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SI* (MODERN METRIC) CONVERSION FACTORS 
 

APPROXIMATE CONVERSIONS TO SI UNITS 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 
LENGTH 

in. inches 25.4 millimeters mm 

ft feet 0.305 meters m 

yd yards 0.914 meters m 

mi miles 1.61 kilometers km 

AREA 

in2 square inches 645.2 square millimeters mm2 

ft2 square feet 0.093 square meters m2 

yd2 square yard 0.836 square meters m2 

ac acres 0.405 hectares ha 

mi2 square miles 2.59 square kilometers km2 

VOLUME 

fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 

ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1000 L shall be shown in m3 

MASS 

oz ounces 28.35 grams g 

lb pounds 0.454 kilograms kg 

T short tons (2000 lb) 0.907 megagrams Mg (or "t") 

TEMPERATURE (exact degrees) 
oF Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius oC 

ILLUMINATION 

fc foot-candles 10.76 lux lx 

fl foot-Lamberts 3.426 candela/m2 cd/m2 

FORCE and PRESSURE or STRESS 

kip 1000 pound force 4.45 kilonewtons kN 

lbf pound force 4.45 newtons N 

lbf/in2 
pound force per square 
inch 

6.89 kilopascals kPa 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply 
with Section 4 of ASTM E380. 
  



iv 

SI* (MODERN METRIC) CONVERSION FACTORS 
 

APPROXIMATE CONVERSIONS FROM SI UNITS 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 
LENGTH 

mm millimeters 0.039 inches in. 

m meters 3.28 feet ft 

m meters 1.09 yards yd 

km kilometers 0.621 miles mi 

AREA 

mm2 square millimeters 0.0016 square inches in2 

m2 square meters 10.764 square feet ft2 

m2 square meters 1.195 square yards yd2 

ha hectares 2.47 acres ac 

km2 square kilometers 0.386 square miles mi2 

VOLUME 

mL milliliters 0.034 fluid ounces fl oz 

L liters 0.264 gallons gal 

m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 

g grams 0.035 ounces oz 

kg kilograms 2.202 pounds lb 

Mg (or "t") 
megagrams (or "metric 

ton") 
1.103 short tons (2000 lb) T 

TEMPERATURE (exact degrees) 
oC Celsius 1.8C+32 Fahrenheit oF 

ILLUMINATION 

lx lux 0.0929 foot-candles fc 

cd/m2 candela/m2 0.2919 foot-Lamberts fl 

FORCE and PRESSURE or STRESS 

kN kilonewtons 0.225 1000 pound force kip 

N newtons 0.225 pound force lbf 

kPa kilopascals 0.145 
pound force per 

square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply 
with Section 4 of ASTM E380. 
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EXECUTIVE SUMMARY 
Benefits of lightweight concrete include reduction in the self-weight of the girder and reduction 

in transportation and handling costs, as well as potentially longer spans. Lightweight concrete can 

be produced with strength equivalent to normal-weight concrete. However, FDOT does not 

currently have an approved lightweight concrete mix for girders. The objective of this research 

was to study the implementation of lightweight concrete in girders.  The following tasks were 

performed:  a lightweight concrete mix was developed; the fresh and hardened mechanical 

properties were measured, lightweight concrete bridge girders were constructed, and the camber 

behavior of the girders was measured.  At a later date, the flexural/shear behavior of girders may 

be studied. 

The self-consolidating lightweight concrete mix that was developed for use in the girders had 

a design compressive strength of 10 ksi, which is higher than the 8.5-ksi strength of FDOT’s 

standard concrete mix for girders. The 10-ksi strength was achieved 11 days after casting the test 

girders, and the strength at 28 days was 11.22 ksi – 12% higher than the specified strength. The 

measured unit weight was 0.126 k/ft3, slightly higher than the design unit weight of 0.122 k/ft3. 

