from about 500 days until reaching 

an apparent maximum value about 650 days after release. 

There are two explanations for the observed fluctuation 

in measured prestress loss. One explanation is that the 

temperature compensation applied to the measured strains 

prestress force occurring from the time of initial tensioning 

until strand release, it is apparent that these prerelease re-

ductions constitute a source of prestress loss not presently 

addressed in the AASHTO LRFD specifications.

The measured prestress loss for each girder gradually 

increased from the time of strand release until about 340 

Table 4. Prestress loss calculation scenarios

Calculation parameter
Calculation scenario

Design Constructed

Girder concrete f  '  c i, psi 6670 9250

Girder concrete Eci, ksi 4951* 6000

Girder concrete f  '  c , psi 10,000 11,260 (56 days)

Girder concrete Ec, ksi 6062* 6300 (56 days)

Girder unit weight, lb/ft3 155 153 (56 days)†

Deck slab f  '  c , psi 4200 7760 (28 days)

Deck slab Ec, ksi 3929* 5650 (28 days)

Deck slab unit weight, lb/ft3 150 153 (28 days)‡

Haunch thickness, in. 2 2

Strand stress prior to transfer fpbt, ksi 202.50§ 186.59**

Strand modulus of elasticity, ksi 28,000 27,950

*Calculated based on an assumed concrete unit weight of 150 lb/ft3 and Ec = wc
1.5 33 f

c

'

†Based on average measured concrete unit weight at 56 days equal to 146 lb/ft3 plus an estimated additional 7 lb/ft3 to account for the weight of the 

prestressing concrete strand and reinforcement
‡Based on average measured concrete unit weight at 28 days equal to 145 lb/ft3 plus an estimated additional 8 lb/ft3 to account for the weight of the 

deck-slab reinforcement
§Assumed equal to 0.75 times specified tensile strength of prestressing steel fpu

**Based on average measured strand load prior to release equal to 40.39 kip

Note: Ec = modulus elasticity of girder concrete; Eci = modulus elasticity of girder concrete at prestress transfer; f  '  c  = specified compressive strength of 

concrete used in design; f  '  c i  = specified compressive strength of concrete at prestress transfer; fpbt = stress in prestressing steel immediately prior to 

transfer; wc = unit weight of concrete. 1 in. = 25.4 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa; 1 lb/ft3 = 16.02 kg/m3.

Table 5. Measured and calculated prestress losses using AASHTO LRFD Bridge Design Specifications

Prestress loss  

component
Measured losses, psi

Calculated losses per articles 5.9.5.2 and 

5.9.5.3 (approximate method), psi

Calculated losses per articles 5.9.5.2 and 

5.9.5.4 (refined method), psi

Design Constructed Design Constructed

∆fpES
 19,560  19,840  15,100  19,840  15,100

∆fpLT
 8710*  21,160†  15,140†  20,150†  12,790†

Total  28,270  41,000  30,240  39,990  27,890

*Based on maximum total prestress loss measured about 650 days after strand release
†For comparison with the measured data, relaxation losses ∆fpR1 and ∆fpR2 are omitted.

Note: ∆fpES = loss in prestressing steel stress due to elastic shortening; ∆fpLT = long-term prestress loss due to creep of concrete, shrinkage of con-

crete, and relaxation of steel. 1 psi = 6.895 kPa.
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does not completely eliminate temperature effects, causing 

seasonal temperature variations to have a slight, yet notice-

able, effect on the measured prestress loss. The second 

explanation relates to shrinkage of the deck-slab concrete. 

Deck-slab shrinkage will tend to reduce bottom-flange 

compressive strains. Consequently, the measured prestress 

losses plotted in Fig. 9 beyond 185 days include increases 

due to the combined effect of continuing creep and 

shrinkage of the girder concrete and reductions due to the 

progression of deck-slab shrinkage. Although the measured 

prestress losses likely include some negating effects due 

to deck-slab shrinkage, the observed fluctuations appear to 

be more consistent with the seasonal temperature variation 

causation scenario than the deck-slab shrinkage causation 

scenario.

Calculated prestress losses

For comparison with the measured data, prestress losses 

were calculated for a typical interior girder using the 

provisions of the AASHTO LRFD specifications (includ-

ing 2008 interim revisions11) defined in articles 5.9.5.2.3, 

5.9.5.3, and 5.9.5.4. Prestress-loss calculations were made 

to evaluate two different scenarios. The first scenario 

represents the design condition, where the calculated loss 

parameters are based on specified material properties. 

The second scenario represents the constructed condition, 

where the calculated loss parameters are based on mea-

sured material properties. Table 4 gives specific conditions 

associated with the two prestress-loss calculation scenarios.

Table 5 gives the measured and calculated prestress losses 

for the interior girders of span 43. The tabulated prestress 

losses are presented in terms of two loss components: 

elastic shortening ∆fpES and time-dependent losses ∆fpLT. 

Measured elastic shortening prestress loss was determined 

based on the average initial concrete strain change result-

ing from release of the prestress force. The total measured 

prestress loss value (Table 5) is based on the average maxi-

mum prestress loss, typically occurring about 650 days 

after release. Measured prestress loss due to the combined 

effects of girder concrete shrinkage and creep was assumed 

equal to the total loss less the elastic shortening loss.

Calculated elastic shortening prestress loss ∆fpES was evalu-

ated using the provisions given in article 5.9.5.2 of the 

AASHTO LRFD specifications. Calculated time-dependent 

prestress losses ∆fpLT were evaluated using the provisions 

given in article 5.9.5.3 (approximate method) and article 

5.9.5.4 (refined method) of the AASHTO LRFD specifica-

tions. The appendix shows prestress-loss calculations for 

the design scenario.

