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Executive Summary

The use of high performance concretes to provide longer bridge spans has been limited due
to the capacity of existing infrastructure to handle the load of the girders during transportation.
The use of High Strength Lightweight Concrete (HSLW) can provide the same spans at a 20%
reduction in weight. This paper presents the findings from an ongoing performance evaluation
of HSLW concrete bridge girders used for the 1-85 Ramp “B” Bridge crossing SR-34 in Coweta
County, Georgia,. The girders are AASHTO BT-54 cross-sections with a 107 feet 11% inch
(32.9 m) length cast with a 10,000 psi (68.9 MPa) design strength HSLW mix and an actual
average unit weight of 120 Ib/ft® (1922 kg/m?). The prestressing losses measured experimentally
by embedded vibrating wire strain gauges have been compared to the AASHTO LRFD loss
equations, as well as the proposed methods by Tadros (2003) and Shams (2000). The
investigation also included camber measurements and the effect of temperature changes. A load
test was performed on the girders at 56-days of age and on the bridge after completion of
construction to determine a stiffness estimator for use with the girders and to determine their
performance as a completed system. The girders are the first use of HSLW girders in the state of

Georgia, and they have proven to perform well for use in highway bridges.
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1. Introduction

The purpose of this research was to characterize the performance of High Strength
Lightweight Concrete (HSLW) in precast, prestressed bridge girders and to evaluate their
performance in a highway bridge. The mechanical properties and long-term time-dependent
behavior of HSLW girders made using expanded slate lightweight aggregate were examined by
monitoring their internal strain and deflection performance from initial construction through one-

year of bridge operation.

1.1 Research Motivation

The development of high performance concretes (HPC) allowed for construction of
longer spans on bridge structures. However, the weight of the girders during transport began
limiting the constructible span lengths due to load capacities of existing infrastructure, as well as
the need for super-load permits. HSLW has been shown capable of providing the longer spans
associated with HPC, while decreasing the weight of the girders by up to 20% (Meyer and Kahn,
2002).

Buchberg (2002) developed HSLW mix designs capable of providing 8,000 psi (55.2
MPa), 10,000 psi (68.9 MPa), and 12,000 psi (82.7 MPa) ultimate strengths using expanded slate
lightweight coarse aggregate. Investigations into the mechanical properties of the mix designs
demonstrated that current code equations were unable to accurately predict the elastic modulus
(Meyer, 2002). Additionally, through full scale testing of AASHTO Type Il girders constructed
with 8,000 psi (55.2 MPa) and 10,000 psi (68.9 MPa) HSLW, it was concluded that the flexural
and shear behavior of the girders was satisfactory for safe implementation of HSLW into bridge

structures. Previous research by Lopez (2005) studied the long-term properties of HSLW and
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demonstrated that existing prestress loss estimation techniques overestimated the losses observed
and that HSLW experienced significantly less creep and shrinkage than typical structural
lightweight concretes (LWC). Research by Ozyildirim (2009) agreed with results found by
Lopez (2005), that HSLW has similar creep behavior to normal weight concrete (NWC), but a
reduced modulus of elasticity that must be properly estimated for design. For efficient use of
HSLW for bridge structures, the field behavior and performance must be evaluated and

compared with current design methods to determine their applicability.

1.2 Research Objectives
The primary goal of this research was to characterize the field performance of HSLW
precast, prestressed bridge girders. This was accomplished by completing six objectives that
encompassed both the short-term and long-term behavior of the girders and the composite bridge
structure:
1. Determine the mechanical properties of field cast HSLW and its maturation behavior and
determine most accurate estimation method of the elastic modulus
2. Characterize the time-dependent creep and shrinkage properties of HSLW
3. Quantify the loss of prestressing force and determine the most accurate method of
predicting the observed losses
4. Evaluate the performance of the composite bridge system under test loading and compare
with finite element analysis models (FEA)
5. Determine the effect of prestress losses and seasonal temperature variations on camber of

HSLW girders
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6. Provide design recommendations for future use of HSLW concrete for precast,

prestressed bridge girders

1.3 Research Bridge Description

The 1-85 Ramp “B” Bridge over SR-34, Bullsboro Drive, in Coweta County, Georgia was
selected by the Georgia Department of Transportation (GDOT) to be constructed using HSLW
girders for the center two spans. Figure 1-1 shows a plan view of the bridge girders, with Figure
1-2 presenting a magnified view of Span 2 which was instrumented as part of this study. Span 2
consists of five AASHTO BT-54 cross-section girders with a 107 feet 11% inch (32.9 m) length.
The bridge girders were placed with a 90 in. (228 cm) spacing and a skew angle of 50°-08'-08".
Figure 1-3 shows the typical cross-section of the girders and deck. The deck had a thickness of
7.75in. (19.7 cm) above the top of the 3 in. (7.6 cm) corrugated metal decking. Additionally, a
haunch existed between the bottom of the deck and the top of the beams. The height of the

haunch varied by girder, as well as along the length of each girder.
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Figure 1-3. Bridge cross section showing all 5 girders.

The girders were instrumented with vibrating wire strain gages (VWSG) at mid-span
which were placed prior to casting. Additionally, VWSG’s were placed in the deck at the top
and bottom mats of reinforcement at mid-span above each girder, and thermocouples (TC) were

placed near the surface of the deck and at the interface between the deck and girder above
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girder 3. Figure 1-4 shows a diagram of embedded vibrating wire strain gages (VWSG) at mid-

span of each beam.

_—I|:VWSG-D’Z)L $
— VWSG-D

VWSG-1‘+°\°° //,L VWSG-2 |

VWSG-3|+

VWSG-4 42002228258 VWSG-5

Figure 1-4: Instrumentation of girder and bridge deck

The girders were cast with a 10,000 psi (68.9MPa) design strength HSLW mix and a unit
weight of 120 Ib/ft® (1922 kg/m®). The HSLW mix design used is given in Table 1-1. This mix
design was based off of the 12,000 psi (82.7 MPa) mix developed by Buchberg (2002). The
deck was constructed using a Class AA, 3,500 psi (24.1 MPa) design strength normal weight

concrete. The deck concrete mix design is given in Table 1-2.
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Table 1-1: HSLW concrete mix design

Material Units Quantity
Type I1l cement Ib/yd®(kg/m®) 740 (439)
Type F fly ash Ib/yd*(kg/m®) 150 (89)
Silica fume Ib/yd®(kg/m®) 100 (59.3)
Normal weight fine aggregate Ib/yd®(kg/m®) 931.6 (552.7)
Expanded slate lightweight aggregate Ib/yd®(kg/m®) 980 (581.4)
Water gal (L) 32 (121.3)
Water reducer oz/yd® (L/m®) 29.7 (1.15)
Superplasticizer oz/yd® (L/m3) 59.4 (2.3)
Air entrainer oz/yd® (L/m®) 2 (0.08)
Set accelerator ozlyd® (L/m%) 148.5 (5.74)
Wet unit weight Ib/ft® (kg/m®) 121 (1,938)
Dry unit weight Ib/ft® (kg/m®) 118 (1,890)
Table 1-2: Class AA Deck Concrete Mix Design
Material Units Quantity
Type | cement Ib/yd®(kg/m®) 635 (376.7)
Normal weight fine aggregate Ib/yd®(kg/m®) 1,102 (653.9)
Normal weight coarse aggregate Ib/yd®(kg/m®) 1,872 (1,111)
Water gal (L) 33 (124.9)
Set Retarder ozlyd®(L/m®) 4.0 (0.155)

1.4 Report Organization

The properties of field cast HSLW are presented in Chapter 2. Chapter 3 presents the
material properties of the deck concrete. Chapter 4 discusses a comparison of observed bridge
behavior under a test loading with FEA models. Chapter 5 investigates the observed loss of
prestressing and compares it with current estimation methods. Chapter 6 examines camber
variations in the girders and compares with estimation techniques. Chapter 7 presents the

conclusions and recommendation drawn from this study.
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2. HSLW Material Property Characterization

The properties of prestressing plant-cast HSLW were determined by casting 6 in. x 12 in.
(15.2cmx 30.5cm) and 4 in. x 8 in. (10.1 cm x 20.2 cm) cylinder specimens from all batches
made in the production of the girders. Girders 1, 2, and 3 were cast on August 6™, 2008 and
girders 4 and 5 on August 8", 2008. The transfer of prestressing force occurred at 5 days of age
for girders 1, 2, and 3, and at 3 days of age for girders 4 and 5. There were approximately six 3
cubic yard (2.29 m3) batches per beam. The strength gain characteristics (Section 2.1), elastic
modulus (Section 2.2), coefficient of thermal expansion (Section 2.3), and creep and shrinkage

properties (Section 2.4) of HSLW were investigated.

2.1 Compressive Strength

The compressive strength of the cylinders was measured in accordance with ASTM C 39
(2005). The tests were conducted at various ages after casting. Three 4 in. x 8 in. (10.1 cm X
20.2 cm) cylinders were taken from every batch for compressive strength testing at 56 days. The
batches corresponding to mid-span in each beam were sampled extensively for testing at various
ages with three cylinders being used to determine the mean of each batch; over 240 cylinders
were tested. An ANOVA statistical analysis was run on the 56 day data, and it was shown that
all batches in each girder, as well as all of the girders, could be considered statistically equivalent
within a 95% confidence interval.

Table 2-1 shows the compressive strengths of each girder at various ages. Figure 2-1
shows the average strength gain curve for the girders along with +/- one standard deviation. All

girders met the required design strength by 56 days of age.
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Table 2-1: Compressive strength data

Compressive Strength, psi (MPa)
Girder Release 7 days 28 days 56 days 180 days
1 7,760 (53.5)[8,190 (56.5)| 9,300 (64.2)]|10,020 (69.1)[10,540 (72.6)
2 8,620 (59.4)[8,530 (58.8)| 9,690 (66.8)]|10,220 (70.5)[10,430 (71.9)
3 8,610 (59.3)(8,890 (61.3)| 9,800 (67.6)|10,170 (70.1)[11,470 (79.1)
4 7,180 (49.5)(7,170 (49.4)| 9,280 (64.0)|10,470 (72.2)[10,750 (74.1)
5 7,090 (48.9)(8,110 (55.9)(10,300 (71.0)|10,310 (71.1)[11,540 (79.6)
Average 7,850 (54.1) 18,180 (56.4)| 9,680 (66.7) (10,240 (70.6)]|10,950 (75.5)

The measured compressive strength of 10,240 psi (70.6 MPa) at 56 days is 11.3% lower

than the 11,550 psi (79.6 MPa) value measured by Meyer (2002) for the same mix design.

Meyer’s tests were conducted on both laboratory and plant-batched samples. It was concluded

that for the girders being constructed, the lightweight aggregate was not fully saturated which led

to a lower compressive strength.
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Figure 2-1: HSLW compressive strength gain curve, (1 psi = 6.89 kPa)
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2.2 Elastic Modulus

Although HSLW concrete is able to gain high strengths, the modulus of elasticity is
significantly lower than that of normal weight concretes which leads to a more flexible bridge
girder. The design of the bridge deck profile requires an accurate estimate of the girder stiffness.
The ability to predict the camber and deflections allows for a satisfactory road profile resulting in
a smooth ride. A key component to both camber and girder stiffness is the elastic modulus. The
elastic modulus of HSLW was determined using 6 in. x 12 in. (15.2 cm x 30.5 cm) cylinder tests,
load testing of the girders, and through measuring deflections during deck placement. The

experimental elastic modulus values were compared with estimation equations.

2.1.1 Cylinder Measurements

Samples for elastic modulus testing were cast from every batch of HSLW. At 56 days,
all batches had one modulus test performed, and at all other dates only one cylinder from the
batches corresponding to mid-span of each girder was tested and used for the mean modulus
calculation. Modulus of elasticity tests were conducted according to ASTM C 469 (2002). The
values were calculated using a chord modulus through 0.4£., where £, is the average compressive
strength of the concrete at time of testing. The average elastic modulus is given in Table 2-2 for

ages tested.
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Table 2-2: Cylinder elastic modulus data

Elastic Modulus, ksi (GPa)

Girder Strand Release 56 day 180days
1 3,660 (25.2) 3,850 (26.6) 3,760 (25.9)
2 3,720 (25.6) 3,700 (25.5) 3,820 (26.3)
3 3,680 (25.4) 3,500 (24.1) 3,890 (26.8)
4 3,380 (23.3) 3,790 (26.1) 3,330 (23.0)
5 3,220 (22.2) 3,790 (26.1) 3,890 (26.8)
Average 3,530 (24.3) 3,730 (25.7) 3,740 (25.8)

Std. Dev. 220 (1.52) 254 (1.75) 235 (1.62)

2.2.2 Elastic Modulus Estimation Methods

The modulus of elasticity is often unknown during the design process, therefore estimator
equations are used. Previous research suggested that the elastic modulus of lightweight
concretes is dependent on both the type of aggregate used and whether it was fully saturated
prior to batching (Lopez, 2005).

AASHTO LRFD (2007) uses Eq. 2-1 to calculate the modulus of elasticity in section
8.4.2.4 of the code. This equation is identical to the one used by ACI 318 (2008) for normal

strength concretes.

E, =w,°33,/f, (Eq. 2-1)
Where,

E. = Modulus of elasticity, psi

We = weight of concrete, Ib/ft®

fe’ = compressive strength of concrete, psi
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ACI 363 (1997) suggests the use of Eq. 2-2 when prediction modulus of elasticity for

high strength concrete.

15
E. = (40000,/F, +1.0x10611";’—%j (Eq. 2-2)

Meyer (2002) developed a new equation specifically for High Strength Lightweight

concrete, shown in Eq. 2-3.

WC

E, = 44,000, f, Eg. 2-3
¢ © 145 (Eq. 2-3)

Cook and Meyer (2006) developed Eq. 2-4 for concrete using lightweight aggregates.
The equation is based off of several mix designs utilizing various types of lightweight
aggregates.
E. = w2087 024 (Eq. 2-4)
The National Cooperative Highway Research Program (2007) utilizes Eq. 2-5, which was

developed by Rizkalla, to estimate the elastic modulus of high performance concrete.

E. = 310,000K,w2>£.%* (Eq. 2-5)
Where,
E. = Modulus of elasticity, ksi
W = weight of concrete, kip/ft®
fe’ = compressive strength of concrete, ksi
K1 = Correction factor for aggregate source, taken as 1.0 unless tested

2.2.3 Field Load Testing of Girders

A load test was performed at 56 days of age on each bridge girders to determine their

stiffness for profiling of the bridge deck. The tests were performed by loading each girder at
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mid-span with a concrete block weighing 17.9 kip (8,120 kg) applied at the harp point on the
bottom of the beam. Deflection was measured using a taut wire system. Figure 2-2 shows the

load test set-up at the precast plant.

Figure 2-2: Load test set-up

Table 2-3 presents the measured deflections, except for girder 5 which was recorded

incorrectly. An average deflection of 0.64 in (1.63 cm) was observed during the tests.