The developed lightweight concrete mix satisfied FDOT’s mix design requirements. The fresh 

properties – including slump, air content, and penetration – were evaluated before casting the 

concrete. The hardened properties – including unit weight, compressive strength, modulus of 

elasticity, splitting tensile strength, and modulus of elasticity – were evaluated by testing concrete 

cylinders and small beams, which were cast from the batches used to fabricate the girders. The 

current AASHTO LRFD equations are limited to lightweight concrete compressive strength of 10 

ksi. This study investigated the applicability of AASHTO equations for lightweight concrete 

compressive strength higher than 10 ksi. The average measured modulus of elasticity was 4,875 

ksi, which was 15% higher than the calculated value using the AASHTO equation. Because no 

physical test was performed on the lightweight aggregate, the K1 factor was assumed as 1.0. The 

average measured splitting tensile strength of the lightweight concrete was 0.618 ksi, or 0.185!𝑓!". 

AASHTO LRFD Section 5.4.2.8 conservatively estimated the concrete density modification factor 

(λ). The average measured modulus of rupture was 0.895 ksi, which is 19% higher than the value 

calculated using the AASHTO equation. It can be concluded that the current AASHTO equations 

conservatively estimate the hardened materials properties of the lightweight concrete mix used in 

this study, which had a compressive strength higher than 10 ksi. 
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Five 42-ft-long AASHTO Type II girders were fabricated: two (2) used the lightweight 

concrete mix described above, and three (3) used normal-weight concrete. Girder cambers were 

monitored over time. Short-term camber measurements were compared between lightweight and 

normal-weight girders. The average measured cambers at 33 days were 0.605 in. and 0.688 in. for 

normal-weight Girders (A1, A2, and A3) and lightweight Girders (D1 and D2), respectively. 

Lightweight concrete girders had higher camber because of their lower elastic modulus. Long-

term cambers of the lightweight girders were compared with values obtained using the PCI 

multiplier method and FDOT Prestressed Mathcad program v5.2. The short- and long-term 

cambers of lightweight girders were overestimated by both the PCI multiplier method and the 

FDOT program, where the PCI multiplier method was the most conservative. The average 

measured camber of lightweight girders at 380 days was 0.75 in., which was 67% of the calculated 

camber by FDOT program. The two lightweight concrete girders are currently stored at the FDOT 

SRC and will be experimentally tested in flexure or shear after adding a deck slab to investigate 

the structural behavior of high-strength lightweight concrete girders. 
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1 INTRODUCTION 

Self-weight of girders represents a significant portion of the design load for prestressed 

concrete bridge girders. Self-weight can be reduced by using lightweight concrete. The key 

component in lightweight concrete is lightweight coarse aggregate. The use of lightweight concrete 

may be the solution for long girders that cannot be transported due to their heavy weight or route 

restrictions. Other advantages of lightweight concrete are reduced transportation and handling 

costs, as well as potentially longer spans. 

The objective of this research program was to study the implementation of lightweight concrete 

in girders. The first task was to develop a high-strength lightweight concrete mix design. The 

second task was to measure the fresh and hardened mechanical properties of the lightweight 

concrete and compare results with predicted values by AASHTO equations (2017). The third task 

was to construct the girders. The fourth task was to compare short-term camber measurements on 

the normal-weight girders (Girders A) and lightweight concrete girders (Girders D), and to 

compare the long-term camber measurements on the lightweight concrete girders with predicted 

values obtained using the PCI multiplier method and Florida Department of Transportation 

(FDOT) Prestressed Beam Mathcad program v5.2. Another task was to study the flexural behavior 

of the lightweight concrete girders; however, the testing was delayed due to limited testing 

availability at the FDOT Structures Research Center (SRC). The girders are stored at SRC, so the 

testing may be done at a later date. 

2 CONCRETE MIX DESIGN 

Currently, FDOT does not have an approved lightweight concrete mix for bridge girders. 

Therefore, the authors had to develop a mix design for this research program. The process started 

by approaching multiple companies and researchers to assist in the development of the mix. The 

authors ended up working with the research team at Dura-stress, Inc., a manufacturer (precaster) 

of prestressed concrete components, in Leesburg, FL. The original goal was to have a self-

consolidating mix with 8.5-ksi compressive strength, which is the strength of FDOT’s standard 

mix for girders. The general rules that guided the design process were that admixtures and 

materials should be easily obtained by precasters and should be familiar to precasters in Florida. 

Several trial mixes were developed, and they were tested in both fresh and hardened states. The 

fresh properties included slump, air content, and penetration. The hardened property was 
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compressive strength. The final mix had a compressive strength of 10 ksi and satisfied all the 

design limits requirements. The developed mix was approved by FDOT State Materials Office. 