Elastic shortening loss

The elastic shortening prestress loss component ∆fpES for 

both design and constructed conditions was calculated us-

ing Eq. (C5.9.5.2.3a-1) of the AASHTO LRFD specifica-

tions commentary to avoid having to initially estimate the 

prestress force after transfer and perform multiple itera-

tions with Eq. (5.9.5.2.3a-1). In Eq. (C5.9.5.2.3a-1), the 

stress in the strand immediately prior to transfer fpbt was 

taken as 202,500 psi (1396 MPa) for the design condition 

and 186,590 psi (1287 MPa) for the constructed condition. 

The design fpbt value corresponds to 75% of the specified 

prestressing strand tensile strength. The constructed fpbt 

value corresponds to the average measured strand force 

prior to release of 40.49 kip (180.1 kN) divided by the 

nominal strand area. The resulting ∆fpES values were subse-

quently confirmed using Eq. (5.9.5.2.3a-1). 

The measured elastic shortening prestress loss correlated 

well with the corresponding design calculated loss (Table 

5). Correlation between the measured elastic shortening 

loss and corresponding constructed calculated loss was 

not as favorable. The calculated elastic shortening loss is 

dependent on the concrete modulus of elasticity at the time 

of strand release. The design elastic shortening loss was 

calculated using an assumed concrete modulus-of-elastici-

ty value of 4950 ksi (34 GPa), while the constructed elastic 

shortening value was calculated using a measured concrete 

modulus-of-elasticity value of 6000 ksi (41 GPa) (Table 

4). The modulus-of-elasticity value used in the constructed 

elastic shortening loss calculation was measured several 

hours after the time that release actually took place and, 

therefore, may have been somewhat greater than the actual 

concrete modulus of elasticity at the time of strand release.

Another possible explanation for the discrepancy between 

the measured and constructed elastic shortening prestress 

loss is that the measured concrete strains resulting from 

release included some creep and shrinkage loss. The time 

duration between the pre- and postrelease strain readings 

for the four instrumented girders was typically about 1.5 

hr. The postrelease readings were typically taken within 20 

min of the conclusion of strand release. While efforts were 

made to minimize the elapsed time between the pre- and 

postrelease strain measurements, it is likely that the result-

ing measured change in strain occurring over this time 

interval included some creep and shrinkage loss.

Time-dependent loss

Time-dependent prestress losses ∆fpLT were calculated 

using both the approximate method defined in article 

5.9.5.3 and the refined method defined in article 5.9.5.4 

of the AASHTO LRFD specifications. Table 5 shows the 

calculated ∆fpLT losses using both analysis methods for 

the design and constructed conditions. For both analysis 

methods, the girder concrete age at deck casting was taken 

as 186 days. For the design condition, the approximate 

and refined methods produced comparable ∆fpLT losses. 

Therefore, for the conditions associated with span 43 of 

the Rigolets Pass Bridge, use of the more rigorous and 
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time-consuming refined analysis method for calculation of 

the ∆fpLT loss did not appear warranted. However, for the 

constructed condition, the refined analysis method pro-

duced a calculated ∆fpLT loss that was about 16% less than 

the approximate analysis method.

Both the approximate and refined provisions resulted in 

calculated ∆fpLT losses that were about 1½ to 2½ times 

greater than the average creep and shrinkage loss measured 

in the interior girders of span 43 since the time of release 

(Table 5). The calculated prestress losses should be viewed 

as ultimate (end of service life) values. Therefore, total 

losses measured within the first few years of service would 

be expected to be somewhat less than calculated values. 

However, based on the measured prestress loss plots (Fig. 

9), it appears that the vast majority of the ultimate loss has 

already occurred.

Table 6 shows a breakdown of the calculated time-depen-

dent loss components derived using the refined method 

defined in article 5.9.5.4 of the AASHTO LRFD specifica-

tions for the design and constructed conditions. The refined 

provisions for calculating ∆fpLT account for prestress 

gain due to shrinkage of the composite deck slab ∆fpSS 

by subtracting this effect from the other long-term loss 

parameters. Conversely, the measured prestress-loss data 

(Fig. 9 and Table 5) likely include the effects of deck-slab 

shrinkage. Recognizing that the deck slab was added 185 

days after strand release (concrete age of 186 days) and 

that the compressive strain measured in the bottom flange 

of the girders continued to increase at a uniform rate both 

before and beyond 185 days, the prestress gain resulting 

from deck-slab shrinkage does not appear to have had a 

significant effect on measured girder prestress losses. This 

finding is supported by the observation that the calculated 

∆fpSS term (Table 6) for both the design and constructed 

conditions is only about 1000 psi (6.9 MPa).

Due to the elapsed time between the pre- and postrelease 

strain measurements, a small portion of the measured 

elastic shortening loss may have included some creep and 

shrinkage effects. It is also possible that other conditions, 

such as precision of the applied temperature corrections to 

strain readings, may have had a slight effect. However, it 

does not appear likely that the noted discrepancy between 

measured and calculated time-dependent losses can be at-

tributed to these circumstances.