Table 2-3: Load test deflections
Girder 1 2 3 4

D;;“‘Eg;'q‘;” 0.69 (L75)|0.65 (165)| 0.63 (159) 061 (1.55)

The stiffness, El, of each girder was computed using Equation 2-6 with the measured

deflections, loading, and boundary conditions. Table 2-4 presents the measured stiffness values,
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which were, on average, 21% larger than predicted using the measured elastic modulus from

cylinder data and standard gross cross-section of a BT-54 girder.

P+L3

= teebl (Eq. 2-6)
Where,
A = Deflection, in.
P = Applied load at mid-span, kips
L = Span Length, in.
E. = Elastic modulus of concrete, ksi
I = Moment of inertia, in.*
Table 2-4: Experimental and theoretical stiffness of girders
Girder Measured El, kip ft° Theoretical El, kip ft* El Measured
(kN m?) (KN m?) El Theory
1 7.883 x 10° (3.255 x 10°%) 6.942 x 10° (2.867 x 10°) 1.14
2 8.258 x 10° (3.410 x 10°) 6.942 x 10° (2.867 x 10°) 1.19
3 8.671 x 10° (3.581 x 10°) 6.942 x 10° (2.867 x 10°) 1.25
4 8.899 x 10° (3.675 x 10°) 6.942 x 10° (2.867 x 10°) 1.28
Average | 8.428 x 10°(3.481 x 10°) 6.942 x 10° (2.867 x 10°) 1.21

The actual cross-section dimensions of each girder were measured; the calculated

moment of inertia was 5.3% larger than the standard tabulated value. The values for the

measured gross moment of inertia and transformed section, including steel reinforcement,

moment of inertia are given in Table 2-5.
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Table 2-5: Measured gross and transformed moments of inertia of girders

Measured I, in* (cm®) Transfor_mfd M4easured | Measured

Girder ’ I, in®(cm”) | Standard
1 281,001 (11.696 x 10°) 287,821 (11.980 x 10°) 1.048
2 280,597 (11.679 x 10°) 287,719 (11.976 x 10° 1.047
3 283,731 (11.810 x 10°) 291,046 (12.114 x 10° 1.058
4 282,799 (11.771 x 10°) 291,208 (12.121 x 10°) 1.055
5 283,444 (11.798 x 10°) 291,439 (12.131 x 10°) 1.057
Average 282,314 (11.7501 x 10°) 289,858 (12.065 x 10°) 1.053

Utilizing Eq. 2-6 with the measured transformed moment of inertia the mean elastic
modulus of the beams was computed. The apparent elastic modulus in the girders was
determined to be 4,190 ksi (28.9 GPa), which is 12.5% larger than the elastic modulus
determined by testing of cylinders per ASTM C 469 (2002) at the same age. Table 2-6 shows

the apparent elastic modulus of each beam.

Table 2-6: Elastic modulus of girders during load test

Measured E,
Girder ksi (GPa)

1 3,940 (27.2)
2 4,130 (28.5)
3 4,290 (29.6)
4 4,400 (30.3)
Average | 4,190 (28.9)

2.2.4 Deck Pour Deflections

The deflections of the bridge girders due to loading during the deck pour were monitored
using a surveying total station, which had a maximum accuracy of 0.03 in. (0.8 mm). The elastic
modulus of each beam was determined by using the measured deflection with the measured
cross-section properties (Table 2-5) and estimated loading. Table 2-7 shows a comparison of the

expected and measured deflections, as well as the elastic modulus determined from the girder
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deflections. The average elastic modulus is within 2.7% of that observed during the load testing
of the girders. The actual elastic modulus may be higher than the measured value from the deck
pour due to assumptions that were made for the as-constructed deck thickness and height of the

haunch between the deck and top of the beam. The deck thickness from construction documents

and average haunch height measured at mid-span were used for the theoretical estimate.

Table 2-7: Deflections and experimental modulus from deck casting

Deflection, in. (cm) Elastic Modulus,
Girder Theoretical Measured ksi (GPa)
1 1.79 (4.55) 1.88 (4.78) 3980 (26.8)
2 2.09 (5.31) 2.16 (5.49) 4070 (28.0)
3 2.09 (5.31) 2.09 (5.31) 4180 (28.8)
4 2.09 (5.31) 2.11 (5.36) 4140 (28.5)
5 1.79 (4.55) 1.86 (4.72) 4030 (27.8)
Average N/A N/A 4080 (28.1)

2.2.5 Elastic Modulus Summary

Figure 2-3 shows the modulus of elasticity data from experimental measurements and the
estimator equations presented, along with a trend-line from the cylinder data. The cylinder-
measured modulus provided a lower modulus than what was observed in the beams. The
cylinder measured data shows a wide scatter of values for similar strengths, as well as a lower
dependency with respect to compressive strength than the estimator equations predict. The
predictor equations developed by Meyer, ACI 363, and Cook and Meyer best match the
experimental data.

The Meyer (2002) estimator equation best agreed with the measured elastic modulus of
the girders as shown in Figure 2-3. The Meyer equation provided an estimate of within 3%,
which was to be expected since the equation was developed for HSLW using expanded slate

lightweight aggregate. All predictor equations developed for HPC or LWC besides the Meyer
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equation under-predicted the modulus. The AASHTO equation overestimated the modulus by

over 6%. In conclusion, the Meyer equation should be utilized for estimating the elastic modulus

of HSLW during the design process.

5000
/ AASHTO

4500 Meyer
E
7_3’4000 | ACI 363
_g e — _Eﬁ:)_e'rin;eﬂtal_ge;ta Trendline
§ R * o Cook & Meyer
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3 ¢ .
L L

3000

2500

8000 8500 9000 9500 10000 10500 11000 11500 12000 12500
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o ASTM C 469 ®  Plant Load Test ® Deck Pour

Figure 2-3: HSLW cylinder data comparison with estimator equations, (1 psi = 6.89 kPa)
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Figure 2-4: Elastic modulus comparison for HSLW with prediction methods (1ksi = 6.89MPa)

2.3 Coefficient of Thermal Expansion

Coefficient of thermal expansion tests were conducted in accordance with CRD-C 39
(1981). Tests were performed at 100% humidity in a Thermotron SE-1200. One cylinder from
the batch corresponding to mid-span from each girder was tested at each age. Table 2-8 shows
the results for the ages tested. These values were used in the determination of behavior of the
bridge structure due to thermal effects. The measured values are lower than typical NWC, which
is expected when using a light-weight coarse aggregate (Neville, 1997). These values were used
for correcting the raw data from the VWSG’s for determination of internal strains throughout the

project.
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Table 2-8: Coefficient of thermal expansion of HSLW
Coefficient of Thermal Expansion, pe/’F (ue/°C)
Batch 14 day 56 day 180 day

1-3 4.57 (8.23) 3.96 (7.14) 3.43 (6.18)
2-3 4.82 (8.68) 3.67 (6.61) 3.74 (6.73)
3-3 3.94 (7.09) 3.64 (6.55) 3.43 (6.18)
4-4 4.14 (7.45) 3.18 (5.73) 3.54 (6.36)
5-3 4.65 (8.36) 4.04 (7.27) 3.13 (5.64)

Average | 4.42 (7.96) 3.70 (6.66) 3.45 (6.22)

2.4 Creep and Shrinkage

The creep and shrinkage characteristic of HSLW were evaluated in accordance with
ASTM C 512 (2002). 6 in.x 12 in. (15.2 cm x 30.5 cm) cylinders were cast from the batch
corresponding to mid-span of each beam. The study was conducted in a controlled 73° F (22.8°
C) and 50% relative humidity environment after moist curing. Measurements of creep and
shrinkage were started at 5 and 3 days of age for girders 1 through 3, and for 4 and 5,
respectively, which coincided with release of prestressing into the girders.

The creep studies were performed at 40% of ultimate strength of the concrete at time of
loading. Readings for creep and shrinkage were taken using a DEMEC gage with an accuracy of
10 in (2.54 x 10 mm) over a 10 in (25.4 cm). gage length. Only 1 cylinder from each batch
was loaded, for a total of 5 cylinders. Shrinkage was measured on at least one companion
specimen from each batch. Figure 2-5 shows a loaded creep frame and DEMEC gage used for
measuring length changes. Measurements were performed on 4 sides of the cylinders and the

observed values were averaged.
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Figure 2-5: Creep frame

Figure 2-6 shows the average shrinkage from all batches of HSLW with drying starting at
the same time as loading of creep cylinders and the measured values on the same mix design
when measurements were started at 24 hours of age (Lopez, 2005). The observed value of 181
pe at 750 days of age is significantly smaller than the predicted values of 405 pe and 603 pe
predicted from the AASHTO LRFD (2007) and ACI 209 (1992) prediction methods,

respectively. The values reported by Lopez (2005) are higher than the measured values due to
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their decreased maturity at the start of testing. Approximately 90% of the observed shrinkage

losses occurred by 110 days of age.
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Figure 2-6: Average shrinkage of HSLW

Figure 2-7 presents the results of the creep study in the format of specific creep, which is
the ratio of the creep component of measured strain to the applied stress. At 750 days, HSLW
exhibited a specific creep of 0.497ue /psi (72.08us /MPa) . This is higher than the observed
behavior on the same mix design under lab cast conditions by Lopez (2005), which is also shown
in Figure 2-7. The difference in the creep coefficient is likely due to inadequate soaking of the

lightweight aggregate prior to casting.
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Figure 2-7: Specific creep of HSLW

Another measure of creep behavior is the creep coefficient, which is the ratio of the creep
component of strain to the instantaneous elastic component. The creep coefficient is used in
predicting prestress losses, as discussed in Chapter 5. The measured creep coefficient value of
0.78 at 750 days is 34% lower than the 1.18 predicted by AASHTO LRFD (2007). Both the
shrinkage and creep data show that after approximately 200 days of age, no significant increases

in strain occurred with HSLW.

2-15



3. Deck Concrete Mechanical Properties

The properties of the deck concrete were evaluated from all batches placed over the
observed span on the bridge. Specimens were cast at the bridge site on October 6™, 2009. The
compressive strength (Section 3.1), elastic modulus (Section 3.2), coefficient of thermal

expansion (Section 3.3), and shrinkage characteristics (Section 3.4) were investigated.

3.1 Compressive Strength

The compressive strength of the cylinders was measured in accordance with ASTM C 39
(2005). The tests were conducted at various ages after casting. Three 4 in. x 8 in. (10.1 cm X
20.2 cm) compressive strength cylinders were taken from every batch, 19 batches total, for
testing at 56 days. The batches corresponding to approximately quarter-span (S1), mid-span
(S2), and three-quarter-span (S3) in the bridge were sampled extensively for testing at various
ages with three cylinders being used to determine the mean of each batch.

An ANOVA statistical analysis was run on the 56 day data, and it was shown that
statistically the batches could not be considered equivalent. The wide variation in strengths may
be due to the addition of water to the batch on site. All batches met the required strength
requirement at 28 days of age. Table 3-1 shows the average compressive strength of the batches
at various ages, and Table 3-2 shows the compressive strength of all 19 batches at the time when

the bridge load test was performed (96 days of age).
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Table 3-1: Compressive strength of deck concrete at various ages

Compressive Strength, psi (MPa)

Batch 7 days 28 days 56 days Brldgzla(;?/g)Test
S1 4350 (30.0) | 4,830 (33.3) 5560  (38.4) 6,120 (42.2)
S2 5310 (36.6) | 6140 (42.4) 6,580  (45.3) 6,850 (47.2)
S3 3570  (24.6) | 4,140 (28)5) | 4,740 (32.7) 5,190 (35.8)

Average | 4,410  (30.4) | 5040 (34.7) 5630 (38.8) 6,050 (41.7)

Table 3-2: Compressive strength of deck concrete at time of bridge load test (96 days)

Strength,

Batch psi (MgPa)
1 6,280 (43.3)

2 5,980 (41.2)
3 7,440 (51.3)
4 5,610 (38.7)
5(S1) |6,120 (42.2)
6 5,510 (38.0)
7 6,810 (47.0)
8 7,100 (49.0)
9 6,210 (42.8)
10 (S2) | 6,850 (47.2)
11 5,980 (41.2)
12 6,960 (48.0)
13 7,400 (51.0)
14 | 6,740 (46.4)
15 (S3) | 5,190 (35.8)
16 6,240 (43.0)
17 7,340 (50.6)
18 6,730 (46.4)
19 6,860 (47.3)
Average | 6,490 (44.8)
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3.2 Elastic Modulus

Samples for elastic modulus testing were cast from every batch. Tests were performed
on 6in. x 12 in. (15.2 cm x 30.5 cm) cylinders, with one cylinder per batch tested used. At the
time of load testing the composite bridge structure, all batches had a modulus test performed, and
at all other dates only the batches S1, S2, and S3 were tested and used for the mean modulus
calculation. Modulus of elasticity tests were conducted according to ASTM C 469 (2002). The
average elastic modulus is given in Table 3-3 for various ages based on batches S1, S2, and S3.
Table 3-4 presents the measured modulus and Poisson’s ratio of every batch at the time of the

composite bridge structure load test. The observed Poisson’s ratio of 0.19 is in the range of

normal values for concrete (Neville, 1997).

Table 3-3: Elastic modulus of deck concrete at various ages
Elastic Modulus, ksi (GPa)

Batch 7 days 28 days 56 days | Bridge Load Test
S1 3,140 (21.7) | 3,520 (24.3) | 3,840 (26.5) 3,910 (26.9)
S2 3,510 (24.2) | 3,670 (25.3) | 4,020 (27.7) 4,000 (27.6)
S3 3,120 (21.5) | 3,330 (23.0) | 3,580 (24.7) 3,620 (25.0)

Average | 3,260 (22.5) | 3,510 (24.2) | 3,810 (26.3) 3,840 (26.5)
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Table 3-4: Elastic modulus of deck concrete at time of bridge load test

Batch | Elastic Modulus, ksi (GPa) | Poisson’s Ratio

1 4,080 (28.1) 0.171

2 4,270 (29.4) 0.195

3 4,590 (31.6) 0.216

4 3,250 (22.4) 0.138
5(S1) 3,910 (26.9) 0.187
6 3,730 (25.7) 0.171

7 3,580 (24.7) 0.178

8 4,040 (27.9) 0.191

9 3,620 (24.9) 0.165
10 (S2) 4,000 (27.6) 0.166
11 4,630 (31.9) 0.227
12 4,120 (28.4) 0.191
13 4,070 (28.1) 0.184
14 4,300 (29.7) 0.216
15 (S3) 3,620 (25.0) 0.198
16 3,960 (27.3) 0.207
17 4,210 (29.0) 0.210
18 4,160 (28.7) 0.185
19 3,790 (26.1) 0.184
Average 4,000 (27.6) 0.188

3.3 Coefficient of Thermal Expansion

Coefficient of thermal expansion tests were conducted in accordance with CRD-C 39
(1981). Tests were performed at 100% humidity in a Thermotron SE-1200. One 6 in. x 12 in.
(15.2 cm x 30.5 cm) cylinder from batches S1, S2, and S3 was tested at each age. Table 3-5
shows the results of the ages tested. These values were used to correct data from the VWSG’s
for thermal variations between readings. The measured values at 56 days of age were 28% larger

than the measured values for HSLW at the same age.
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Table 3-5: Coefficient of thermal expansion of deck concrete
Coefficient of Thermal Expansion,
pe/’F (ne/°C)

Batch 28 day 56 day
S1 478 (8.61) | 455 (8.18)
S2 500 (9.00) | 495 (8.91)
S3 495 (891) | 478  (8.61)
Average | 4.91 (8.84) 4.76 (8.57)

3.4 Shrinkage

The shrinkage of the deck concrete was measured on samples cast from batches
corresponding to quarter-span (S1), mid-span (S2), and three quarter-span (S3). A set of
measurements were made on prism samples using ASTM C 157 (2006), as well as on slab

specimens designed to be representative of a deck cross-section and environmental restraints.