Table 1 shows the mix designs for lightweight concrete and normal-weight concrete used in 

the fabrication of the girders in this study. All the materials used in the two mixes were the same 

except that lightweight coarse aggregates were used in the lightweight mix. The proportions of the 

materials were slightly different. The same admixtures were used in both mixes, although the 

quantities differed slightly. The cement was produced by Argos. The lightweight aggregate was 

produced by Stalite, and the fine aggregate (sand) was supplied by Vulcan Materials Company. 

Separation Technologies supplied the fly ash, and all three admixtures were produced by BASF. 

The developed lightweight mix can be easily reproduced by any precaster in Florida. 

Table 1 Concrete mixture proportions 

Material Units 
Quantity 

Lightweight Normal weight 

Type II cement lb yd$⁄  720 703 
Fly ash (Type F) lb yd$⁄  170 167 
Metakaolin lb yd$⁄  78 74 
Stalite #67 lb yd$⁄  852 - 
Crushed stone #67  - 1360 
Sand lb yd$⁄  1200 1202 
Water lb yd$⁄  280 240 
Water-cement ratio - 0.39 0.34 
Calcium Nitrite oz yd$⁄  320 320 
Air entraining admixture MB AE90 oz yd$⁄  0.75 0.25 
Set retardant admixture, DELVO oz yd$⁄  19 28 
Water-reducing admixture, Glenium 7920 oz yd$⁄  65 69 

 

3 GIRDER FABRICATION 

Five 42-ft-long AASHTO Type II girders were fabricated. Three girders were cast using 

normal-weight concrete while the other two girders were cast with lightweight concrete. The 

specified concrete compressive strength for both normal-weight concrete and lightweight concrete 

was 10 ksi. Both mixes were self-consolidating concrete. All girders were fabricated in one bed as 

shown in Figure 1. All five girders had 11 0.6-in.-diameter carbon steel strands, in four layers 

where the strand pattern was 1:2:4:4, starting from the bottom layer. The transverse reinforcement, 
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Figure 2, in the lightweight girders (Girder D1 and Girder D2) was carbon steel rebar. Note that 

all five girders had same transverse reinforcement spacing; however, different transverse 

reinforcement type was used in Girders A2 and A3. Detailed drawings for all five girders are 

provided in Appendix A. Also, more information about transverse reinforcement type in Girders 

A2 and A3 can be found in Part A of this report. 

 
Figure 1 Casting bed layout 

 
Figure 2 Reinforcement layout 
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Table 2 presents fabrication activities for the lightweight girders. First, carbon steel strands 

were run in the casting bed and then tensioned to 43.9 kips, which was 75% of ultimate strength. 

After tensioning the strands, confinement and stirrup reinforcement was tied, and concrete was 

cast. The forms were removed the next day, and strands were released two days after casting 

concrete. A fabrication check list, provided by Dura Stress, Inc., is included in Appendix B. More 

information about design and fabrication of the three girders cast with normal-weight concrete can 

be found in Part A of this report. 

Table 2 Fabrication activities schedule 
Date Activity 

9/10/2018 Run strands, tension strands and tie reinforcement 
9/11/2018 Set side forms 
9/12/2018 Cast concrete 
9/13/2018 Remove side forms 
9/14/2018 Release strands 

 
Before casting concrete, Dura-stress, Inc., field lab performed several fresh tests on the 

concrete batches. The fresh tests included slump, air content, water-to-cement ratio, and 

penetration. Slump and air content testing are shown in Figure 3 and Figure 4, respectively. Results 

from those tests are given in Table 3. Note that the slumps in both concrete batches were slightly 

higher than the design limits. Dura-stress, Inc., field lab also tested multiple concrete cylinders in 

compression at different days during the first 28 days after casting to measure gain in concrete 

compressive strength. Results of the compressive strength tests are given in Table 4. Figure 5 

presents concrete compressive strength versus concrete age; note that the specified compressive 

strength of 10 ksi was achieved 11 days after casting concrete. 
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Figure 3 Slump test 

 
Figure 4 Air content test 

Table 3 Field concrete test results 
Test Truck 1 Truck 2 ASTM Limit 

Slump 31/31 31/32 

C1611 

24.5 in. – 29.5 in. 
Air % 1 1 1 – 6 
VSI 0 0 =< 1 
T50 2 3 2-7 seconds 
Penetration (mm) 1 0 C1621 =< 2 in. 