Based on the results from the creep and shrinkage tests per-

formed on representative samples of the girder concrete, it 

appears that the discrepancy between measured and calculat-

ed time-dependent losses is most likely due to inaccuracy of 

the various factors and coefficients used in both the approxi-

mate and refined analysis methods. Results from creep and 

shrinkage tests performed on field-cured cylinders indicated 

that the provisions of AASHTO LRFD specifications articles 

5.4.2.3.2 and 5.4.2.3.3 underestimated creep coefficient 

and overestimated shrinkage. However, the calculated ∆fpLT 

loss using both approximate and refined methods overesti-

mated the combined effects of creep and shrinkage loss by a 

significant margin. The apparent lack of correlation between 

cylinder test results and comparisons between measured and 

calculated ∆fpLT loss suggests that the models relating creep 

coefficient and shrinkage and corresponding prestress-loss 

components do not adapt well to the conditions associated 

with span 43 of the Rigolets Pass Bridge.

Table 6. Calculated time-dependent prestress loss components using article 5.9.5.4 of the AASHTO LRFD Bridge Design Specifications

Time-dependent prestress loss 

component

Calculated time-dependent loss per article 5.9.5.4, psi

Design Constructed

Time of transfer to time of deck 

placement

∆fpSR
5510 4670

∆fpCR
15,670 10,140

∆fpR1
0 0

Time of deck placement to final 

time

∆fpSD
1050 570

∆fpCD
-980 -1660

∆fpR2
0 0

∆fpSS
-1100 -930

Total ∆fpLT
20,150 12,790

Note: ∆fpCD = prestress loss due to creep of girder concrete between time of deck placement and final time; ∆fpCR = prestress loss due to creep of 

girder concrete between transfer and deck placement; ∆fpLT = long-term prestress loss due to creep of concrete, shrinkage of concrete, and relaxation 

of steel; ∆fpR1 = prestress loss due to relaxation of prestressing strands between transfer and deck placement; ∆fpR2 = prestress loss due to relaxation 

of prestressing strands in composite section between time of deck placement and final time; ∆fpSD = prestress loss due to shrinkage of girder concrete 

between time of deck placement and final time; ∆fpSR = prestress loss due to shrinkage of girder concrete between transfer and deck placement;  

∆fpSS = prestress loss due to shrinkage of deck composite section. 1 psi = 6.895 kPa.
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Discussion of current  
AASHTO LRFD specifications 
prestress-loss provisions  
and corresponding  
recommendations

The AASHTO LRFD specifications provisions for 

estimating prestress losses were refined based largely 

on research described in National Cooperative High-

way Research Program (NCHRP) report 496, “Prestress 

Losses in Pretensioned High-Strength Concrete Bridge 

Girders.”12 The current AASHTO LRFD specifications 

methodology was used by the authors as a basis of com-

parison with measured prestress losses in span 43 of the 

Rigolets Pass Bridge. Comparisons between measured 

and calculated prestress losses were not favorable, with 

the calculated losses based on the refined method for 

the design condition being about 40% greater than the 

measured loss. For this comparison, the greatest source 

of error was related to estimation of the time-dependent 

losses. Because the measured loss includes the combined 

effects of both creep and shrinkage, it is not possible to 

discern which of the loss parameters produced the great-

est discrepancy with corresponding calculated values.

The provisions in article 5.9.5.4 for refined estimates 

of time-dependent losses incorporate numerous terms 

and equations used primarily to define shrinkage, creep, 

and relaxation losses. In the current form, interpretation 

and use of these provisions is difficult, and the existing 

commentary offers little clarification. Issues with sign 

conventions and equation terms that have not been clearly 

defined make these provisions extremely difficult to use 

without further guidance. Useful guidance related to 

implementation of the provisions in article 5.9.5.4 can be 

found in a paper by Al-Omaishi, Tadros, and Seguirant.13 

However, changes to the AASHTO LRFD specifications 

provisions for estimating prestress losses are still needed 

so that users will not have to look to other sources for 

interpretation.

The following comments relate to the current AASHTO 

LRFD specifications and will hopefully be useful in fu-

ture refinement efforts:

•	 Article 5.9.5.2.3 contains an equation for elastic 

shortening prestress loss that has essentially re-

mained unchanged from what has appeared for 

decades in earlier editions of AASHTO LRFD speci-

fications. However, the commentary that now accom-

panies this equation states that an iterative approach 

should be used to ensure that the initial assumed 

strand stress used to calculate fcgp is consistent with 

the resulting calculated ∆fpES value. Use of commen-

tary Eq. (C5.9.5.2.3a-1) is offered as an alternative to 

the iterative approach. Clearly, the iterative approach 

to calculate ∆fpES is more technically correct than 

the previous methodology where fcgp was calculated 

based on one assumed strand stress value. However, 

it is questionable whether the additional iterative cal-

culation effort is warranted. In an effort to simplify, 

the authors recommend that the commentary equa-

tion be used instead of Eq. (5.9.5.2.3a-1).

•	 The fourth paragraph of the commentary that cur-

rently accompanies article 5.9.5.2.3 contains discus-

sion related to elastic gains and the use of trans-

formed section properties. This paragraph has the 

potential to cause confusion. Because the accompa-

nying equations do not require the use of transformed 

section properties and the weight of the girder is the 

only elastic effect considered in the calculation of 

∆fpES, most of the commentary discussion appears to 

be inapplicable and unnecessary.