3.4.1 Prism Shrinkage

Prism shrinkage tests were performed in accordance with ASTM C 157 (2006) on 3 in. X
3in.x11.251in. (7.6 cm x 7.6 cm x 28.6 cm) samples with a 10 in. gage length. Three samples
were made from each batch, fog-room cured for 28 days, then monitored for changes in length
due to shrinkage at 73°F and 50% relative humidity. Figure 3-1 shows the results of the
monitored batches. Additionally, the prediction methods of ACI 209 (1992) and AASHTO

LRFD (2007) are plotted.
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Figure 3-1: Shrinkage strains from sampled concrete batches under standard curing

Large variations in shrinkage strains occurred between batches. The ACI 209 (1992)
prediction method best fits the shrinkage behavior at early ages; however, over-estimates the
average shrinkage strain at 394 days. The AASHTO (2007) prediction method predicted the
average shrinkage strain at 394 days to within 1%.

Additional prism specimens, 3in. x 3in. x 11.25in. (7.6 cm x 7.6 cm X 28.6 cm), were
cast from batch S2 (mid-span) to determine the influence of curing on the observed shrinkage
behavior. The second set of specimens was moist cured for 13 days, to match the curing
performed in the bridge deck. Figure 3-2 shows the effect of 13 days of moist curing versus 28

days, as required by ASTM C 157 (2006).
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Figure 3-2: Shrinkage strains of field cured and standard cured samples

The field cured specimens showed an increased shrinkage strain of 206 pe at 394 days of
age. The ACI 209 (1992) method predicts an increase of 50 pe due to the change in curing, and
AASHTO LRFD (2007) does not explicitly incorporate the age at exposure into its calculations

of predicted shrinkage strain.

3.4.2 Slab Shrinkage

A set of special prism specimens was cast from batch S2 (mid-span) to capture the
differential shrinkage that occurs in the deck due to only one free surface for loss of moisture.
These slab specimens cast were 8 in. x 8 in. x 16 in. (20.3 cm x 20.3 cm x 40.6 cm). Figure 3-3
shows the slab specimens and the gage points along the depth. Gage points were placed at 2 in.
(5.08 cm) intervals along the depth of the three blocks on both sides. The sides and bottom of
the slab specimens were sealed after 28 days of moist curing to prevent moisture loss from all

surfaces except the top, which is the environmental condition that bridge decks are exposed to.
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Figure 3-3: Slab shrinkage specimen and gage point locations

Figure 3-4 presents the average shrinkage for the different depths into each slab
specimen. The results showed a decrease in shrinkage with increasing depth into the block.
After 120 days, over 95% of the observed shrinkage had occurred, regardless of depth into

section. The magnitude of shrinkage strain at the top is consistent with values measured for

unrestrained shrinkage specimens (Section 3.4.1).
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Figure 3-4: Shrinkage strains at depths into slab specimens

3-8



The pattern of decreasing shrinkage with depth causes an induced curvature in the slab
specimens. The calculated curvatures from the shrinkage data are shown in Figure 3-5. The

measured curvatures from the slab specimens were used in a finite element model of the bridge

to predict long-term camber changes.
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Figure 3-5: Curvature of slab specimens due to shrinkage (1 in. = 2.54 cm)
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4. Load Test of Bridge Structure

A load test of the completed bridge structure was performed on January 14™, 2009. The
objective of the load test was to characterize the composite behavior of the bridge system and to
compare the observed behavior with simple and complex analyses. Mid-span deflections and
internal strains of the girders and deck were measured, and each was compared with a finite

element results.

4.1 Load Test Description

The bridge load test was performed by placing two fully loaded dump trucks at various
positions along the bridge and monitoring the girder mid-span deflections and internal strains
given by the VWSG’s. The wheel loads and their positions are given in Figure 4-1. The weight

of each wheel was measured using portable scales from the Hogansville GDOT Weight Station.
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Figure 4-1: Load and arrangements of the truck wheels (1Ib = 0.454kg)
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Figures 4-2, 4-3, and 4-4 show the three loading positions utilized, which correspond to

approximately the rear axle being centered over quarter-span (LT1), mid-span (LT2), and three

quarter-span (LT3) of the bridge.
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Figure 4-2: Truck positions during LT1 (1 in. = 2.54 cm)
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Figure 4-3: Truck positions during LT2 (1 in. = 2.54 cm)
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Figure 4-4: Truck positions during LT3 (Lin. = 2.54 cm)

4.2 Finite Element Model Description

The numerical, finite element analysis was performed using ABAQUS. The geometries
and dimensions of the bridge model used are illustrated in Figure 4-5. The model of the BT-54
girders accounted for a 0.5-inch depth added to the bottom flange of each girder, which resulted
in a total depth of 54.5 inches (138.43cm) as shown in Figure 4-5 (¢). The increased depth of the
bottom flange was used to match the as built dimensions of the girders. In addition, the depth of
the haunch between the top of the girder and the bottom of the deck along the length of the girder
was determined to be an average of 2.75 in. (7.0 cm), which includes the height of the
constructed haunch and half of the height of the fluted metal decking used to form the deck.
This dimension actually varied by girder and along the length of the bridge. The thickness of the
deck modeled includes the 7.75 in. (19.7 cm) constructed deck and half of the fluted metal

decking height.
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Figure 4-5: (a) Isometric, (b) plan, and (c) cross-sectional views of FEM (1 in. =2.54 cm)

4.2.1 Mesh Description

Three-dimensional (3D) solid elements were used to model the bridge girders and the
skewed bridge deck. Figure 4-6 shows the 3D finite element model of the bridge girders and
deck. The five AASHTO BT-54 girders, 106 feet and 8-7/8 inches (32.53m) long between the

centers of the bearing supports, were modeled with 3D 8-node linear elements, C3D8. The
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bridge deck was idealized using 3D 6-node linear triangular prism and 8-node linear brick
elements, C3D6 and C3D8, respectively. The element size was approximately 2 inches, which
resulted in a total of 1,077,452 elements and 1,303,845 nodes. The contribution of prestressed
bars and steel reinforcements to the behavior of the bridge were assumed to be negligible, since
the loading did not induce cracking of the structure. Intermediate diaphragms constructed
between the girders at approximately mid-span were not included in this model. A 3D finite
element analysis modeling the intermediate diaphragms with axial rigid elements showed no
influence on the vertical deformations of the bridge.

The concrete material properties used in this analysis were assumed to be linear elastic.
Based on the concrete compressive strength obtained from cylinder tests (Chapters 2, 3), the
modulus of elasticity of the concrete used in the bridge deck and girder was calculated to be

3,995ksi (27.5GPa) and 4,096 ksi (28.2GPa), respectively, at the time of load testing.

Figure 4-6: Finite element mesh of the bridge structure



4.2.2 Support Boundary Conditions

The prestressed concrete BT-54 girders were supported by elastomeric bearing pads. In
the middle of the pads, the elastomeric bearing pads have a dowel bar that provides lateral
resistance to the girder. At the opposite end of the girder, the beam is slotted for free
longitudinal movement of the girder.

The bearing pad support conditions provided under each girder were simulated by
vertical restraints over the area of the bearing pads at both ends. The lateral and longitudinal
restraints provided by the dowel bars, located in the middle of the bearing pads at the both ends,
were defined as shown in Figure 4-7. The arrows shown in Figure 4-7 represent the restrained
directions due to the bearing pads and the dowel bars. As shown in Figure 4-7 (b), the slotted

hole at the opposite end of the girder provides only lateral restraints to the girder.
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Figure 4-7: Support boundary conditions
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4.3 Comparison of Results

4.3.1 Mid-Span Deflections

Table 4-1 summarizes the predicted and measured deflections at mid-span of each girder.
The contour plots of the vertical deformation obtained from the finite element analysis for the
three truck load tests are shown in Figures 4-8, 4-9, and 4-10. The vertical deformations obtained
from the finite element analysis ranged from 0.16 t0 0.19 in. (0.41t0 0.48 cm) in LT1, 0.21 to
0.26 in. (0.53t0 0.66 cm) in LT 2, and 0.12 t0 0.16 in. (0.30 to 0.41 cm) in LT 3. The measured
deflections were performed using a total station, and have a maximum accuracy of 0.03 in. (0.8
mm).

The measured deformations differed from the predicted values by a maximum of 0.09 in.
(0.23 cm), 0.07 in. (0.18 cm), and 0.04 in. (0.10 cm) in LT 1, 2, and 3, respectively. The
predicted deflections were consistently larger, with the exception of G1 and G2 in LT3. The
difference in observed stiffnesses between the FEA and experimental results may be due to
variances in the as-constructed dimensions of the deck, as well as variances in the haunch height
between the top of the girder and the bottom of the deck. Additionally, variances in the elastic

modulus of the deck concrete in different batches could slightly alter the results.

Table 4-1: Vertical deformations at mid-span of the bridge girders

Deflections, in. (cm)

) LT1 LT2
Girder LT3

FEA Exp FEA Exp FEA Exp

Gl |0.16 (0.40)|0.11 (0.29)|0.21 (0.54)]0.16 (0.41)]0.12 (0.31)|0.13 (0.33)

G2 |07 (0.42)|0.12 (0.29)|0.23 (0.58)|0.19 (0.47) | 0.13 (0.34) | 0.14 (0.36)

G3 |0.17 (0.44)| 0.08 (0.20)|0.24 (0.60) | 0.19 (0.47) | 0.14 (0.36) | 0.13 (0.32)

G4 |0.18 (0.46) | 0.14 (0.36) |0.25 (0.63)]0.21 (0.52) | 0.15 (0.37) | 0.11 (0.27)

G5 |0.19 (0.47)|0.12 (0.30)|0.26 (0.66)]0.19 (0.48) | 0.16 (0.40) | 0.14 (0.36)
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Figure 4-8: Vertical deformation contour from LT1 (1 in. = 2.54 cm)
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Figure 4-9: Vertical deformation contour from LT2 (1 in. = 2.54 cm)
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Figure 4-10: Vertical deformation contour from LT3 (1 in. = 2.54 cm)
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4.3.2 Mid-Span Strain Profiles

The strain profiles were measured experimentally at mid-span using the imbedded
VWSG’s and compared with the predicted strains from the FEM. The strain profiles for each
girder for all load cases are shown in Figures 4-11 through 4-15, where the experimental data are
shown in a dashed blue line and the predicted in a solid red line. The strain values from the

experimental and FEM analysis for LT1, 2, and 3 are given in Appendix A.
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Figure 4-11: Strain profiles of girder 1 due to (a) LT1, (b) LT2, and (c) LT3 (1 in. = 2.54 cm)
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Figure 4-12: Strain profiles of girder 2 due to (a) LT1, (b) LT2, and (c) LT3 (1 in. = 2.54 cm)
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Figure 4-13: Strain profiles of girder 3 due to (a) LT1, (b) LT2, and (c) LT3 (1 in. = 2.54 cm)
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Figure 4-14: Strain profiles of girder 4 due to (a) LT1, (b) LT2, and (c) LT3 (1 in. = 2.54 cm)
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Figure 4-15: Strain profiles of girder 5 due to (a) LT1, (b) LT2, and (c) LT3 (1 in. = 2.54 cm)
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The strain profiles exhibit the same trend of the deflection data: the as-built structure was
stiffer than the FEM. Additionally, the neutral axis in the experimental data occurs higher in the
section than the predicted, which suggests that the additional stiffness is occurring due to
variations in the deck properties.

The curvatures, slope of the strain diagram, for each girder were calculated from the
experimental and FEM results, and they are given in Table 4-2. The deflections were estimated
from the curvatures by using an approximate moment diagram for a beam with the truck loads
and scaling the mid-span curvature to the measured curvature from Table 4-2. Then, the
deflection was calculated using direct integration of the curvature diagram and boundary
conditions present at the bridge site. Table 4-3 presents the calculated deflections from the
curvatures. Table 4-4 shows the calculated deflections from the curvatures and the
experimentally measured deflections, which had a maximum difference of 0.05 in. (0.14 cm).
The maximum calculated difference between FEA and experimental deflections from curvature
was 0.11 in. (0.28 cm), which is larger than the 0.09 in. (0.23 cm) difference observed in the

FEA predicted versus measured deflection (Table 4-1).

Table 4-2: Calculated curvatures during load tests

Curvatures, 1/in. x10° (1/cm x10°)

LT1 LT2 LT3

Girder e Exp FEA Exp FEA EXp

GL |095 (0.37)]0.67 (0.26) | 1.36 (0.54) | 1.03 (0.41)|0.66 (0.26) | 0.47 (0.19)

G2 |091 (0.36)|050 (0.20) | 1.55 (0.61) |0.97 (0.38)]0.68 (0.27) | 0.35 (0.14)

G3 |0.99 (0.39) | 056 (0.22)]1.49 (0.59) | 0.87 (0.34)]0.78 (0.31)]0.41 (0.16)

G4 |1.05 (0.41)]059 (0.23)]1.66 (0.65)|1.02 (0.40)|0.78 (0.31)|0.43 (0.17)

G5 |1.03 (0.40)|0.71 (0.28) | 1.69 (0.67) |1.29 (0.51) | 0.84 (0.33) | 0.60 (0.24)
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Table 4-3: Calculated deflections from curvature profiles during load tests

Deflections, in. (cm)

Girder LTl LT2 LT3
FEA Exp FEA Exp FEA Exp
Gl |0.17 (0.43)|0.12 (0.30) | 0.24 (0.61) | 0.18 (0.46) | 0.16 (0.41) | 0.12 (0.29)
G2 |0.16 (0.41)|0.09 (0.22) | 0.27 (0.70) | 0.17 (0.44) | 0.17 (0.42) | 0.09 (0.22)
G3 |0.18 (0.45) |0.10 (0.25) |0.26 (0.67) | 0.15 (0.39) | 0.19 (0.49) | 0.10 (0.26)
G4 |0.19 (0.47)|0.10 (0.27) |0.29 (0.74) | 0.18 (0.46) | 0.19 (0.48) | 0.10 (0.27)
G5 |0.18 (0.47)|0.13 (0.32) | 0.30 (0.76) | 0.23 (0.58) | 0.21 (0.52) | 0.15 (0.37)
Table 4-4: Comparison of curvature calculated and measured deflections
Deflections, in. (cm)
LT1 LT2 LT3
Girder | Curvature Exp Curvature Exp Curvature Exp
Gl |0.12 (0.30) [0.11 (0.29)|0.18 (0.46)|0.16 (0.41)|0.12 (0.29) [ 0.13 (0.33)
G2 |0.09 (0.22) [0.12 (0.29)|0.17 (0.44)]0.19 (0.47)|0.09 (0.22) [ 0.14 (0.36)
G3 |0.10 (0.25)[0.08 (0.20)|0.15 (0.39)|0.19 (0.47)|0.10 (0.26) [ 0.13 (0.32)
G4 |0.10 (0.27) [0.14 (0.36) | 0.18 (0.46) | 0.21 (0.52) [ 0.10 (0.27) [ 0.11 (0.27)
G5 |0.13 (0.32) [0.12 (0.30) | 0.23 (0.58) | 0.19 (0.48) [ 0.15 (0.37) [ 0.14 (0.36)

4.4 Simplified Line Load Model

A simplified analytical analysis of the bridge was performed by treating the truck wheel

loads of each load case as a line load across the width of the bridge. A single simply supported

girder with composite deck was analyzed for the load conditions at each location. The predicted

deflections from the line load analysis (LLA) are compared with the observed deflections and

FEA results in Table 4-4.