Table 4 Concrete compressive strength during the first 28 days after casting 

Specimen ID Casting day Testing day No. of days 
after casting 

Compressive 
strength (ksi) 

Avg. comp. 
strength (ksi) 

1 

9/12/2018 

9/13/2018 1 5.70 5.70 
2 

9/14/2018 2 
6.53 

6.59 
3 6.64 
4 9/18/2018 5 9.18 9.19 
5 

9/24/2018 11 
10.01 

10.01 
6 10.00 
7 

10/10/2018 28 
11.30 

11.22 8 11.20 
9 11.15 
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Figure 5 Compressive strength versus concrete age 

In addition, several concrete cylinders and small concrete beams were taken from each 

concrete batch as shown in Figure 6. Some cylinders were used to measure concrete compressive 

and splitting tensile strengths, modulus of elasticity, and Poisson’s ratio. Other cylinders will be 

used to measure concrete compressive strength when future flexural and/or shear tests are 

performed. Small concrete beams were used to measure modulus of rupture. 

 
Figure 6 Concrete cylinders 
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4 MATERIAL PROPERTIES TESTING MATRIX 

The material properties of hardened concrete include compressive and splitting tensile 

strengths, modulus of rupture, and modulus of elasticity. Fifteen cylinders and eight beams were 

used to determine the material properties of the lightweight concrete mix used in the fabrication 

of the girders. The diameter and height of the cylinders were 4 in. and 8 in., respectively. After the 

cylinders were filled, they were covered with lids. The length, height, and width of the beams were 

12 in., 4 in., and 4 in., respectively. Beams were removed from their molds 24 hours after casting 

and submerged in water. Both cylinders and beams were stored at the FDOT SRC in Tallahassee, 

FL. Later, 546 days after casting, cylinders and beams were sent for testing at the FDOT State 

Materials Office (SMO) in Gainesville, FL. All specimens were tested by professional technicians 

following the designated ASTM testing procedure. Table 5 shows the test matrix and specimen 

IDs. 

 

Table 5 Material properties testing matrix 
Testing Cylinders Testing Beams 

Specimen 
ID 

Compressive 
strength 

ASTM C39 
(2020) 

Splitting 
tensile 

strength 
ASTM C496 

(2017) 

Modulus of 
elasticity and 

Poisson’s 
ratio ASTM 
C469 (2014) 

Specimen ID 
Third point 

loading ASTM 
C78 (2018) 

C1 x   B1 x 
C2 x   B2 x 
C3 x   B3 x 
C4  x  B4 x 
C5  x  B5 x 
C6  x  B6 x 
C7  x  B7 x 
C8  x  B8 x 
C9  x   
C10 x  x 
C11 x  x 
C12 x  x 
C13 x  x 
C14 x  x 
C15 x  x 
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5 MATERIAL PROPERTIES TESTING RESULTS 

Concrete compressive strength, unit weight, splitting tensile strength, modulus of rupture, and 

modulus of elasticity testing results are discussed below. 

5.1 Compressive strength 

A total of nine cylinders were tested in compression following ASTM C39 (2020) testing 

procedure. Figure 7 shows the compressive strength test apparatus. Three cylinders (C1, C2 and 

C3) were tested in compression only. Figure 8 shows failure of one cylinder in compression. The 

average compressive strength from those three cylinders was used to determine the proper load 

level for the modulus of elasticity test. The other six cylinders were first tested for modulus of 

elasticity, and then they were tested for compressive strength. 

Table 6 lists the measured compressive strength for the lightweight concrete cylinders 546 

days after casting; the average strength was 11.23 ksi with a standard deviation of 1.50 ksi. The 

average concrete compressive strength 28 days after casting was 11.22 ksi, which was 12.2% 

greater than the design compressive strength. The main difference between lightweight and 

normal-weight concretes is the use of lightweight coarse aggregate.  Figure 9 shows normal-weight 

and lightweight cylinders after being tested in compression. The differences in the type of 

aggregate used in each of them is very visible. 