•	 The time-dependent-loss analysis method presented 

in article 5.9.5.3 uses a combination of multipliers 

and factors that were derived to approximate the 

terms used in the refined analysis method presented 

in article 5.9.5.4. The refined analysis method uses 

estimates of creep and shrinkage derived from the 

provisions of articles 5.4.2.3.2 and 5.4.2.3.3. Al-

though findings from this study suggest that the 

current provisions yielded an overall conserva-

tive estimate (overestimation) of prestress loss, 

the discrepancy between calculated and measured 

time-dependent loss suggests that the recent refine-

ments incorporated in article 5.9.5.4 are unnecessary 

and imply a degree of precision that does not occur 

in practice. If the use of article 5.9.5.4 provisions 

is to be continued, it is recommended that further 

refinements be made to account for a wider range 

of concrete mixture proportions and bridge design 

conditions.

•	 The provisions of articles 5.4.2.3.2 and 5.4.2.3.3 

account for variations in relative humidity, volume-

to-surface ratio, concrete strength, and age of load-

ing. However, other factors known to have an effect 

on creep and/or shrinkage properties are either not 

considered or are addressed indirectly. These include 

type and quantity of cement replacement materials, 

initial curing conditions, initial concrete stress level, 

and aggregate properties. Findings from this research 

indicated that the high-strength concrete girders of 

the Rigolets Pass Bridge (incorporating about 10% 

silica fume by weight of cementitious materials) had 

measured creep and shrinkage prestress losses that 

were one-third to one-half of the time-dependent 

loss calculated using the existing AASHTO LRFD 

specifications provisions. According to NCHRP re-

port 496, research using the New Hampshire mixture 

proportions incorporating silica fume produced creep 

and shrinkage deformations that were considerably 
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tween transfer and deck placement combined with 

deck weight (acting on noncomposite section) and 

superimposed loads (acting on composite section). 

However, no further guidance or equations are cur-

rently included. An equation for ∆fcd can be found 

in the paper by Al-Omaishi, Tadros, and Seguirant. 

This equation accounts for changes in concrete stress 

resulting from previous prestress loss expressed as 

a force acting on the noncomposite, nontransformed 

girder section; the deck slab bending moment acting 

on the girder section with transformed strand; and 

the superimposed dead-load moment acting on the 

composite concrete section with transformed strand. 

Each of these effects should combine under the 

same numerical sign, as all function to either reduce 

subsequent creep loss or result in an elastic gain. In 

the current form of the equation for ∆fcd provided 

in Al-Omaishi, Tadros, and Seguirant, the elastic 

gains from the weight of the deck slab and superim-

posed dead load are calculated using noncomposite 

and composite section properties with transformed 

strand. This approach greatly increases the level of 

effort required to calculate ∆fpCD. Although an equa-

tion for ∆fcd should be provided in the AASHTO 

provisions, an effort should be made to simplify so 

that the user need not perform multiple calculations 

to define both transformed and nontransformed sec-

tion properties for both noncomposite and composite 

sections.

•	 Equation (5.9.5.4.3b-1) currently indicates a plus 

sign between the first and second parts of the equa-

tion. If this sign convention is to be used, then it is 

important to note that the sign associated with the 

∆fcd term should be negative.

•	 The current AASHTO LRFD specifications prestress 

loss provisions include allowances for prestress gain 

caused by shrinkage of the deck-slab concrete ∆fpSS. 

Prestress loss calculations performed as part of this 

study indicated that the ∆fpSS term only accounted 

for a gain of about 1 ksi (7 MPa). In the numerical 

design example by Al-Omaishi, Tadros, and Se-

guirant, the calculated ∆fpSS loss was 1.21 ksi (8.34 

MPa). Consequently, consideration should be given 

to eliminating the ∆fpSS term in an effort to further 

simplify the prestress-loss calculations.
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less than corresponding values calculated using the 

provisions of articles 5.4.2.3.2 and 5.4.2.3.3.12 These 

two examples indicate that the current AASHTO 

LRFD specifications provisions will not always pro-

vide accurate estimates of time-dependent prestress 

losses. Although the current AASHTO LRFD speci-

fications provisions may provide a better prediction 

of prestress losses than the earlier methodologies, 

the level of effort now required for implementation 

of provisions for refined estimates of time-dependent 

losses is not warranted and should be clarified and 

simplified. In addition, it appears that more work 

is needed if the provisions of articles 5.4.2.3.2 and 

5.4.2.3.3 and the resulting calculated creep coef-

ficients and shrinkage deformations are to more 

closely model measured test values over a wider 

range of design and/or material conditions.

•	 According to Eq. (5.9.5.4.1-1), the ∆fpSS term used to 

define prestress gain resulting from shrinkage of the 

deck-slab concrete is subtracted from the shrinkage, 

creep, and steel relaxation loss terms. However, Eq. 

(5.9.5.4.3d-1) produces a negative ∆fpSS value. There-

fore, it appears that the sign preceding the ∆fpSS term 

in Eq. (5.9.5.4.1-1) is incorrect.

•	 The definition of the epc term presented in article 

5.9.5.4.3 should be eccentricity of strands with 

respect to centroid of gross composite section. The 

words “gross composite concrete section” should be 

used as they are in the subsequent definitions for the 

Ac and Ic terms. Also, the words “at service” should 

be inserted at the end of the definition of the Ac term 

to be consistent with the definition of Ic. Ac is the 

area of section calculated using the gross composite 

concrete section properties of the girder and the deck 

(including the haunch) and the deck-to-girder modu-

lar ratio at service, and Ic is the moment of inertia of 

section calculated using the gross composite concrete 

section properties of the girder and the deck (includ-

ing the haunch) and the deck-to-girder modular ratio 

at service.