The simply supported line load case resulted in larger deflections than the finite element

model and actual bridge structure. The maximum difference between the LLA and experimental
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results was 0.15 in. (.38 cm), and the maximum difference between LLA and FEA was 0.07 in.

(.18 cm). Itis concluded that the FEA was a much better predictor of actual bridge behavior.

Table 4-4: Deflections from simplified analysis and FEA compared with experimental values

Deflections, in.
LT1 LT2 LT3
FEA LLA Exp FEA LLA Exp FEA LLA Exp
Gl 0.16 0.19 0.11 0.21 0.25 0.16 0.12 0.16 0.13
G2 0.17 0.23 0.12 0.23 0.29 0.19 0.13 0.18 0.14
G3 0.17 0.23 0.08 0.24 0.29 0.19 0.14 0.18 0.13
G4 0.18 0.23 0.14 0.25 0.29 0.21 0.15 0.18 0.11
G5 0.19 0.19 0.12 0.26 0.25 0.19 0.16 0.16 0.14

Girder

4.5 Summary of Composite Load Test

The bridge load test verified that the use of HSLW in prestressed precast girders can be
successfully predicted and modeled using analytical techniques. The results suggested that the
as-built structure was stiffer than what was predicted. The higher stiffness was most likely due to

variances in the dimensions of the deck haunch and deck thickness.

4-16



5. Prestress Losses

In prestressed, precast bridge girders, the loss of prestressing occurs due to four primary
mechanisms: elastic shortening, shrinkage of concrete, creep of concrete, and relaxation of the
prestressing steel. Creep and shrinkage losses have been shown to vary with the service
environment, curing conditions, and mix design parameters (PCI, 1975).

Strain measurements from the HSLW girders using the VWSG’s provided data for actual
prestress loss computations. 878 days of experimental data were collected, that included the
transfer of prestressing, storage and placement of girders, deck placement, and over one year of
service. Section 5.1 presents the experimental data and section 5.2 compares currently used

prediction techniques with the experimental data.

5.1 Observed Losses

The measured prestress losses from the HSLW girders are shown in Figure 5-1. After the
first 100 days, the rate of losses decreased significantly. This is in agreement with the results of
the creep and shrinkage study performed on HSLW. Additionally, a noticeable trend of variation
in measured losses occurred due to seasonal temperature variations. On June 6", 2010, an
average loss of 46.1 ksi was measured on a morning where the ambient temperature was 80.4°F
(26.9 °C). However, on December 14™, 2010 the measured average loss was 52.8 ksi (364MPa)
with an ambient air temperature of 20.1 °F (-6.6 °C). The variation of measured losses shows
higher losses during the winter and lower losses during the summer, which is to be expected due

to expansion and contraction of the girders due to temperature changes in the beams.
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Figure 5-1: Measured prestress losses from HSLW girders (relaxation not included)
(1 ksi = 6.9MPa)
A regression analysis of the data using a natural logarithmic relationship with time is
shown in Figure 5-2. The analysis yielded good agreement with the data, and was utilized to
extrapolate the measured loss data to 40 years of age. At 40 years, a total loss of 56.1 ksi (387

MPa) was predicted to occur (relaxation losses not included).
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Figure 5-2: Lognormal regression of loss data (1 ksi = 6.9 MPa)

5.2 Comparison of Prestress Loss Predictions

Several methods for predicting the prestress losses have been developed. Six methods
were investigated for comparison with experimental results. These methods were selected to
encompass currently used design methods, as well as, methods specifically developed for HPC
and HSLW concrete. The PCI Design Handbook (2004), ACI 209 (1992), and AASHTO LRFD
(2007) lump sum and refined methods are commonly used in design of prestressed elements.
The Tadros’ method (Tadros, et. al., 2003) was developed for use with HPC, and the Shams’
(2000) method was adapted for use specifically with HSLW by Lopez (2005).

Table 5-1 compares the experimental and estimated prestress losses after 40 years, where
the experimental loss is based off the lognormal regression analysis. Additionally, the steel
relaxation in the experimental data was determined with the AASHTO LRFD refined method,

since the relaxation loss was not measured with the strain gages.
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Table 5-1: Comparison between experimental and estimated prestress losses

Losses, ksi | AASHTO AASHTO Shams Tadros PCI

(Mpa) Lump Sum Refined Method Method ACI-209 Method | Experimental
Shilratlztrifng 21.9 (192.4) | 279 (192.4) (12972'?41) (12987'§2) (12972'?4) (23005.22) (1297(5?3)
omage | NIA (%slaig) (3?1?0) (7?9) (%gig) (359.73) NIA
Egii?eﬁi N/A - 195(134.5) (Zsl()i.77) (12756.65) (23683?2) (23103;.91) N/A
sﬁ:ﬁ?fa;e N/A | 311 (214.4) (2345é.27) (2?’56i§7) (:399.22) (2356é.71) (1257'52)
Relsatf;tlion NIA (126'.46) (g:g) (126‘;.46) (231'.14) 1.3(8.9) (126l.46)
TS;SL:‘;% 21.8(150.3) | 335 (231.0) (23456..88) (Sgé?z) (35626.36) (2228.0) (213?}.8)

Losses

s | 407 (3427) | 61.4 (423.) (46339.72) (4667&';2) (5850é.20) (5;36.22) (5083'?4)

Figure 5-3 shows the comparison of estimated and experimental losses by type of loss.

The total experimental losses contains the AASHTO LRFD Refined (2007) estimate of

relaxation losses. Creep and shrinkage of experimental data were measured as a single value,

therefore, only the sum of the two effects can be compared with estimation methods. The ratio

of predicted to measured values of elastic shortening, creep and shrinkage, and total losses is

given in Figure 5-4.

The elastic shortening estimates were within 4% of the measured loss using all methods,

with the exception of the PCI Design Handbook method which overestimated by 9.6%. For

shrinkage and creep, a wide range of values were estimated between the prediction methods. For

the combined shrinkage and creep effects, all methods over-estimated the measured values. The

AASHTO LRFD Refined (2007) method predicted creep and shrinkage to within 9%.

The range of predicted total losses varied from 49.7 ksi (343GPa) to 80.2 ksi (553GPa).

The AASHTO Lump Sum underestimated losses by 8.8 ksi (60.7GPa). The AASHTO LRFD




Refined method over-estimated the losses by 5%, and it provided the best estimate of total

losses.
90.0
80.0
__70.0
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3 40:0 m AASHTO Lump Sum
§ 30.0 ® AASHTO Refined
20.0 m Shams Method
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Figure 5-3: Comparison between estimation methods and measured values for losses by type
(1ksi = 6.895MPa)

o 1.8 - ®Elastic Shortening
| ®Shrinkage + Creep
u Total Losses

AASHTO Refined Shams Tadros ACI 209 PCI

Figure 5-4: Comparison of predicted to measured ratios for loss types
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5.3 Summary of Prestress Losses

Current estimation methods were able to predict the observed prestress losses of HSLW
girders to within 5%. All methods presented, except for the AASHTO LRFD Lump Sum
method, over-estimated losses. The AASHTO LRFD Refined method provided the best estimate

of the observed losses,
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6. Camber in HSLW Girders

The prestressing force released into the girders causes an upward deflection, or camber.
The camber of beams varies with the loss of prestressing, as well as with the addition of new
loads during the life span of the structure. Predicting the camber is important for accurate
profiling of bridge structures for a smooth riding surface. The observed camber behavior of the
HSLW girders is presented in section 6.1 and a comparison with common estimation techniques

in section 6.2. Modeling efforts of long-term camber effects are presented in section 6.3

6.1 Observed Camber Behavior

The camber of each girder was monitored using a taut wire system before deck
placement. All of the readings were taken while the girders were being stored at the precast
plant. The average camber readings before deck placement are shown in Figure 6-1. All
readings were taken in the morning at dawn to ensure that a temperature gradient from solar
heating would not affect the reading. An average camber of 4.25 in. (10.8 cm) was observed at
56 days of age. The data show an increase of camber with time, which is expected due to creep

and shrinkage of the girder (Rosa, et. al., 2007).
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Figure 6-1: Observed camber before deck placement (1lin = 2.54cm)

The camber of the girders was monitored using a total station after placement at the
bridge site. Figure 6-2 shows the measured camber of each girder after deck placement. The
loss of camber at 500 days was due to the placement of the barrier walls on the bridge.
Additionally, the influence of seasonal temperature variations is seen by the increased camber

between 550 and 650 days of age which corresponds to summer.
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Figure 6-2: Observed camber after deck placement (1in = 2.54cm)

6.2 Prediction Methods

Camber prediction methods have been developed for both initial and long-term camber
behavior of precast prestressed concrete structures. The Washington State Department of
Transportation (Rosa, et. al., 2007) developed a method for predicting initial camber of beams
using a basic mechanics approach. The PCI Design Handbook (2004) provides a method to

estimate the long term camber behavior.

6.2.1 Washington State Department of Transportation (WSDOT) Method

Washington State Department of Transportation (WSDOT) has developed a method for
determining total camber of a beam after release . Equations 6-1 through 6-5 are from the

WSDOT (Rosa, et. al., 2007) report.
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Where,

Where,

A = Camber, in.
Aps = Camber due to prestressing, in.
Asw = Deflection due to self weight of girder, in.
pL® { 4a2}

A= ——] € + € —Em (Eq. 6-2)

ps mid end mid 2

8E.I, 3L

P = Total prestressing force, Ibs
L = Length of beam, in.
E. = Experimental modulus of elasticity at 56 days, psi
lg = Measured moment of inertia, in.*
€mid = Eccentricity of strands at midspan, in.
€end = Eccentricity of strands at end, in.
a = Distance from the end of the girder to the harping point, in.
Asw = onerhang+Amidspan (Eq 6'3)
Aoverhang = Deflection of overhang relative to the support, in.
Anmidspan = Deflection at midspan relative to the support, in.
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wswlc

onerhang = 24E,1, [BL%‘(LC + ZLn) - L%l] (Eq. 6-4)
Where,

Osw = Weight per linear foot of girder, Ib/ft

L. = Overhanging length, in.

Ln = Distance between supports, in.

2
a)sw I—n

A idspan = M(SLHZ _ 24LC2)

(Eq. 6-5)

Using these equations the expected camber for each girder was calculated. Table 6-1

compares the actual camber values at 56 days to the camber predicted by the WSDOT equations.

Table 6-1: Predicted camber and actual camber after release

Camber, in (cm)
Actual Predicted | Difference
1 4.19 (10.64) 4.06 (10.31) 3.04%
2 4.05 (10.28) 4.26 (10.82) -5.27%
3 4.06 (10.32) 4.45 (11.29) -9.44%
4 4.25 (10.80) 4.12 (10.45) 3.18%
5 4.03(10.24) | 4.10(10.42) | -1.80%
Average | 4.12(10.45) 4.20 (10.66) -2.06%
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6.2.1 PCI Design Handbook Method

The PCI Design Handbook (2004) suggests the use of multiplier factors to account for
long-term behavior of girders to various load types. Table 6-2 gives the multiplier factors to be

applied to the elastic deflections for various loading types.

Table 6-2: Long-term deflection multipliers (PCI, 2004)

Time Estimated Load Type Multiplier
Erection Self-weight 1.85
Camber 1.8
Self-weight 2.4
Final Camber 2.2
Slab 2.3

Figure 6-3 shows a comparison of the predicted cambers at erection and for final camber
versus the observed values. The PCI method over-predicted the camber by over 3 in (7.62cm). at
deck placement, and by approximately 2 in. (5.08cm) for the final predicted camber. The
increased initial camber of HSLW due to the lower elastic modulus may cause the multiplier to

over-estimate the long term effect of the camber.
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Figure 6-3: Comparison of predicted and measured camber (1 in. = 2.54 cm)

6.3 Modeling Camber Changes Caused by Deck Shrinkage

The decrease in camber after deck placement is due to shrinkage of the deck concrete.
The results of section 3.4 were used to estimate the decrease in camber due to shrinkage of the
normal-weight deck. A finite element model of the bridge (Chapter 4) was used to analyze the
camber change by applying an equivalent thermal gradient, which in an unrestrained structure
would cause the observed shrinkage strains. The application of the thermal gradients to the deck
allowed for the calculation of camber changes due to the restraint provided by the connection of
the deck to the girder.

Two cases were analyzed, which corresponded to the results of the prism specimens
(section 3.4.1) and to slab shrinkage specimens (section 3.4.2). The two cases resulted in a

uniform and linear shrinkage gradient, respectively, as shown in Figure 6-4.
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Figure 6-4: Shrinkage gradients for (a) uniform, and (b) linear gradient

The analysis of the uniform and gradient cases caused deflections of 1.99 in. (5.05 cm)

and 1.05 in. (2.68 cm), respectively. These are larger than the measured change deflection of

0.42 in. (1.07 cm) found between the camber reading after deck placement and the reading 427

day later. The reading after deck placement was taken two weeks after the pour, therefore some

shrinkage may have already occurred and caused deflection due to shrinkage that was not

captured in the measured, experimental data.
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7. Conclusions and Recommendations

The 1-85 Ramp “B” Bridge over SR-34, Bullsboro Drive, in Coweta County, Georgia was
the first use of HSLW for precast, prestressed bridge girders in Georgia. The performance of the
girders demonstrated that HSLW can successfully be used to decrease the weight of girders
during transport while still allowing for the increased spans by use of high strength concrete.
Load testing of the bridge demonstrated that HSLW girders with a normal weight concrete
(NWC) deck acts compositely as would be predicted using standard analysis procedures.

The following recommendations are supported by the findings of this investigation for
future design and use of HSLW for precast, prestressed bridge girders:

1. Use the Meyer (2002) equation for prediction of the elastic modulus of high strength
lightweight concrete made with expanded slate aggregate.
2. Estimate prestress losses of HSLW using the AASHTO LRFD Refined method (2007).

3. Use the WSDOT (Rosa, et. al., 2007) method for predicting initial camber.
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Appendix A: Bridge Load Test Data

A.1 Experimental and FEM Strain Data

The experimental and FEM predicted strains due to LT1, LT2, and LT3 for girders 1-5
are shown below in Tables A-1 through A-5. The height given is the distance from the bottom of

the girder to the gage location (as shown in Figure 1-4).