 
Figure 7 Compressive strength test 
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Figure 8 Failure of concrete cylinder in compression 

5.1 Unit weight 

The design unit weight was 122 lb/ft3. Table 6 provides the hardened unit weight, calculated 

from the cylinder weights. The average measured unit weight was 126 lb/ft3 with a standard 

deviation of 1.56 lb/ft3. 

Table 6 Compressive strength test results 

Specimen ID C1 C2 C3 C10 C11 C12 C13 C14 C15 

Length (in.) 7.65 7.61 7.56 7.53 7.65 7.68 7.73 7.62 7.69 

Diameter (in.) 4.01 4.01 4.01 4.00 4.01 4.02 4.02 4.02 4.01 

Weight (g) 3207 3162 3153 3199 3209 3210 3209 3210 3145 
Hardened density 
(lb/ft3) 127 125 126 129 127 126 125 125 123 

Max load (kips) 133 135 151 174 172 131 124 119 138 
Compressive 
strength (ksi) 10.54 10.68 11.97 13.85 13.60 10.35 9.75 9.40 10.93 
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Figure 9 Illustration of normal-weight and lightweight aggregates in cylinders 

5.2 Modulus of elasticity 

Modulus of elasticity is another important property, which has a significant effect on camber 

and deflection calculations. Six cylinders were tested for modulus of elasticity following ASTM 

C469 (2014) test procedure. Generally, bridge girders remain in the elastic region under service 

conditions. The cylinders were tested 546 days after casting, which provides results comparable to 

service conditions. Figure 10 shows preparation of a cylinder to be tested for modulus of elasticity. 

Figure 11 shows a modulus of elasticity test. Results from the modulus of elasticity tests are given 

in Table 7. The average modulus of elasticity was 4,875 ksi with a standard deviation of 197 ksi. 
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Figure 10 Installing extensometer for modulus of elasticity test 

 
Figure 11 Modulus of elasticity test 

AASHTO LRFD Section 5.4.2.4 provides the following equation to calculate modulus of 

elasticity of lightweight concrete with compressive strengths up to 10 ksi. 

𝐸% = 120,000	𝐾&𝑤%'.)𝑓%*
).$$ 

 

where  

K1 = correction factor for source of aggregate (taken as 1.0 unless determined by physical test, and 

approved) 
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wc = unit weight of concrete (kcf) 

𝑓%* = concrete compressive strength 

The calculated modulus of elasticity using AASHTO equation was 4,231 ksi, where K1 was 

assumed to be 1.0, and wc was taken as 0.126 kcf. The calculated modulus of elasticity was 

approximately 87% of the average of that measured experimentally. As noted above, K1 is a factor 

to adjust for type of aggregate; the higher the factor, the stiffer the aggregate. Even though K1 was 

assumed as 1.0 for lightweight aggregate, the AASHTO equation for modulus of elasticity was 

conservative for the high-strength lightweight concrete used in this study. The calculated modulus 

of elasticity using design parameters (𝑓%* =10 ksi and wc = 0.122 kcf) was 3,819 ksi. The average 

measured modulus of elasticity was 27.6% greater than that AASHTO calculated using design 

parameters. 

Table 7 Modulus of elasticity test results 
Specimen ID C10 C11 C12 C13 C14 C15 

Length (in.) 7.53 7.65 7.68 7.73 7.62 7.69 

Diameter (in.) 4.00 4.01 4.02 4.02 4.02 4.01 

Modulus of elasticity (ksi) 5,221 5,048 4,826 4,752 4,761 4,645 

Poisson’s ratio 129 127 126 125 125 123 

5.3 Splitting tensile strength 

Splitting tensile strength (fct) can be measured from cylinders. Six cylinders were tested for 

splitting tensile strength following ASTM C469 (2017) test procedure. Figure 12 shows the test 

setup for splitting tensile strength tests. Failure of all cylinders occurred by splitting of the 

cylinders into approximately identical halves as shown in Figure 13. Test results are given in Table 

8, where the average splitting tensile strength was 0.618 ksi with a standard deviation of 0.075 ksi. 