•	 The equation for prestress loss due to creep of girder 

concrete between time of deck placement and final 

time ∆fpCD (Eq. [5.9.5.4.3b-1]) contains one error and 

one term that requires further clarification. The first 

Ψb term should be moved inside the square brackets 

to read as [Ψb(tf, ti) – Ψb(td, ti)], where Ψb(tf, ti) is the 

girder creep coefficient at final time due to load-

ing introduced at transfer, and Ψb(td, ti) is the girder 

creep coefficient at time of deck placement due to 

loading introduced at transfer. Clarification is needed 

regarding the second part of the equation incorporat-

ing the ∆fcd term. A definition has been provided for 

the ∆fcd term: change in concrete stress at centroid of 

prestressing strands due to long-term losses be-
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Notation

Ac =  area of section calculated using the gross com-

posite concrete section properties of the girder 

and the deck (including the haunch) and the 

deck-to-girder modular ratio at service

Ag = gross cross-sectional area of girder section

Aps = area of prestressing steel

epc =  eccentricity of strands with respect to centroid 

of gross composite section

epg =  eccentricity of strands with respect to centroid 

of gross girder section

Ec = modulus elasticity of girder concrete

Eci =  modulus elasticity of girder concrete at pre-

stress transfer

f 'c =  specified compressive strength of concrete used 

in design

fcgp =  concrete stress at center of gravity of prestress-

ing steel due to prestress force at transfer and 

self-weight of member at sections of maximum 

moment

f 'ci =  specified compressive strength of concrete at 

prestress transfer
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fpbt =  stress in prestressing steel immediately prior to 

transfer

fpu = specified tensile strength of prestressing steel

Ic =  moment of inertia of section calculated using 

the gross composite concrete section properties 

of the girder and the deck, including the haunch, 

and the deck-to-girder modular ratio at service

Ig = moment of inertia of girder cross section

wc = unit weight of concrete

∆fcd =  change in concrete stress at centroid of pre-

stressing strands due to long-term losses 

between transfer and deck placement, combined 

with deck weight (acting on noncomposite 

section) and superimposed loads (acting on 

composite section)

∆fpCD =  prestress loss due to creep of girder concrete 

between time of deck placement and final time

∆fpCR =  prestress loss due to creep of girder concrete 

between transfer and deck placement

∆fpES =  loss in prestressing steel stress due to elastic 

shortening

∆fpLT =  long-term prestress loss due to creep of con-

crete, shrinkage of concrete, and relaxation of 

steel

∆fpR1 =  prestress loss due to relaxation of prestressing 

strands between transfer and deck placement

∆fpR2 =  prestress loss due to relaxation of prestressing 

strands in composite section between time of 

deck placement and final time

∆fpSD =  prestress loss due to shrinkage of girder con-

crete between time of deck placement and final 

time

∆fpSR =  prestress loss due to shrinkage of girder con-

crete between transfer and deck placement

∆fpSS =  prestress loss due to shrinkage of deck compos-

ite section

Ψb(td, ti) =  girder creep coefficient at time of deck place-

ment due to loading introduced at transfer

Ψb(tf, ti) =  girder creep coefficient at final time due to load-

ing introduced at transfer



Winter  2011  | PCI Journal126

Appendix: Prestress loss calculations—design condition

Girder section properties

Ag = 1105 in.2 (712,902 mm2)

Ig = 935,586 in.4 (3.894202 × 1011 mm4)

ybg = vertical distance between bottom of girder section and centroid of gross girder section = 40.39 in. (1026 mm)

V/S = volume-to-surface ratio of girder or deck slab (including haunch) = 3.74 (includes top and bottom surfaces of girder)

Girder material properties

f 'c = 10,000 psi (69 MPa)

Ec = 6062 ksi (41,796 MPa)

f 'ci = 6670 psi (46 MPa)

Eci = 4951 ksi (34,136 MPa)

wg = unit weight of girder concrete = 155 lb/ft3 (2483 kg/m3)

Ep =  modulus elasticity of prestressing steel = 28,000 ksi (193,053 MPa)

fpu = 270 ksi (1862 MPa)

Girder prestress

Aps = 56 × 0.217 = 12.152 in.2 (7840 mm2)

yps =  vertical distance between bottom of girder section and centroid of prestressing steel = 7.46 in. (190 mm) (strand pat-

tern in Fig. 2)

epg = 40.39 – 7.46 = 32.93 in. (836 mm)

fpbt = 0.75fpu = 0.75 × 270 = 202.500 ksi (1396 MPa)

Girder self-weight moment Mg

Girder span at release = 130.8 ft (39.87 m)

Mg = 
/ .

8 1000

1105 144 155 130 8
2

= a a
a a a

k k
k k k

 = 2543.65 kip-ft (3449 kN-m)

Transformed girder section properties

Transformed strand area  = (12.152)[(28,000/6062) – 1] = 43.98 in.2 (1117 mm2)

ybtg =  vertical distance between bottom of girder section and centroid of transformed girder section = 44,959.04/1148.97 = 

39.13 in. (994 mm)
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eptg =  eccentricity of strands with respect to centroid of transformed girder section 

 = 39.13 – 7.46 = 31.67 in. (804 mm)

Deck-slab material properties

f 'c = 4200 psi (29 MPa)

Ecd =  modulus elasticity of deck-slab concrete = 3929 ksi (27,090 MPa)

wd =  unit weight of deck-slab concrete = 150 lb/ft3 (2403 kg/m3)

Composite section properties

Girder spacing = 12.583 ft (3.84 m)

Slab thickness = 8 in. (203 mm)

Haunch thickness = 2 in. (51 mm)