Table A-1: Girder 1 strains from bridge load tests
Strains (pe)
LT1 LT2 LT3
Gage Location | Height | FEA Exp FEA Exp FEA Exp
D2 62.73 | -15.4 -17.8 -23.4 -27.4 -10.8 -14.7
D1 56.75 -9.2 -10.1 -13.8 -15.3 -6.4 -7.0
Top Flange 525 -4.6 -2.3 -6.7 -2.4 -3.2 -0.5
Web 28 18.5 15.0 26.4 23.5 12.9 12.7
Bottom Flange 4 41.3 30.0 59.3 47.7 28.9 22.5
Table A-2: Girder 2 strains from bridge load tests
Strains (pg)
LT1 LT2 LT3
Gage Location | Height | FEA Exp FEA Exp FEA Exp
D2 62.73 -14.9 -9.7 -23.9 -16.5 -10.9 -8.1
D1 56.75 -9.0 -4.7 -14.0 -8.9 -6.5 -1.8
Top Flange 525 -4.7 -2.2 -6.9 -4.0 -3.3 -0.4
Web 28 17.5 10.8 30.8 20.6 13.5 9.4
Bottom Flange 4 39.3 21.9 68.1 43.1 29.8 16.8
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Table A-3: Girder 3 strains from bridge load tests
Strains (pe)
LT1 LT2 LT3
Gage Location | Height | FEA Exp FEA Exp FEA Exp
D2 62.73 -16.1 -8.9 -23.9 -13.5 -12.2 -7.2
D1 56.75 -9.3 -4.2 -14.0 -6.7 -7.1 -1.1
Top Flange 525 -4.3 -1.6 -6.8 -3.2 -3.3 -0.2
Web 28 19.9 12.1 29.4 18.1 15.8 9.5
Bottom Flange 4 43.9 25.3 65.4 38.9 34.6 19.7
Table A-4: Girder 4 strains from bridge load tests
Strains (pe)
LT1 LT2 LT3
Gage Location | Height | FEA Exp FEA Exp FEA Exp
D2 62.73 -16.3 -9.1 -28.3 -17.0 -12.7 -9.0
D1 56.75 -9.6 -4.3 -15.2 -9.2 -7.6 -2.6
Top Flange 52.5 -4.7 -2.1 -5.1 -2.6 -3.8 -0.7
Web 28 20.8 13.1 34.5 23.1 15.3 10.5
Bottom Flange 4 46.0 26.4 75.2 46.8 34.1 20.1
Table A-5: Girder 5 strains from bridge load tests
Strains (pg)
LT1 LT2 LT3
Gage Location | Height | FEA Exp FEA Exp FEA Exp
D2 62.73 -16.2 -11.8 -27.6 -20.0 -13.3 -1.4
D1 56.75 -94 -7.6 -16.1 -12.9 -7.8 -3.5
Top Flange 52.5 -4.5 -2.4 -7.8 -3.4 -3.8 -2.6
Web 28 20.7 14.3 335 26.1 16.8 10.9
Bottom Flange 4 454 32.0 74.4 59.0 37.0 26.6
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A.2 Comparison of actual deflections and curvature based predictions

Tables A-6 through A-8 compare the measured deflections from the load test experiments

and FEM model with the estimates calculated using the curvatures measured using internal

instrumentation.

Table A-6: Deflection estimation comparison for LT1

Deflections, in.
Girder FEA Experimental
Actual | Curvature | % Difference | Actual | Curvature | % Difference
Gl 0.159 0.169 -6.0% 0.113 0.119 -4.9%
G2 0.166 0.162 2.6% 0.115 0.088 23.1%
G3 0.174 0.177 -1.8% 0.078 0.099 -26.7%
G4 0.182 0.186 -2.2% 0.140 0.104 25.4%
G5 0.187 0.183 2.0% 0.118 0.126 -7.1%
Table A-7: Deflection estimation comparison for LT2
Deflections, in.
Girder FEA Experimental
Actual | Curvature | % Difference | Actual | Curvature | % Difference
Gl 0.211 0.241 -14.4% 0.162 0.183 -13.0%
G2 0.228 0.274 -20.3% 0.186 0.172 7.5%
G3 0.235 0.264 -12.0% 0.185 0.154 16.9%
G4 0.248 0.293 -18.0% 0.205 0.181 11.9%
G5 0.259 0.300 -15.8% 0.189 0.228 -20.6%
Table A-8: Deflection estimation comparison for LT3
Deflections, in.
Girder FEA Experimental
Actual | Curvature | % Difference | Actual | Curvature | % Difference
Gl 0.123 0.162 -31.8% 0.130 0.116 10.8%
G2 0.134 0.167 -24.4% 0.142 0.087 39.0%
G3 0.142 0.191 -34.6% 0.127 0.100 20.9%
G4 0.147 0.191 -30.1% 0.108 0.105 3.1%
G5 0.156 0.205 -31.9% 0.142 0.147 -3.5%
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Appendix B: Prestress Loss Data

The calculations of prestress losses are presented in sections B.1 through B.6. The

experimental measurements of prestress losses are given in section B.7.

B.1 AASHTO LRFD Approximate Method Calculations
B.1.1 Notation
The following notation was used in computing prestress losses according to the

AASHTO LRFD Approximate Method (2007):

Ayq = gross cross-sectional area, in.?

Aps = total area of prestressing steel, in.?

Astrand = area of single prestressing strand, in.?

e = eccentricity of prestressing strands, in.

Ep = elastic modulus of prestressing steel, ksi

Ect = elastic modulus of concrete at time of transfer, ksi

fese’ = 56-day concrete compressive strength, ksi

fegp = stress at center gravity of prestressing due to prestress forces and
self-weight, ksi

fei’ = concrete compressive strength at time of transfer, ksi

foe = prestressing stress after transfer in steel, ksi

foi = initial prestressing stress in steel, ksi

H = average annual relative humidity, %

lg = gross cross-sectional moment of inertia, in.*

L = span length, ft

My = moment due to self-weight, Kip-ft

Nstrand = number of prestressing strands

Pes = prestressing force after elastic shortening, kip

Pi = prestressing force before losses, kip

Afpes = loss of prestress due to elastic shortening, ksi

AfpLr = long-term prestress losses, ksi

Afpr = loss of prestress due to relaxation of prestressing steel, ksi

Afps instant = instantaneous loss of prestressing, ksi

Afps time = total time-dependent loss of prestressing, ksi

Afps total = total loss of prestressing, ksi

Ye = unit weight of concrete, pcf

Yh = correction factor for relative humidity

Yst = correction factor for concrete strength at time of transfer
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B.1.2 Calculation of Losses

Section and Material Properties:

Ag = 65%in” e = —22.604in
Ighi= 26805 Lin~ E,, = 28500ksi
N = 122pef E.; = 3320ksi
L = 106.76042ft

Determine Loading Properties:

'_\‘ps = gtrand Astrand

P= "\*ps'fpi
2
e AL
Mg = ——F—

Elastic Shortening Losses:

Pro, = 1244.3kip

(lterate on Pe, until equal to Peg)

Deprand = 38 fciﬁ = 10.137ks1
fpi = 1788 kst fu:i = T.840ks1

. 2
'J"'stra.ﬂd = 21Tin

Aps= 8.246-in”

P, = 1474 x 107-Kip

M, = 7854531 -lap-ft

.
. Peso  PEspe Mg ) e
cgEp T - - I:gp=_:" .
A Iy I,
Ep
ApEs =~ Tegp (Eq. 5.9.5.2.3a-1)
ct

Afppg = 27.903-ks]




fpp = 150897 ksi
3,
Ppg = 1.244 % 107-kip

= —3435ksi

- AfpEs
foap =

Afyps) = 27.903-ks]

_ _
ApEs1 = ¢ Tegp
ct

Estimate of Long Term Losses:
H=T0
g = 1.7 - 001H (Eq. 5.9.5.3-2) =
3 .
gt = TN (Eg. 5.9.5.3-3) gt = 0.363
| '
1+ — |
\ kst )
.-'lpr = 24ksi
: : PP L ks - Eq 5953-1) |2 JRIE"
Afy 1= 100 Ap Vst + 20ksing g+ Afpr  (BQ-5.9.5.31)  Af 1= 21822k
g
Total Losses:
Afps instant = SpES Afye instant = 27903 ki
Afps time = AfprT Afye fime = 21822 ksi
= Afhs instant T 2ps time Afos total = 49.?35-1-:51

"j‘fp s_total :



B.2 AASHTO LRFD Refined Method Calculations

B.2.1 Notation

The following notation was used in computing prestress losses according to the

AASHTO LRFD Refined Method (2007):

Ny
Nstrand

Pi

transformed composite cross-sectional area, in.?

gross cross-sectional area, in.?

area of single prestressing strand, in.?

total area of prestressing steel, in.?

effective width of deck over girder, ft

eccentricity of deck from centroid of composite section, in.
eccentricity of prestressing strands in composite section, in.
eccentricity of prestressing strands, in.

elastic modulus of deck concrete, ksi

elastic modulus of concrete at initial time, ksi

elastic modulus of concrete at time of transfer, ksi

elastic modulus of prestressing steel, ksi

56-day concrete compressive strength, ksi

56-day concrete compressive strength of deck concrete, ksi
stress at center gravity of prestressing due to prestress forces and
self-weight, ksi

concrete compressive strength at time of transfer, ksi
prestressing stress in steel at time of deck placement, ksi
initial prestressing stress in steel, ksi

prestressing stress after transfer in steel, ksi

ultimate strength of prestressing steel, ksi

yield strength of prestressing steel, ksi

average annual relative humidity, %

transformed composite cross-sectional moment of inertia, in.*
gross cross-sectional moment of inertia, in.*

transformed section coefficient

factor for type of prestressing strand used, 30 for low relaxation
factor for effect of concrete strength

humidity factor for creep

humidity factor for shrinkage

factor for effect of the volume-to-surface ratio of the component
time development factor

span length, ft

moment due to deck placement, kip-ft

moment due to self-weight, Kip-ft

modular ratio of deck to girder

number of prestressing strands

prestressing force before losses, Kip
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Yb
Yot

Ye

Yed
Afcd

Afegr

Afpep
AprR
Afpes
Aprl

Aprz
AfpsD
AfpsR
Afpss
Afps_df
Afps_id
Afps_i nstant

Afps_total
€

v

prestressing force at time of deck placement, kip

prestressing force after elastic shortening, kip

surface area exposed to drying, ft?

age at time of deck placement, days

age at end time (40 years), days

age at transfer of prestressing, days

thickness of slab, in.

volume, ft®

depth from centroid of beam to bottom face, in.

depth from centroid of transformed composite section to bottom
face of girder, in.

unit weight of concrete, pcf

unit weight of deck concrete, pcf

change in stress at center gravity of prestressing steel due to deck
placement, ksi

change in stress at center gravity of prestressing steel due to deck
shrinkage, ksi

loss of prestress due to creep of girder after deck placement, ksi
loss of prestress due to creep of girder prior to deck placement, ksi
loss of prestress due to elastic shortening, ksi

loss of prestress due to relaxation of prestressing steel prior to deck
placement, ksi

loss of prestress due to relaxation of prestressing steel after deck
placement, ksi

loss of prestress due to shrinkage of girder after deck placement,
Ksi

loss of prestress due to shrinkage of girder prior to deck placement,
Ksi

prestress gain due to shrinkage of deck concrete, ksi

total loss of prestressing after deck placement, ksi

total time dependent loss of prestressing at time of deck
placement, ksi

instantaneous loss of prestressing, ksi

total loss of prestressing, ksi

shrinkage strain

creep coefficient
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B.2.2 Calculation of Losses

Section and Material Properties:

A= 639in” epg = 22604in £y = 2362ksi f5q = 10238ksi
I, = 26803 tin® Ep = 28300kt Arpand = 38 £ = 7.840 ksi
Ne = 122pef Eop = 3329kt £,; = 1788 ksi =23 days
L = 106.76042ft Eej = 3682kst Ay = 207 :: izm j::
vy, = 27.63in Tpu = 270kst t=t  days
E. = 372%si
Determine Loading Properties:
Aps = Ngprand Astrand Aps = 8246
P, = Apcfy; P, = 1474 x 10°-kip
. 2
M, = # M, = 793451 kip-ft

Elastic Shortening Losses:

Ppe, = 12443kip  (fterate on Pgg, until equal to Pgg)

-

PEso  PESo®pg  Mgl—epg

f = = f. . =—3455ks1
CEp ceEp
_—‘Lg Ig Ig
Ep
AfpEs = _E_'fEEP (Eq. 5.9.5.2.3a-1) Afopg = 3}_9[;;,.1,;51
ct

f =f—.leS

pt 2 P fpt = 130807 ksi
PES = fpt ips Prg = 1244 3 107-kip
2
£ _ PEs _ PES'EPE _ ME' l-_EPg:' £ = —3455-ksi
CEP T A 1 I cgp = T si
B g g
E

; — I:' _ ; T T 4.
prESl - _E_m.fcgp |:EC| 59523a 1} -lfPESl = 2,.-.90:!-]151




Shrinkage Losses (before deck):

H=T0 (From Figure 5.4.2.3.3-1)
V= _'—‘Lg-I_
5 = 218.85%n L
F v
ko =145 - 013 — | (Eq. 5.4.2.3.2-2)
| S-in )
- e j
=" (Eq. 5.4.2.3.24)
1+ =
ksi
|"-' tf H‘I
g = | — | (Eq. 5.4.2.3.2-5)
61— 4— +1t;
L ksi A
ks = (2 — 0.014H) (Eq. 5.4.2.3.32)
kp. = (1.56 — 0.008H) (Eq. 5.4.2323)

Ehid = Kookl g 048 x 10° (Eq. 5.4.23.31)

— 118
Ty = 10k ky ek gty (Eq. 5.4.2.3.2-1)
1
Kid = . I . X
£ | £ -8 1
1+ —pE 1+ =25 (14070,
EC:I. .Ji.g |__‘ Ig _;‘I ) .
Afpap = Ehig EpKig (Eq. 5.9.5.4.2a-1)
Creep Losses (before deck):
(ta- 1)
kg = -fd i (Eq. 5.4.2.3.2-5)
ci .
6l -4 — + |ty — 1
= Tl
= 10k ek gt E Eq 54.232-1
T = L0k by ke by g (Eq. 5.4.2.3.2-1)
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V= 1885774
3.2

S = 1947 x 107 ft

k, = 1.059

kg = 0.565

kg = 0.998

ke = 1.02

e = 1

Ty, = 0.938

(Eq. 5.9.5.4.2a-2)

Kjq = 0.734

|AfgR = 6.115-ks]

Ty, = 0.938



E
£ - P i -
.:'pr{:_R = _E_f':'gpq bDKld |:Eq. 5.9.5.4.2b 1}
e |

Relaxation Losses (before deck):

£t = max(fy; — Afpq. 0556, )

pt

K; =30  (Forlow relaxation strands)

£.f !