The splitting tensile strength (fct) is directly related to concrete compressive strength (𝑓%*). The 

relationship between splitting tensile strength and concrete compressive strength can be 

represented by fct = a 2𝑓%*	where a is a factor. The measured value of the a factor using average 

measured concrete compressive strength was 0.185, which was lower than the a value of 0.230 

specified by AASHTO LFRD Section C5.4.2.7. Note that the specified a value in AASHTO is for 

normal-weight concrete with compressive strength lower than 10 ksi. 
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Figure 12 Splitting tensile strength test 

 
Figure 13 Tensile failure of cylinder 

Table 8 Splitting tensile strength test results 
Specimen ID C4 C5 C6 C7 C8 C9 

Length (in.) 7.63 7.55 7.69 7.57 7.61 7.65 

Diameter (in.) 4.01 4.02 4.02 4.00 4.01 4.01 

Max. applied load (kip) 31.07 31.81 24.44 27.43 27.75 35.56 

Splitting tensile strength (ksi) 0.645 0.665 0.505 0.575 0.580 0.740 
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AASHTO LRFD Section 5.4.2.8 provides the following equation to calculate the concrete 

density modification factor (𝜆) based on splitting tensile strength (fct) and concrete compressive 

strength (𝑓%*): 

𝜆 = 4.7	 +!"
,+!#

≤ 1.0 

Using the average measured splitting tensile strength (fct) of 0.618 ksi and average measured 

concrete compressive strength (𝑓%*) of 11.23 ksi, the calculated concrete density modification factor 

(𝜆) was 0.867. If the splitting tensile strength is not specified, AASHTO LRFD Section C5.4.2.8 

provides a chart to determine the concrete density modification factor (𝜆) based on the unit weight 

of the mixture. For the measured unit weight of 0.126 kcf, the concrete density modification factor 

(𝜆) was found to be 0.936. Calculations indicate that the 4.7 factor in the above equation is 

conservative. Note that the measured compressive strength was 11.23 ksi, which was higher than 

the specified concrete compressive strength limit of 10 ksi for lightweight concrete according to 

AASHTO LRFD Section 5.4.2.6. 

5.4 Modulus of rupture 

Modulus of rupture is important in determining the required or acceptable amount of prestress. 

Eight small beams were tested in flexure under three-point loading following ASTM C78 (2018) 

testing procedure. Figure 14 shows the test setup for the modulus of rupture test. Failure of all 

beams occurred within the middle span as shown in Figure 15. Test results are given in Table 9. 

The average modulus of rupture was 0.895 ksi with a standard deviation of 0.107 ksi. Figure 16 

shows the cross section of the beams, made with normal-weight and lightweight aggregate, after 

being tested for modulus of rupture. 

Table 9 Modulus of rupture test results 
Specimen ID B1 B2 B3 B4 B5 B6 B7 B8 

Span length (in.) 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 

Width (in.) 4.03 4.03 4.03 4.02 4.02 4.00 4.05 4.05 

Depth (in.) 4.02 4.02 4.05 4.03 4.00 4.00 4.05 4.05 

Total load (kip) 4.32 5.31 5.49 4.44 4.90 4.68 5.01 4.80 

Modulus of rupture (kip) 0.795 0.980 0.995 0.815 0.915 0.875 0.910 0.875 
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Figure 14 Modulus of rupture test 

 
Figure 15 Failure of concrete beam in tension 
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Figure 16 Illustration of normal-weight and lightweight aggregates in beams 

AASHTO LRFD Section 5.4.2.6 provides the following equation to calculate modulus of 

rupture (fr) of lightweight concrete with compressive strengths up to 10 ksi: 

fr = 0.24 𝜆	2𝑓%* = 0.24 (0.936) √11.23 = 0.753 ksi 

Comparison of the measured results with calculated results revealed that the factor value of 

0.24 in the above equation underestimates the modulus of rupture for concrete compressive 

strength higher than 10 ksi. A factor value of 0.29 better predicts the modulus of rupture for 

lightweight concrete used in this study. 