Modular ratio = 3929/6062 = 0.65

Transformed deck area = (0.65)(12.583)(8)(12) = 785.20 in.2 (506,580 mm2)

Transformed haunch area = (0.65)(60)(2) = 78.00 in.2 (50,322 mm2)

ybc =  vertical distance between bottom of composite section and centroid of gross composite section = 116,749.75/1968.20

 = 59.32 in. (1507 mm)

epc = 59.32 – 7.46 = 51.86 in. (1317 mm)

Table A1. Transformed girder section properties at service

Section Area, in.2 yb, in. Ayb, in.3 I, in.4 d, in. Ad 2, in.4 I + Ad 2, in.4

Girder 1105.00 40.39 44,630.95 935,586 –1.26 1754.30 937,340

Strand* 43.98 7.46 328.09 0 31.67 44,111.45 44,111

Σ 1148.97 n.a. 44,959.04 n.a. n.a. n.a. 981,451

*Strands are assumed to be grouped at one location and corresponding I is neglected

Note: A = cross-sectional area of component; d = vertical distance from centroid of component area to centroid of composite section; I = moment of 

inertia of component; n.a. = not applicable; yb = vertical distance between bottom of composite section and centroid of component; Σ.  

1 in. = 25.4 mm; 1 in.2 = 645 mm2; 1 in.3 = 16,387 mm3; 1 in.4 = 416,231 mm4.

Table A2. Gross composite section properties

Section Area, in.2 yb, in. Ayb, in.3 I, in.4 d, in. Ad 2, in.4 I + Ad 2, in.4

Girder 1105.00 40.39 44,630.95 935,586 18.93 395,971 1,331,557

Haunch 78.00 79.00 6162.00 26.00 19.68 30,210 30,236

Slab 785.18 84.00 65,955.12 4187.62 24.68 478,255 482,453

Σ 1968.20 n.a. 116,749.75 n.a. n.a. n.a. 1,844,236

Note: A = cross-sectional area of component; d = vertical distance from centroid of component area to centroid of composite section; I = moment of 

inertia of component; n.a. = not applicable; yb = vertical distance between bottom of composite section and centroid of component; Σ. 1  

in. = 25.4 mm; 1 in.2 = 645 mm2; 1 in.3 = 16,387 mm3; 1 in.4 = 416,231 mm4.



Winter  2011  | PCI Journal128

Deck-slab self-weight moment Md

Girder span at bridge = 129.8 ft (39.56 m)

Md = 

. / / .

8 1000

12 583 8 12 60 2 144 150 129 8
2

=

+

a a
a a a a a a

k k
k k k k k k; E* 4

= 2913.24 kip-ft (3950 kN-m)

Deck-slab section properties

Ad =  gross cross-sectional area of deck concrete (including haunch) = (12.583)(12)(8) + (60)(2) = 1328 in.2 (856,772 mm2)

V/S = 1328/[12.583(12) + 2(2) + (12.583(12) – 60)] = 5.40

ed =  eccentricity of strands with respect to centroid of transformed gross composite section = 78 + 2 + (8/2) – 59.32 = 24.68 

in. (627 mm)

Elastic shortening loss per article 5.9.5.2.3

Elastic shortening loss using Eq. (C5.9.5.2.3a-1)

∆fpES = 

A I e A
E

A I E

A f I e A e M A

ps g pg g

p

g g ci

ps pbt g pg g pg g g

2

2

=

+ +

+ -

a
a

k
k

∆fpES = 

. , 32.93
,

,

. . , . . ,

12 152 935 586 1105
28 000

1105 935 586 4951

12 152 202 5 935 586 32 93 1105 32 93 30 524 1105
2

2

=

+ +

+ -

a a a a a
a a a a a a a

k k k k k
k k k k k k k
;

;
E

E
= 19.835 ksi (137 MPa)

fpat = stress in prestressing steel immediately after transfer

 =  fpbt – ∆fpES = 202.500 – 19.835 = 182.665 ksi (1259 MPa)

Confirm ∆fpES loss using Eq. (5.9.5.2.3a-1)

,

, .
f girder

I

M e

935 586

30 524 32 93

cgp

g

g pg
= =a a ak k k

 = 1.074 ksi (7 MPa)

f prestress
A

f A

I

f A e
cgp

g

pat ps

g

pat ps pg

2

= =a k

 = 
. . .

,

. . . .

1105

202 5 19 835 12 152

935 586

202 5 19 835 12 152 32 93
2

=
-

+
-a a a a ak k k k k

 = 4.582 ksi (32 MPa)

fcgp = fcgp(prestress) – fcgp(girder) = 3.507 ksi (24 MPa)

∆fpES = 
,

.
E

E
f

4951

28 000
3 507

ci

p

cgp
= a k= 19.834 ksi (137 MPa) → Confirmed



129PCI Journal | Winter  2011

Approximate estimate of time-dependent losses  
per article 5.9.5.3

∆fpLT = . .
A

f A
f10 0 12 0

g

pbt ps

h st h st pR
c c c c D+ +

where

γh = correction factor for relative humidity of ambient air

 = 1.7 – 0.01H = 1.7 – (0.01)(75) = 0.95

H = average annual ambient relative humidity = 75%

γst = correction factor for specified concrete strength at time of prestress transfer

 =
.

.
f1

5

1 6 670

5
0 65

ci
+
=
+

=
l

∆fpR =  prestress loss due to relaxation of prestressing strands = 0 (typically 2.4 ksi for low-relaxation strand but taken as 

zero for comparison with measured losses)

∆fpLT = .
. .