Af o= mm{ﬂ-' PE s ',1_31\-51} (Eq. 5.9.5.4 2¢-1)

P K | £ ]
Uy /

Deck Properties:
t_ = 02%in Yed = 143pcf foq = 3.626ksi

3811ks1

by = 7.5t Fed

Transformed Composite Section Properties:
Ecd

ﬂd =
E’I:-t

:".LC = :'|!|.g + ﬂd'ts'bd

|r-' T H'I
21
:‘!Lg}'b + ﬂd'ts'bd'; it + TJ;
Yot = -
_—‘LE
2 byt
[= Ig + _-"':.g- |¥p— ¥bt/ +ng° 3
|"-' t H'IJ
g . 1
+ﬂd'ts'bd'; 3din + 5 j,-btj

fpc = fpg T+ ¥t — j,-'b_:l

Determine Girder Shrinkage Losses (post deck):

(- tq)
kg g = — (Eg. 5.4.2.3.2-5)
oi .
6l -4 — +jt-t
ksi l' d':l
— 3
Epdf = ks'khs'kf'ktd_d'u"l'g = 10 (Eq. 5.4.2.3.3-1)

AfycR = 17231 k]

fpt = 150.897 k=i

= 6398 x 107in"

epc = 4048%-in



1

Kge = ~ (Eq.5.9543a2) Ky = 0747
E_ | Ae T
1+ L. {ps-_ 1+ —2= [{1+070,)
E|:-1 'Jill Il._\_ C _}n' ) )
Afysp = Epar Ep Kgr (Eq. 5.9.5.4.3a-1) Alysp = 6 015]

Determine Creep Losses (post deck):

.
tbyry.qL” .
My = % My = 1194 x 10”-kip-ft
3.
gl .
P Pae = Ny|-e. .l
1d id Fpg d " pe .
Af = - 5 _ = _f Af = 1.007-ksi
cd C, cd
Ag I, I, Zp
(- 1
g = ftf i (Eq. 5.4.2.3.25) kg = 0.998
ci .
61 — 4— + [te — t.
ksi l'tf tj‘:l
= 10k b et et T Eq. 5.4.2.3.2-1 : 3
T = 19k by ek get; (Eg. 5.4.2321) Ty = 0938
|tg — H:‘
g = - (Eq. 5.4.2.32-5) krqqi = 0934
ci .
6l -4 — + |ty — t;
e ta
. b et g 118 Eq 542321 s 7
Vi = LOkg bk kyqat (Bq.5.4.2.3.21) T = 0878
[tp — tq)
Kgeq = — (Eq. 5.4.2.3.2-5) ki grq = 0998
ci .
6l -4 — +{tp— t
= et
e = 104 Ky ke k —-118 Eq. 5.4.2.3.2-1 : 55
Vg = 19%g e g Rrara ta (Eq. 54.2321) Tgq = 0.336
E, _
"j‘fp{:[} = _.'fcgp'l_q’ﬁ_ qldi:"de (Eg. 5.9.5.4 3b-1) "j‘fp{'_l[}= 2.2?'2-1;51
1
E

13 / I
T AeaVraKar
c
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Determine Relaxation Losses (post deck):

Afpra = Afppg (Eq. 5.9.5.4.3c-1)

Determine Shrinkage of Deck Losses:

V=t byl

§:={2by — 42in|.L

A
k= 145 013 — | (Eq 542322
'x\_S-Lﬂ_,-'
- e j
kp=—7 (Eq. 5.4.23.2-4)
1o
ksi
s — ta)
Ky = - (Eq 5423245)
cd )
6l -4 — + -t
= Tl -t
£ qdf = Kok kel g-0.48 x 107" (Eq. 5.4.2.331)
g = 19Ky kpk gt (Eq 54.232-)
Ty = 19kok dp ey ty q-54.23.
tS

Ed = 34 — }"bt + 7

£ tobyE g [ g 84
ddf "=t d Fed | 1 potd |
'lft.df = 14— -——

(1+0704) | A I
Ty(t) = 19k by kpkgty
E
P

c

Total Losses:

Afps instant = 2pES
Afye jq = Afpgp + Afyep + Afppy

Afpe gf = Afpgp + Afpep + Afppy — Aflygg

A =

Slos total = Slps instant p

+ Af s id + "':"fps_df

Afpss = oA grKgr(1+ 070 (Eq 5.954.3d-1)

Afypy = 12k

V= 617.209-ft

707
§=1228% 107-ft"

k, = 0.666
ke = 0755
kg = 0.997

eq = 13.11in

Af, 4 = 0.094-ksi

Ty (te) = 0.787

|;~LfIJSS = u.ur--a—-.;i

Afpe instant = 27903 ksi

Afye jq = 24546 ksi

Afy gp = S.946ksi

Afys total = 61394k}




B.3 ACI 209 Method Calculations

B.3.1 Notation

The following notation was used in computing prestress losses according to the ACI 209

Method (1992):

Ic
Ig
L
Mg
m
Nstrand
Pi
Pes
RE
S
SR

gross cross-sectional area, in.?

gross cross-sectional area of deck, in.

area of single prestressing strand, in.?

total area of prestressing steel, in.?

loss of prestress due to creep of girder prior to deck placement, ksi
loss of prestress due to creep of girder after deck placement, ksi
loss of prestress due to creep of girder due to deck placement, ksi
eccentricity of prestressing strands, in.

elastic modulus of deck concrete, ksi

elastic modulus of concrete at initial time, ksi

elastic modulus of concrete at time of transfer, ksi

elastic modulus of prestressing steel, ksi

loss of prestress due to elastic shortening, ksi

56-day concrete compressive strength, ksi

stress at center gravity of prestressing due to prestress forces and
self-weight, ksi

concrete compressive strength at time of transfer, ksi

change in stress at center gravity of prestressing steel due to deck
placement, ksi

initial prestressing stress in steel, ksi

prestressing stress after transfer in steel, ksi

ultimate strength of prestressing steel, ksi

yield strength of prestressing steel, ksi

prestressing stress after transfer losses, ksi

prestressing loss at any time due to relaxation, ksi

factors for effective prestressing at various ages

transformed composite cross-sectional moment of inertia, in.
gross cross-sectional moment of inertia, in.*

span length, ft

moment due to self-weight, kip-ft

modular ratio of prestressing steel to girder

number of prestressing strands

prestressing force before losses, kip

prestressing force after elastic shortening, kip

loss of prestress due to relaxation of prestressing steel, ksi
surface area exposed to drying, ft?

loss of prestress due to shrinkage of girder prior to deck placement,
Ksi
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ts

ti

ts

\Y

Ye

Ysh

Yvs

T

Afps_i nstant
Afps_ti me
Afps_total
€

A

&

p
v

age at end time (40 years), days

age at transfer of prestressing, days

age at time of deck placement, days

volume, ft®

unit weight of concrete, pcf

factor for effect of relative humidity on shrinkage
factor for effect of the volume-to-surface ratio of the component
factor for relative humidity

instantaneous loss of prestressing, ksi

total time dependent loss of prestressing, ksi

total loss of prestressing, ksi

shrinkage strain

average annual relative humidity, %

factor for interaction of prestressing steel
prestressed reinforcement ratio

creep coefficient
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B.3.2 Calculation of Losses

Section and Material Properties:

N
_-":.g = 63%n Epg = 22 60din
: = 2185 r
I, = 26805 tin® Ep, = 28500ksi
501
e = 122pcf EI:t = 3320ksi1
= 2T0k=1
L = 106.76042ft fon = 270ksi
5 — rroanne
0= L. = 639800in
E
" E.56 = 4192ksi
27 A_, = 7502

2l =

Determine Loading Properties:

'_‘]JS = fgtrand “strand

Pi = :\psfpi
2
nl.c.__'li_g.]'_
M= ——

Elastic Shortening Losses:

Ppg, = 12443kip  (terate on Pgg, until

-

F o PESD . PESD'Epg* a }"'Ig'epg

c

_-":.g Ig Ig
ES =nf, (Eg. 4-18 Term 1)
fpt = fpi —E&
Prg= fpt"'\*ps

2 .

= _

_—‘Lg Ig Ig
E5l = —n-fc

fp}-‘ = 236 2ks=1

Neprond = 38

fpi = 1788 ksi
.2

_—‘5.51131“1 = 21Tin

t=1t days

E.q = 3993ksi

3in

equal to Pgg)

(Eq. 5.9.5.2 3a-1)

f.56 = 10.238ksi

£ = 7849 ksi
=3 days

tp = 14600 days
i

days

M, = 78545 lap-ft

f, = 346-ksi

fpt = 1508-ks1

3.
Ppg = 1.24x 107 kip

f, = —3.46-ksi

E31 = 27 %-ksi



Girder Creep Losses (Before Deck Casting):
Wo=T0  (Average Annual Relative Humidity)

Ty, = 127 — 0067-

e =081  (Table 255.2)

vy = 235y e

tI}.It's
ve(t) = Uy
10+ tD'ﬁ

F,=.16

(From Table 4.4.1.2)
F, =1

NN G
CR1 = l,_ﬂ'fc,:"utl,ts,:"; 1- E_FDJ (Eg. 4-18 Term 2)

Girder Creep Losses (After Deck Casting):

F, =005 (From Table 4.4.1.2)

F F +F (L)

CR2 = I._ﬂ'fc_\:"l_”t[t} - ”tl_ts_\:'.\:": == F
\ o

Shrinkage Losses (Before Deck Placement):

Vg = 140 - 0.01-% (Eg. 2-14)
Vo= _'—‘Lg-L

S :=218838nL

v )

— =301-in

8

— 34 (Table 2552)

Esh u = 805 Nys 10

t
Esh_t[t} = — t'Esh_u (Eg. 2-10)

B-3

"‘|'>L= 0.8
vy, =132
vyt = 12

CR1 = 3092-ks

(Eq. 4-19 Term 3)

“rsh =07

V= 498.59-&3

3.2
S=105x 10 -ft

- —4
Ech u= 450 10

- —4
Esh—t[t} =457= 10



_—"Lg
£ = 26
— Esh—t[t}-Ep
T+ npf (Eg. 4-19 Term 4)

Relaxation Losses:

fSi = fpi - ES&

£, (1) = 0.005-f; log(t)

RE =1 (1) (Eg. 4-19 Term &)

Creep from Slab Load:

e =081 (Table 2.55.2)

v, = E'Jj'nllh'ﬂr‘rs

0.6
t

vy () = ———uy,
10 + tD'ﬁ

£, = 1.208ksi
E

Ecse

. )

CR3 = Im-fcs:l-utlltf:l-l— (Eq. 4-19 Term 7}

c
Total Losses:

Afhe instant = ES

Afyg me = SR+ CRI+ CR2 + CR3 + RE

Afpe total = Mps_instant T 2ps_ time

(From Table 4.4.1.3)

p =001

SE = 1031 ks

£ (1) = 3.14ksi

=2
I
=
La
(3%

vt} =12

CR3 = 5.08-ks

Afpe instant = 27-9ksi

Afpe fime = 5232 ksi

Afoe total = su.zz-ks1




B.4 PCI Design Handbook Method Calculations

B.4.1 Notation

The following notation was used in computing prestress losses according to the PCI

Design Handbook Method (2004):

Ag
Astrand

Nstrand

Pi

Pes

RE

RH

S

SH

Vv

Ye

Afps_i nstant
Afps_ti me
Afps_total

gross cross-sectional area, in.?

area of single prestressing strand, in.?

total area of prestressing steel, in.?

factor for effect of stress level on relaxation, ksi
loss of prestress due to creep of girder, ksi
eccentricity of prestressing strands, in.

elastic modulus of concrete at initial time, ksi
elastic modulus of concrete at time of transfer, ksi
elastic modulus of prestressing steel, ksi

loss of prestress due to elastic shortening, ksi
stress at center gravity of prestressing due to prestress forces and
self-weight, ksi

change in stress at center gravity of prestressing steel due to deck
placement, ksi

initial prestressing stress in steel, ksi

ultimate strength of prestressing steel, ksi

gross cross-sectional moment of inertia, in.*
factor for type of prestressing steel utilized

1.0 for pretensioned member

0.9 for pretensioned member

1.6 for sand-lightweight concrete

factor for type of prestressing steel utilized

1.0 for pretensioned member

span length, ft

moment due to self-weight, Kip-ft

number of prestressing strands

prestressing force before losses, kip

prestressing force after elastic shortening, kip
loss of prestress due to relaxation of prestressing steel, ksi
average annual relative humidity, %

surface area exposed to drying, ft*

loss of prestress due to shrinkage of girder, ksi
volume, ft®

unit weight of concrete, pcf

instantaneous loss of prestressing, ksi

total time dependent loss of prestressing, ksi

total loss of prestressing, ksi
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B.4.2 Calculation of Losses

Section and Material Properties:

-
_-":.g = 63%n fpu = 2T0k=1 Neppand = 38
Ig = 268051in g = 12.60din fpi = 178.8 k=1
-= 28500ksi 2
e = 122pcf Fps = 28900kt A prang = 217in"
.= 352
L = 106.76042ft Egj = 332%ksi
EE = 3720k=1
Determine Loading Properties:
.
Ay = 8246n”

Aps = Ngtrand Astrand
P, = 1474 x 107-kip

P = Apsty
2
,.rc___g_g.]_ o
Mg = T Mg = 795431 kip-ft
Elastic Shortening Losses:
K. =10
K, =08
. 3.
PES = fPi'nstrand"j"stfand PES = 1474 x 10 kip
{ 3
{ B, Pre-e™ | M_-e
ES ES g o g
£ =Kol " + | (Eg. 4.7.3.3) £ = 3.738-ksi
g g J g
Foir
ES = KES-EPS-? (Eq.4.7.3.2) ES = 30.188-ks
o |
Creep Losses:
K. =16 (For sand-lightweight concrete)
f.gqs = 1.208ksi (Stress due to superimposed dead loads)
FEPSW
CR =K_-| = _.|_f|:CII - u:ds:' (Eg.4.7.3.4) CE = 30.938-ks
I_“- C J]



Shrinkage Losses:
K =10 (For pretensioned members)

V=a L
§ = 218.838in-L

v .
— =3011in

RH :

70 (From Figure 3.12.2)
{ v
' 1- 06— |-(100 - RH)

sH = (825107 %)k, E
S-in )

o (Eq. 4.7.3.6)

Relaxation Losses:

K,, = 3000psi
(From Table 4.7.3.1)
I=104
f .
£ s
fpu
C=37 (From Table 4.7.3.2)

RE =K, - J(SH+ CR + ES)| C (Eq. 47.37)

Total Losses:

Afps instant = ES
Afp e = SH+ CR + RE
Afps total = Sps_instant T Aps time
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V= 488 577-ft7

707
§= 1047 % 107 ft°

SH =574 ks

1
o
[P
(]
LA
-
(%]

Afye instant = 30.188ksi

Afye e = 38007 ksi

Afps total = 68193k}




B.5 Sham’s Method Calculations

B.5.1 Notation

The following notation was used in computing prestress losses according to the Sham’s

Method (2000):

Afpsr
Afps_i nstant
Afps_ti me
Afps_total
Ye

gross cross-sectional area, in.?

total area of prestressing steel, in.?

area of single prestressing strand, in.?