10 0
1105

202 5 12 152a a ak k k> H (0.95)(0.65) + (12.0)(0.95)(0.65) + 0 = 21.161 ksi (146 MPa)

Refined estimate of time-dependent losses per article 5.9.5.4

∆fpLT = (∆fpSR + ∆fpCR  + ∆fpR1) + (∆fpSD  + ∆fpCD  + ∆fpR2 – ∆fpSS)

Shrinkage loss between transfer and deck placement per article 5.9.5.4.2a

∆fpSR = εbidEpKid

where

Kid =  transformed section coefficient that accounts for time-dependent interaction between concrete and bonded steel in sec-

tion being considered for time period between transfer and deck placement

εbid =  girder concrete shrinkage strain between transfer and deck placement

Kid = 

. ,
E A

E A

I

A e
t t1 1 1 0 7

1

ci g

p ps

g

g pg

b f i

2

W+ + +f f ap p k; E

where

Ψb(tf, ti) = . k k k k t1 9
.

s hc f td i

0 118-

ks  = factor for the effect of the volume-to-surface ratio
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 = 1.45 – 0.13(V/S) ≥ 1.0 → Defaults to 1.0 when V/S ≥ 3.5

khc = humidity factor for creep

 = 1.56 – 0.008H = 1.56 – 0.008(75) = 0.96

kf = factor for effect of concrete strength

 = 
.f1

5

1 6 670

5

ci
+
=
+

=
l

 = 0.65

ktd = time development factor

ktd(final) = 
. ,

,

f t

t

61 4 61 4 6 670 20 000

20 000

ci
- +

=

- +l

J

L

K
KK

f a
N

P

O
OO

p k  = 1.00 → 

Note: final time age assumed 

to be 20,000 days (~50 years).

t = age of concrete

ti = age of concrete at time of load application (release) = 1 day

Ψb(tf, ti) = (1.9)(1.0)(0.96)(0.65)(1.0)(1-0.118) = 1.19

Kid = 

, .

,

.
. .1

4951 1105

28 000 12 152
1

935 586

1105 32 93
1 0 7 1 19

1

2

+ + +a a
a a a a ak k

k k k k k
R

T

S
S
S
S

R

T

S
S
SS

;
V

X

W
W
W
W

V

X

W
W
WW

E
 = 0.79

khs = humidity factor for shrinkage = 2.00 – 0.014H = 2.00 – 0.014(75) = 0.95

ktd(deck) = 
.f t

t

61 4 61 4 6 670 185

185

ci
- +

=

- +l

J

L

K
KK

f a
N

P

O
OO

p k  = 0.84  → 

εbid = kskhskfktd(deck)(0.48 × 10-3) = (1.0)(0.95)(0.65)(0.84)(0.48 × 10-3) = 0.000249

∆fpSR = εbid EpKid = (0.000249)(28,000)(0.79) = 5.508 ksi (38 MPa)

Creep loss between transfer and deck placement per article 5.9.5.4.2b

∆fpCR = ,

E

E
f t t K

ci

p

cgp b d i id
W a k

Ψb(td, ti) = (1.9)(1.0)(0.96)(0.65)(0.84)(1-0.118) = 1.00

∆fpCR = 
,

4951

28 000f p(3.507)(1.00)(0.79) = 15.669 ksi (108 MPa)

Relaxation loss between transfer and deck placement per article 5.9.5.3.2c

∆fpR1  = 0 (typically 1.2 ksi for low-relaxation strand but taken as zero for comparison with measured losses)

Note: deck slab was added 

185 days after strand release.
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Shrinkage loss between deck placement and final time per article 5.9.5.4.3a

∆fpSD = εbdf EpKdf

where

Kdf =  transformed section coefficient that accounts for time-dependent interaction between concrete and bonded steel in 

section being considered for time period between deck placement and final time

 = 

. ,
E A

E A

I

A e
t t1 1 1 0 7

1

ci c

p ps

c

c pc

b f i

2

W+ + +f f ap p k; E

 = 

, .

, ,

51.86
0.7 .1

4951 1968

28 000 12 152
1

1 844 236

1968
1 1 19

1

2

+ + +a a
a a a a a ak k

k k k k k k
R

T

S
S
S
S

R

T

S
S
SS

;
V

X

W
W
W
W

V

X

W
W
WW

E
 = 0.80

εbdf =  girder concrete shrinkage strain between time of deck placement and final time = εbif  – εbid 

εbif =  girder concrete shrinkage strain between placement and final time

 = kskhskfktd(final)(0.48 × 10-3) = (1.0)(0.95)(0.65)(1.0)(0.48 × 10-3) = 0.000296

εbdf = 0.000296 – 0.000249 = 0.000047

∆fpSD = (0.000047)(28,000)(0.80) = 1.053 ksi (7 MPa)

Creep loss between deck placement and final time per article 5.9.5.4.3b

∆fpCD = ∆fpCD1 + ∆fpCD2

where

∆fpCD1 = prestress loss due to creep of girder concrete caused by initial loads (prestress + self-weight)

 = , ,
E

E
f t t t t K

ci

p

cgp b f i b d i df
W W-a ak k; E

 = 
,

4951

28 000f p(3.507)(1.19 – 1.00)(0.80) = 3.015 ksi (21 MPa)

∆fpCD2 =  prestress gain due to creep of girder concrete caused by forces induced after initial loading (deck slab weight + 

 additional dead load)

 = ,

E

E
f t t K

c

p

cd b f d df
D Wf ap k
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where

Ψb(tf, td) =  girder creep coefficient at final time due to loading introduced at deck placement; creep coefficient of deck con-

crete at final time due to loading introduced shortly after deck placement

∆fpcd = f f f
A

A

I

A e

I

M e

I

M e
1

pSR pCR pR

g

ps

g

g pg

tg

d ptg

tc

SIDL ptc

2

1
D D D- + + + - -a f f f fk p p p p

where

eptc =  eccentricity of strands with respect to centroid of transformed composite section

Itc =  moment of inertia of composite section calculated using transformed concrete section properties and the deck-to-

girder modular ratio at service

Itg =  moment of inertia of transformed girder section at service

MSIDL =  maximum positive moment due to superimposed dead load

For span 43 of the Rigolets Bridge, MSIDL is negligible and therefore was not considered in the previous calculation.