eccentricity of prestressing strands, in.

elastic modulus of prestressing steel, ksi

elastic modulus of concrete at 56-days of age, ksi
elastic modulus of concrete at time of transfer, ksi
56-day concrete compressive strength, ksi

stress at center gravity of prestressing due to prestress forces and
self-weight, ksi

concrete compressive strength at time of transfer, ksi
prestressing stress after transfer in steel, ksi

initial prestressing stress in steel, ksi

average annual relative humidity, %

gross cross-sectional moment of inertia, in.*

factor for effect of compressive strength on creep
span length, ft

moment due to self-weight, Kip-ft

number of prestressing strands

prestressing force after elastic shortening, kip
prestressing force before losses, kip

change in stress at level of prestressing steel due to superimposed
dead loads, ksi

loss of prestress due to creep, ksi

loss of prestress due to elastic shortening, ksi

loss of prestress due to relaxation of prestressing steel, ksi
loss of prestress due to shrinkage, ksi

instantaneous loss of prestressing, ksi

total time-dependent loss of prestressing, ksi

total loss of prestressing, ksi

unit weight of concrete, pcf
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B.5.2 Calculation of Losses

Section and Material Properties:

A = 639in” e = —22.604in fgprand = 38 £.56 = 10.238ksi
I, = 26803 tin’ Fp = 28300kt £y = 1788 ksi £ = 7849 ksi
e = 122pcf Eej = 392%kst Aoy = 2T’

L = 106.76042ft Ee = 372%ksi

Determine Loading Properties:

.,
"\‘ps = Ngtrand Astrand "\‘ps = 8.246:n
I
P = Aty P, = 1474 x 10”-ip
2
M, = et M, = 795451 kip-ft
My=—2— M, = 793451 kip-
Elastic Shortening Losses:
Ppg, = 12443kip  (fterate on Pgg  until equal to Peg)
2
. Peso  PEgee Mg ; 3455 1
cgp = - - cgp = 433 kst
Ag I, I,
Ep
Afopg = ——fqp (Eq. 3.26) Afppg = 27.903-ks]
e |
pt = fpi ~ MpEs £pp = 150.89T-ksi
PES = fpt ips Prg = 1244 3 107-kip
a
P Preew  M_-e
ES PES
fogp = - - fogp = 3455 ksi
g A, I, g
Ep
r, - T F =77 RN
e |



Creep Losses:

ﬂfu:dp = 1208ksi (Change in stress due to superimposed dead loads)
E |"-' f . ™
by = = 14— ——— | ky = 7.000
ol 14.73ksi )
E |"-' f - ™
| 36
ky= 2 14— Iy = 5.395
E. |\ 14.75ks1 )
Afpcp = Ak fegp — by A gp) (Eq- 5.13) Afycp = 30.735ks]
Shrinkage Losses:
H=T0
Afpgp = |(17.0 - 15E)ksi i f56 < 10ksi (Eq. 5.12) Afgg = 13k
[(15.0 - 15-H)ksi] if f_s5¢ = 10ksi
Relaxation Losses:
Afopy = _3.[zu_uksi— 04-Afpg — 02 Afygp + ﬂ.prR_:ZI (Eq. 3.29) |5_pr2 — D_jgg.k51
o« Mote: 30% of equation value used due to use of low-relaxation strands
Total Losses:
Afhs instant = SfpES Afys instant = 27903 ki
Afps time = Ofpgr T Afyer T Afpra Afys fime = 33771 ksi
"j‘fps_tntal = Slys instant + "j‘fps_ﬁ.me ‘ﬂfps_tntal = 63.6?‘3-];:51




B.6 Tadro’s Method Calculations

B.6.1 Notation

The following notation was used in computing prestress losses according to the Tadro’s

Method (2007):

Astrand
Aps
(o

gross cross-sectional area of deck, in.?

gross cross-sectional area, in.?

gross cross-sectional of transformed composite section area, in.?
transformed cross-sectional area, in.?

area of single prestressing strand, in.?

total area of prestressing steel, in.?

effective width of deck over girder, ft

eccentricity of deck from centroid of composite section, in.
eccentricity of prestressing strands in composite section, in.
eccentricity of prestressing strands, in.

eccentricity of prestressing strands in transformed section, in.
elastic modulus of deck concrete, ksi

elastic modulus of concrete at time of transfer, ksi

elastic modulus of prestressing steel, ksi

56-day concrete compressive strength, ksi

56-day concrete compressive strength of deck concrete, ksi
stress at center gravity of prestressing due to prestress forces and
self-weight, ksi

concrete compressive strength at time of transfer, ksi
prestressing stress in steel at time of deck placement, ksi

initial prestressing stress in steel, ksi

prestressing stress after transfer in steel, ksi

ultimate strength of prestressing steel, ksi

yield strength of prestressing steel, ksi

average annual relative humidity, %

gross cross-sectional moment of inertia for transformed composite
section, in.*

gross cross-sectional moment of inertia, in.*

transformed cross-sectional moment of inertia, in.*

transformed section coefficient

factor for type of prestressing strand used, 30 for low relaxation
factor for effect of concrete strength

humidity factor for creep

humidity factor for shrinkage

factor for effect of the volume-to-surface ratio of the component
time development factor

span length, ft

moment due to self-weight, kip-ft
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n

Ng
Nstrand
Pi

S

tq

t

t

Vv
Yo
Yo t
Yot

On
Ye
Ycd
Yer

Ysh
Afcdp

Afcdf

Afpcp1
Afpep2
AprR
Afpes
AfpR
Afpsp

Afpss
Afps_df
Afps_id

Afps_i nstant
Afps_total

A Yot

modular ratio of prestressing steel to girder

modular ratio of deck to girder

number of prestressing strands

prestressing force before losses, Kip

surface area exposed to drying, ft*

age at time of deck placement, days

age at end time (40 years), days

age at transfer of prestressing, days

thickness of slab, in.

volume, ft®

depth from centroid of beam to bottom face, in.

depth from centroid of transformed beam to bottom face, in.
depth from centroid of transformed composite section to bottom
face of girder, in.

factor for initial net section properties

unit weight of concrete, pcf

unit weight of deck concrete, pcf

adjustment factor for creep

adjustment factor for shrinkage

change in stress at center gravity of prestressing steel due to deck
placement, ksi

change in stress at center gravity of prestressing steel due to deck
shrinkage, ksi

loss of prestress due to creep of girder after deck placement, ksi
loss of prestress due to creep of girder due to deck placement, ksi
loss of prestress due to creep of girder prior to deck placement, ksi
loss of prestress due to elastic shortening, ksi

loss of prestress due to relaxation of prestressing steel, ksi

loss of prestress due to shrinkage of girder after deck placement,
Ksi

loss of prestress due to shrinkage of girder prior to deck placement,
Ksi

prestress gain due to shrinkage of deck concrete, ksi

total loss of prestressing after deck placement, ksi

total time dependent loss of prestressing at time of deck
placement, ksi

instantaneous loss of prestressing, ksi

total loss of prestressing, ksi

change in depth from centroid of beam to bottom face when
considering transformed section, in.

shrinkage strain

tensile reinforcement ratio for initial net section

creep coefficient

aging coefficient
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B.6.2 Calculation of Losses

Section and Material Properties:

.
_-":.g = 63%n fpg = 22 604in fp}.- :
- — 205 o
I, = 26803 tin” E,, = 28500ksi .
500
e = 122pcf E.t = 352%si f'p
= 2 T0k=1
L = 106.76042ft fon = 270ksi N
E
n=_5 -
Ect
Vi, = 27.63in

Determine Loading Properties:

"\‘ps = fgtrand “strand
Pi= '{ps'fpi

|
oAyl
My = —

Determine Transformed Section Properties:
Ag=Ag+(a- 1AL
n— 1jA__-e
Ay = _\PS pE
Ag+(n—1)-Ap

Yb_t = ¥b ~ A¥bt

®pti = Spg ~ Ayt

i il
L;= Ig + _—"':.g- Aype +(n- 1}"'\'135'&1:11:'1
Elastic Shortening Losses:

i 2
i B | Mgoe
fopy = + £ -5

1
Pl —
oAy L Iy

pti

.lprS =1 fﬂgp

;= 1788 ksi

f oz = 10238ks1

f_; = 7849 ksi
=3 days
1y = 14600 days

14 =421 days

Apg = 825in

P, = 1.47 x 107 kip

M, = 78545 lap-fi

-

Ay =T1735mn"

Af g = 28.56ks]




Shrinkage Losses (Before Deck Placement):

H=70 (Average Annual Relative Humidity)

V= _'-":-E'T- V= 499.59-&3
3.2
8 =218838mL S=105= 10t
v _
— =301
3
b3
kg =—"(-" kg=1
4f
6l — +
ksi k3
khs = 2.00 — 0.0143H khs =1
o04-v
1064 — S_
-1
k.= k=106
s 735 s
3
1+ —
ksi
Ysh = ka5 sy 1ep = 06
]
Ebid = -I-SD 1|} ""'rsh _
Ebld = -_J,S-" b ].D
2
A e T
oy = 1+ g pPE cvn=226
I, )
“ps
Pn= A pp = 0.01
B
v =07
—.118
k].ﬂ. = tl kla =083
khu: = 1.56 — 0.008H khu: =1
Yer = Ked Ko kg bpc Ky Ner =03
ﬂlbjf = 1-5""r.;r ‘Iibj-f =004



1
1+ npyopfl+ X'q‘hif::'

Kia -
Afpsr = “hid Fp Kia
Creep Losses (Before Deck Casting):

(tq -
4-F .
o1 .
6l - —— + (t, - t.
U )

kg =

Yer = Mg Mo ko bpe by

Tpig = 194

Afyer = 0fgn Vg Kig
Relaxation Losses:

"j‘pr = 2.4ksi

Deck Properties:

t, = 9.25in fed = 1pef

3811ksi

by = T5ft Eeq

Transformed Composite Section Properties:
Fed
E

ﬂd =
ct

:".Lgc = :'|f|.g + ﬂd'ts'bd

|r-' tsh'l
_J'J.g}'b + ﬂd'ts'bd'; 3din + TJ;
Ypt = A -
A
.7 bd 'tsj

Igc = Ig + _—‘Lg- |¥p — ¥pe/ +0g° 3
|"-' t H'I:

+nd.t5.bd-; din + ? - ‘_‘,bt-}ll

Yo = 046

"I‘bid = (.83

|[Afpcr = 1825k}

Afyg = 24ks

.4
Igc= 6.4 x 10 -1n



®pc = fpz T | ¥t — }-‘b} epc = 40.49-in
ts
EdE = }"bt — 5din — ? Ed':- =-1311m

F

Shrinkage of Concrete Girder in Composite Section:
lt - ta)
kg = 1

kg = v |
6l - — +|t-— ¢
= Tl

o=tk ek

(sh = Krdks ¥y e = 06

By e = 480-107 On _
bdf = ish Epig = 287 % 10

1
=
A

Yo = B Mg ke bpe by er
Wy = 094

qudf = 19“"!::

1
de = 5
L+ npyop |1+ % Tpgr)

Creep of Concrete Girder in Composite Section due to 5W and Prestressing:
e -4
kg =1

kiq - v |
61 — E + |_tf - ti:'

1
=
LN

= kg by kg e by “er
qu‘.I.d = (.88

Afycpy = 1265

Creep of Concrete Girder in Composite Section due to Deck Weight:

Af, g = 1.097ksi
Afpcpy = 6.05ks]

Afpepn = 1A gy Ty gr Kar



Shrinkage of Deck Concrete:
g — td_.:'
4Ty

61 —

d .
+{tr - t4)

ksi

o4-A 4L
d
1064

" [by + by — 42in}inL

135

3
fu:d
k=i
Ysh = Kq By bpg Ky

— 6
Eddf = 480-10 “sh

1+

Teor = K Fa e ko Ky
‘I‘ddf = ]..9""|'|._.':r

(eagrraEea ) 1 +Ep|:'Ed|:H".

‘j‘fcdf =

;_‘5 1+ 070 ddf_,-'- ;'-,_:‘Lg': Igll _.-"
Afpgg = 1A 4o Kge 1+ X Tpgr)

Total Losses:

"j‘fps_instant = "':"prS
AfpR
Afps ja = Mpsp + AMpcp + —
( Af R
A df = | Apsp + Mpepr + AMpepz + —, ]t Afhgs
"j‘fps_tntal = Sbys instant T "':"‘fps_id + "j‘fps_df

kg = 0.68

Afygg = —0.91-ks]

Af

os_instant = 28.36-ksi

Af

ps_id = 23:30ksi

Afye gp = 13.54ksi

Afos total = ﬁ?.49-ks1




B.7 Prestress Loss Experimental Data
Table B-1 shows the measured losses of the beams over time and the dates when
measurements were made.

Table B-1: Prestress losses of HSLW girders

Age Average Age Average Age Average
(days) Date (ksi) (days) Date (ksi) (days) Date (ksi)

0 8/11/08 0.00 47 9/27/08 45.94 435 | 10/20/09 | 51.25
2 8/12/08 39.24 48 9/28/08 45.79 436 | 10/21/09 | 50.73
3 8/13/08 39.69 49 9/29/08 45.81 437 | 10/22/09 | 50.18
3 8/14/08 40.10 50 9/30/08 45,56 452 11/6/09 50.32
4 8/15/08 39.98 51 10/1/08 45.57 459 | 11/13/09 | 50.26
4 8/16/08 40.46 52 10/2/08 45.75 466 | 11/19/09 | 50.89
5 8/16/08 40.37 65 10/14/08 | 46.10 473 | 11/27/09 | 51.42
6 8/17/08 40.81 66 10/15/08 | 46.28 493 | 12/17/09 | 51.06
6 8/17/08 41.06 67 10/17/08 | 46.31 500 | 12/24/09 | 49.44
7 8/18/08 41.15 68 10/18/08 | 45.99 507 | 12/30/09 | 49.87
7 8/18/08 41.40 82 11/1/08 47.90 514 1/7/10 51.13
8 8/19/08 41.40 148 1/6/09 46.24 521 1/14/10 50.76
8 8/19/08 41.78 187 2/14/09 47.38 522 1/15/10 50.32
9 8/20/08 41.71 194 2/21/09 48.81 529 1/22/10 48.73
9 8/20/08 41.95 201 2/28/09 47.11 533 1/26/10 49.47
10 8/21/08 41.87 400 | 9/15/09 48.62 534 1/27/10 49.78
10 8/21/08 42.15 407 9/22/09 48.37 541 2/3/10 49.51
11 8/22/08 4211 409 9/24/09 47.53 548 2/10/10 50.39
11 8/22/08 42.48 413 9/28/09 48.24 555 2/17/10 50.47
12 8/23/08 42.58 416 10/1/09 49.17 562 2/24/10 49.44
12 8/23/08 42,76 422 10/6/08 48.37 640 5/13/10 46.51
13 8/24/08 42.96 423 10/7/09 48.49 647 5/20/10 47.16
13 8/24/08 42,97 424 10/8/09 48.80 654 5/27/10 46.75
14 8/25/08 43.01 425 10/9/09 48.58 661 6/3/10 46.87
14 8/25/08 42.83 426 | 10/10/09 | 49.22 668 6/9/10 46.13
15 8/26/08 42.83 427 | 10/11/09 | 49.32 855 | 12/14/10 | 52.74
15 8/26/08 42.77 428 | 10/12/09 | 50.21 862 | 12/21/10 | 50.16
25 9/4/08 44,02 429 | 10/13/09 | 49.89 869 | 12/27/10 | 51.75
26 9/5/08 44.02 430 | 10/14/09 | 50.20 876 1/4/11 50.53
26 9/5/08 44.02 431 | 10/15/09 | 50.32 878 1/6/211 50.06
27 9/7/08 44.21 432 | 10/17/09 | 51.17

27 9/7/08 44.06 433 | 10/18/09 | 51.79

28 9/8/08 44,05 434 | 10/19/09 | 51.61
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Appendix C: Camber Data

Table C-1 presents the measured camber in the girders. After October 23, 2008, the

girders were placed at the bridge site and had a bearing length of 106.74 ft. The deck was cast

on October 6", 2009. The barriers were placed on December 16™, 2009.