∆fcd = . . .

.

,

.

,

, 31.67
5 508 15 669 1 200

1105

12 152
1

935 586

1105 32 93

981 451

34 959
2

- + + + -a f a a a ak p k k k kR

T
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SS

R

T

S
S
SS

V

X

W
W
WW

V

X

W
W
WW

 = –1.689 ksi (–12 MPa)

∆fpR1 loss needs to be included in the ∆fcd equation even though it is not included in the summation of loss components.

Ψb(tf, td) = (1.9)(1.0)(0.96)(0.65)(1.0)(185-0.118) = 0.64

∆fpCD2 = 
,

6062

28 000f p(–1.689)(0.64)(0.80) = -3.994 ksi (-28 MPa)

∆fpCD = 3.015 + (–3.994) = -0.979 ksi (-7 MPa)

Relaxation loss between deck placement and final time per article 

5.9.5.4.3c

∆fpR2 = 0 (typically 1.2 ksi for low-relaxation strand but taken as zero for comparison with measured losses)

Shrinkage of deck concrete per article 5.9.5.4.3d

∆fpSS = . ,
E

E
f K t t1 0 7

c

p

cdf df b f d
D W+ a k; E

where

∆fcdf = change in concrete stress at centroid of prestressing strands due to shrinkage of deck concrete

 = 
. ,t t

A E

A I

e e

1 0 7

1

d f d

ddf d cd

c c

pc d
f

W+

-

a fk p; E
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where

εddf = deck slab concrete shrinkage strain between placement and final time

Ψd(tf, td) = deck creep coefficient at final time due to loading introduced at deck placement

 = . k k k k t1 9
.

s hc f td i

0 118-

ks  = 1.45 – 0.13(V/S) ≥ 1.0 → Defaults to 1.0 when V/S ≥ 3.5

khc = 1.56 – 0.008H = 1.56 – (0.008)(75) = 0.96

kf = 
. .f1

5

1 0 80

5

4 200ci
+
=

+l a ak k  = 1.15

ktd(final) = 
. ,

,

f t

t

61 4 61 4 4 200 20 000 185

20 000 185

ci
- +

=

- + -

-

l
f a a

ap k k
kR

T

S
S
S
S

V

X

W
W
W
W

= 1.00 → 

Note: final time age assumed to be 20,000 days 

(~50 years) minus 185 days (age of deck cast).

ti = 1 day

Ψd(tf, td) = (1.9)(1.0)(0.96)(1.15)(1.0)(1-0.118) = 2.09

εddf = k skhsk fk td(0.48 × 10-3) = (1.0)(0.95)(1.15)(1.0)(0.48 × 10-3) = 0.000524

∆fcdf = 

0.7 .

.

, ,

. .

1 2 09

0 000524 1328 3929

1968

1

1 844 247

51 86 24 68

+

-

a a
a a a a a

k k
k k k k kR

T

S
S
SS;

V

X

W
W
WWE  = -0.206 ksi (-1 MPa)

∆fpSS = 
,

6062

28 000
(-0.206)(0.80)[1 + 0.7(0.64)] = -1.102 ksi (-8 MPa)

Total time-dependent losses per Eq. 5.9.5.4.1-1

∆fpLT = (5.508 + 15.669 + 0) + [1.053 + (-0.979) + 0 + (-1.102)] = 20.149 ksi (139 MPa)
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Synopsis

One span of the Rigolets Pass Bridge containing four 

131-ft-long (40 m), high-strength concrete bulb-tee 

girders was instrumented and monitored to obtain 

measured strain and temperature data. During fabri-

cation of the four girders for span 43 of the Rigolets 

Pass Bridge, several vibrating-wire strain gauges were 

installed near the midspan. During construction of 

the high-performance concrete deck slab for span 43, 

additional instrumentation was installed to measure 

concrete strains and temperatures. Samples of the 

girder and deck slab concrete were obtained and used 

for material property studies.

Throughout the bridge construction process, instru-

mentation readings were taken and recorded at selected 

time- or event-based intervals. After completion of the 

Rigolets Pass Bridge construction, the instrumentation 

installed in the girders and deck slab of span 43 was 

connected to an automated, on-site data acquisition 

system with remote-access capabilities. The on-site 

data acquisition system was used to record concrete 

temperature and strain data at hourly intervals for a 

period of one year after completion of construction.

Measured girder prestress losses derived from con-

crete strains corrected for temperature and load effects 

were less than corresponding values calculated using 

AASHTO LRFD Bridge Design Specifications. Pre-

stress losses calculated using both the approximate and 

refined estimates of time-dependent losses were evalu-

ated relative to the measured losses.

Keywords

Bulb-tee girder, high-strength concrete, prestress loss, 

vibrating-wire strain gauge.
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