Table C-1: Measured cambers of HSLW girders

Age Girder | Girder | Girder | Girder | Girder
Date Time (days) 1 2 3 4 5 Average
After

8/11/08 cut 0 3.75 3.71 3.79 3.76 3.59 3.72
8/11/08 | 7:00p 0.5 4.19 4.05 4.06 4.25 4.03 4.12
8/16/08 | 8:15a 5 3.98 3.92 3.99 4.21 3.92 4.01
8/19/08 | 8:05a 8 4.02 3.91 4.03 4.23 3.92 4.02
8/25/08 | 8:00a 14 4.03 4.03 4.05 4.25 3.94 4.06

9/8/08 | 8:00a 28 4.09 4.14 4.23 4.40 4.23 4.22
10/6/08 | 9:18a 56 4.08 4.13 4.27 4.46 4.16 4.26
10/23/08 | 8:30a 73 4.08 4.32 4.49 4.47 4.17 4.39
3/31/09 | 7:30 232 3.93 4.67 3.82 3.93 4.18 4.39
4/29/09 | 8:00 261 3.78 4.55 3.75 3.93 4.33 4.39
10/05/09 | 8:00 419 3.24 3.72 3.84 3.84 4.44 3.82
11/5/09 | 7:40 451 1.36 1.56 2.01 1.89 1.49 1.66
11/13/09 | 7:20 459 1.30 1.60 1.74 1.72 1.28 1.53
12/3/09 7:50 479 1.29 1.56 1.74 1.88 1.50 1.60
1/14/10 | 7:45 521 0.78 1.04 1.49 1.35 0.98 1.13
1/26/10 | 8:20 533 0.85 1.26 1.60 1.66 1.10 1.29
3/19/10 | 8:00 585 1.06 1.48 1.76 1.67 1.17 1.43
5/12/10 | 7:05 639 1.02 1.40 1.66 1.58 1.02 1.34
6/17/10 | 6:25 675 0.82 1.21 1.52 1.45 0.98 1.20
7/27/10 6:45 715 0.81 1.25 1.55 1.45 0.92 1.20

9/1/10 7:08 751 0.76 1.12 1.45 1.35 0.73 1.08
9/29/10 | 7:05 779 0.80 1.13 1.41 1.28 0.74 1.07
12/2/10 | 7:24 843 0.86 1.33 1.63 1.48 0.83 1.23
12/14/10 | 7:30 855 0.67 1.11 1.43 1.37 0.73 1.06

1/6/11 8:01 878 0.85 1.32 1.65 1.53 0.85 1.24
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Appendix D: Transfer Length

D.1 Introduction

Transfer length of prestressed girders is discussed in this appendix. The definition of
transfer length is discussed along with current code provisions required by both ACI and
AASHTO. These standards are compared with the experimental transfer lengths values found

for the HSLW girders.

D.2 Definition

Transfer length is the distance required to transfer the fully effective prestressing force
from the strand to the concrete. The transfer length is measured from the end of the girder to the
point where the concrete around the strand is carrying the effective prestressing force. There is
constant stress in the steel from the transfer point through the length of the beam to the transfer
point at the opposite end. Figure D-1 shows an idealized view of transfer length as a function of

steel stress across the length of the beam.

Transfer Length Fully Effective Prestress

Constant strains demonstrate fully
effective prestress force.

\ Increasing stresses demonstrate transfer of

prestress from steel to concrete.

Steel Stress

0 L, Distance from free end of strand

Figure D-1: Idealized stress in steel strand in a prestressed concrete member
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D.3 Current Code Provisions
Currently both ACI and AASHTO have recommended values for transfer length. ACI
318-08 uses the effective prestressing stress, fs, and the diameter of the bar, or in this case

strand, dp, to calculate transfer length, shown in Eqg. D-1.

|, = (Eq. D-1)

AASHTO (2007) currently only used the strand diameter to define the transfer length,
shown in Eq. D-2.
l, = 60d, (Eq. D-2)

Previous research (Meyer, 2002) has shown both of these equations to be conservative.

D.4 Test Specimens

All five HSLW girders were instrumented to measure transfer length. DEMEC
embedments were placed at the North and South ends of each girder, with North and South
referring to final bridge positions. These embedments were placed over a 40 in. length on the

same side of the girder along the bottom flange as pictured in Figure D-2.

Figure D-2: Grey boxes indicate location of embedments spaced at 2 inches over a 50 inch
length.
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All 5 girders used 0.6 inch diameter 7-wire low-relaxation strand. The strands were
stressed to approximately the same prestressing force of 45 kips. Due to the early age of the
girders, the initial stress of the strands was used for effective stress in calculations. The initial

stress was found to be 137.2 ksi using load cell data of tension in the strand just before cut-down.

D.5 Measurement of Transfer Length

The concrete surface strain (CSS) method was used to calculate the transfer length. This
method uses the assumption that as the prestressing strand develops a bond with the surrounding
concrete, the concrete will move in the same way the strand does. Strains in the strand are then
the same as the compressive strain in the concrete. Using this idea, the change in length can be
measured at the surface and directly correlated to the strand inside the girder.

A DEMEC gage was used to take the CSS measurements monitoring the change in length
of the girder, and thus the strain in the concrete. The DEMEC gage, shown in Figure D-3,
required embedments in the concrete to take the readings. These embedments were spaced 2
inches apart from the end of the beam moving toward the center for 40 inches. The distance
between these holes was then measured with the DEMEC gage, which reads to accuracy of
0.0001 inches. The DEMEC gage has two conical points spaced 8 inches apart, with one point
on a spring, which can adjust. Figure D-4 shows a researcher taking DEMEC readings with a

second researcher recording values.
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Figure D-3: DEMEC gage used for this research.

)
x

\

FiguréuD-4: Researchers Jennifer Dunbeck and Brett Holland taking DEMEC readings.



Several steps were taken to ensure accurate usage of the DEMEC gage. First, the same
DEMEC gage was used for all readings. Second, the DEMEC gage was zeroed before each use.
A steel bar with conical holes spaced at 8 inches was provided by the manufacturer. This bar
and the gage were allowed to reach ambient temperature before the tool was zeroed and then
used to take readings. Third, the same researcher took all DEMEC readings, with another
research present to record the data. Care was taken to hold the gage in the same manner each
time. Finally, all readings were taken close to 8:00 a.m. before direct sunlight hit the girders.

This prevented thermal affects from playing a factor in the results.

D.6 Determination of Transfer Length

The strains in the concrete were measured by finding the difference between the initial
CSS reading, which was before cut-down, and the reading of a given day. These strains were
already partly “smoothed out” due to the nature of taking the readings. The 8 inch gage length
meant that each reading would cover 4 embedment points: one at each point of the DEMEC gage
and 2 in the middle. This averaged any change in length over 8 inches rather than only over 2
inches. A second tool was used to further “smooth out” the data. Using an Excel spreadsheet,

the strains for a given point were averaged using a 3 point floating average, shown in Eq. D-3.

- Exa) +gg) +E(xu (Eq. D-3)
These smoothed out values were then plotted against their distance from the girder end.

The “95% Average Maximum Strain” method was used to calculate the transfer length. This

method uses a “strain plateau”, which ideally is the constant strain value across the middle of the

girder once full transfer of effective prestress is reached. This plateau is used to determine the

“Average Maximum Strain” of all values inside the plateau. 95% of this average is taken and
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plotted against the data. The transfer length is then determined by the intersection of the 95%
line with the “smoothed” strain profile.

This method is considered to be conservative when compared to the “idealized” transfer
length. The idealized transfer length would be located at the intersection of the strain plateau
and a trendline of the smoothed strains. This idealized transfer length is typically less than the
measured transfer length. However, a different result was found for much of this data when
using this method. Some graphs were similar to expectations, such as the graph shown in Figure
D-5, but some were far from standard, such as Figure D-6. These atypical graphs resulted in a
measured transfer length less than the idealized transfer length.

Another anomaly of the data was that several data sets showed negative strains at the end
of the girder. This was probably the result of small cracks that occurred after the initial readings

were taken on the bed. The negative values were not used in creating the trendlines.

2000

y =93.279x - 788.49

=== Y e CEE T

1000

a
o
o

Strain in Steel Strand (microstrains)

o] T T T T T T T T T |
1/ 10 15 20 25 30 35 40 45 50

-500

Distance from End of Beam (in)

Figure D-5: Smoothed CSS readings for the South end of Girder 1 at day 8.
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Figure D-6: Smoothed CSS readings for the South end of Girder 5 at day 80.

D.7 Transfer Length Results

Table D-1 shows all values found, except for those of the North end of Girder 4. These
data points had to be thrown out due to error readings obtained by the DEMEC gage. Tables D-2
through D-6 show the average measured and idealized transfer lengths for each reading day.

Table D-7 summarizes these averages for comparison.
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Table D-1: Measured and idealized transfer lengths for all girders.

Measured Transfer

ldealized Transfer

Girder Days after Cut-down Length (in) Length (in)
5d 33.06 27.13
8d 28.10 26.36
1 South 14d 28.20 26.49
28d 33.20 29.32
80d 32.25 29.42
5d 27.00 31.40
8d 27.56 31.82
1 North 14d 27.50 34.44
28d 30.40 31.22
80d 21.50 24.52
5d 25.25 25.45
8d 25.80 23.55
2 South 14d 24.33 24.81
28d 18.25 19.34
80d 25.80 28.18
5d 16.80 19.93
8d 25.00 27.89
2 North 14d 25.40 28.68
28d 24.75 26.16
80d 24.60 28.75
5d 25.00 35.07
8d 26.20 24.94
3 South 14d 26.70 42.44
28d 26.20 30.49
5d 34.50 39.57
8d 30.20 30.89
3 North 14d 30.40 35.42
28d 29.60 29.47
80d 33.80 33.55
5d 23.20 25.13
8d 25.40 26.24
4 South 14d 23.60 25 51
28d 24.75 26.76
5d 18.00 14.59
8d 25.20 23.33
5 South 14d 18.50 19.34
28d 19.30 20.35
80d 19.20 21.48
5d 33.60 32.61
8d 35.05 38.06
5 North 14d 32.10 34.00
28d 32.13 35.62
80d 35.75 38.60
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Table D-2: Average transfer lengths at 5 days.

Girder Measured Transfer Length (in) | Idealized Transfer Length (in)
1 South 33.06 27.13
1 North 27.00 31.40
2 South 25.25 25.45
2 North 16.80 19.93
3 South 25.00 35.07
3 North 34.50 39.57
4 South 23.20 25.13
5 South 18.00 14.59
5 North 33.60 32.61
5 Day Average 26.27 27.87
Standard Deviation 6.50 7.72

Table D-3: Average transfer lengths at 8 days.

Girder Measured Transfer Length (in) | Idealized Transfer Length (in)
1 South 28.10 26.36
1 North 27.56 31.82
2 South 25.80 23.55
2 North 25.00 27.89
3 South 26.20 24.94
3 North 30.20 30.89
4 South 25.40 26.24
5 South 25.20 23.33
5 North 35.05 38.06
8 Day Average 27.61 28.12
Standard Deviation 3.26 4.75
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Table D-4: Average transfer lengths at 14 days.

Girder Measured Transfer Length (in) | Idealized Transfer Length (in)
1 South 28.20 26.49
1 North 27.50 34.44
2 South 24.33 24.81
2 North 25.40 28.68
3 South 26.70 44.44
3 North 30.40 35.42
4 South 23.60 25.51
5 South 18.50 19.34
5 North 32.10 32.10
14 Day Average 26.30 30.14
Standard Deviation 4.01 7.39

Table D-5: Average transfer lengths at 28 days.

Girder Measured Transfer Length (in) | Idealized Transfer Length (in)
1 South 33.20 29.32
1 North 30.40 31.22
2 South 18.25 19.34
2 North 24.75 26.16
3 South 26.20 30.49
3 North 29.60 29.47
4 South 24.75 26.76
5 South 19.30 20.35
5 North 32.13 35.62
28 Day Average 26.51 27.64
Standard Deviation 5.33 5.19

D-10




Table D-6: Average transfer lengths at 80 days.

Girder Measured Transfer Length (in) | Idealized Transfer Length (in)
1 South 32.25 29.42
1 North 21.50 24.52
2 South 25.80 28.18
2 North 24.60 28.75
3 North 33.80 33.55
5 South 19.20 21.48
5 North 35.75 38.60
80 Day Average 27.56 29.22
Standard Deviation 6.41 5.63

Table D-7: Summary of average transfer lengths.

Averages | Measured Transfer Length (in) | Idealized Transfer Length(in)
5 Day 26.27 27.87
8 Day 27.61 28.12
14 Day 26.30 30.14
28 Day 26.51 27.64
80 Day 27.56 29.22

D.8 Discussion of Results

The values from day 8 were selected to be used as the transfer lengths for this beam. The
day 8 values had the lowest standard deviations, and therefore the best agreement between
numbers. Also, when compared to the averages from other days in Table D-7 the measured
transfer length from day 8 is the longest length. Using this value is conservative.

The transfer length of the HSLW girders was 27.61 inches. This number is slightly less
than the value suggested by AASHTO, confirming that the equation is conservative. The ACI

equation was extremely close to the actual transfer length. Table D-8 compares the three values.
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Table D-8: HSLW transfer length compared to code requirements.

Source Equation | Transfer Length (in)
HSLW Girders 27.61
ACI fsed, 27.45
3
AASHTO 60 dp 36.00

The variations in transfer length between girders ends were more than expected.
Previous research (Meyer, 2002) has suggested that girders constructed at the free end, or dead
end, of the bed have longer transfer lengths. Typically multiple beams are constructed on a bed
starting at the live end and moving toward the dead end. There is often a space left at the dead
end of the bed between the last beam and the abutment. From this research, Girder 3 was on the
free end of pour 1 with 79 feet of free prestressing cable, and Girder 5 was on the free end of
pour 2 with 190 feet of free prestressing cable. The average transfer length of the Girder 3 was
4.09 inches and of Girder 5 was 6.12 inches greater than the transfer length for all the girders.

This would imply that the length of the free strand has the stated effect on the transfer length.
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