6 CAMBER MEASUREMENTS 

6.1 At casting yard 

Three self-consolidating normal-weight concrete Girders A1, A2, and A3 and two self-

consolidating lightweight concrete Girders D1 and D2 were cast in the same bed. After releasing 

the strands, camber occurred in each girder due to effect of the prestressing. A simple method was 

used to measure the camber when the girders were in the casting bed. The camber was determined 

by measuring the distance between the casting bed and bottom fiber of the girder using a measuring 

tape. The measured midspan camber at the casting bed was 0.25 in. for Girder A1 and Girder A2, 

and 0.188 in. for Girder A3, Girder D1 and Girder D2. Then, the girders were moved from the 

casting bed and stored at the casting yard for 33 days. Girders were put on supports as shown in 

Figure 17. The distance between center of supports was approximately 38 ft. 
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Figure 17 Girders at the casting yard 

A rotary laser level, Figure 18, was used to take camber measurements on the girders at the 

casting yard. The rotary laser level operates by rotating 360 degrees and sending a red laser that 

can be detected by a receiver. A movable receiver was attached to a graded rod, Figure 19. The 

receiver was adjusted along the graded rod to be aligned with the red laser to determine elevation 

with respect to the laser level. Elevations at the two supports and midspan were taken each time. 

The difference between the average elevation at the supports and midspan represents camber. 

Figure 20 presents the camber measurements for the first 33 days after release. 

 
Figure 18 Laser machine at top of the girder 
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Figure 19 Adjusting the detector along the measuring ruler 

 

 
Figure 20 Camber monitoring at the casting yard 

6.2 At FDOT SRC 

All five girders were transported to FDOT SRC in Tallahassee, FL, 33 days after casting. When 

they arrived, they were put inside the lab. The three normal-weight girders (A1, A2, and A3) were 

tested either in shear or flexure, and no camber documentation was performed. More information 

about the shear and flexural testing of Girders A1, A2, and A3 can be found in Part A of this report. 
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After a few months of being stored in the lab, the lightweight girders (D1 and D2) were moved 

outside to the back yard of the lab as shown in Figure 21. Note that no camber readings were taken 

when the girders were inside the lab. The first camber reading at the lab was taken 303 days after 

casting the girders. A level device and a measuring tape were used to measure camber. First, the 

level device was installed. Then, elevations of the two supports and midspan were measured. At 

each reading, the camber was determined by calculating the difference between the average 

elevation at the supports and midspan. Figure 22 presents the measured camber versus time for the 

two lightweight girders. The final measured camber at 380 days was 0.75 in. for both girders. It 

can be concluded that the measured camber of lightweight girders had negligible change between 

erection (taken as 33 days, the age at which the girders were transported to FDOT SRC) and 380 

days. 

 
Figure 21 Measuring camber at the FDOT lab 
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Figure 22 Camber monitoring at the FDOT lab 

7 CAMBER PREDICTIONS 

7.1 PCI multiplier method 

The camber of the girders at transfer and at erection (taken as 33 days in this study) was 

calculated using an approximate method, the PCI multiplier method (2003). The procedure for 

camber calculation is as follows. 

1. Calculate camber due to prestressing force (∆-) 

∆-=
𝑃./
𝐸%/𝐼0

=
𝑒% 	𝐿'

8 A 

where 

𝑃./ = total prestressing force after transfer = 483.4 kips 

𝐸%/ = modulus of elasticity of concrete at transfer = 4,961 ksi for normal-weight concrete and 3,549 

ksi for lightweight concrete 

𝐼0 = moment of inertia of girder = 50,979 in4 

𝑒% = eccentricity of prestressing strands = 10.49 in. 

𝐿 =	overall girder length = 42 ft at casting bed and 38 ft at erection 

After substituting the variables into the above equation, the camber due to prestressing force 

(∆-) is 0.637 in. upward for Girders A1, A2, and A3 (normal-weight concrete) and 0.890 in. 
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upward for Girders D1 and D2 (lightweight concrete). Lightweight concrete girders had higher 

camber because of their lower modulus of elasticity.  

2. Calculate camber due to self-weight (∆0) 

∆0=
5𝑤0𝐿1

384𝐸%/𝐼0
 

where 

𝑤0 =	girder self-weight = 0.384 k/ft for normal-weight concrete and 0.329 k/ft for lightweight 

concrete 

Calculated deflections due to girder self-weight (∆0) at transfer and erection are 0.106 in. and 

0.071 in. downward, respectively, for Girders A1, A2, and A3 (normal-weight concrete), and are 

0.125 in. and 0.084 in. downward, respectively, for Girders D1 and D2 (lightweight concrete). 

3. Calculate camber at transfer (∆234)  

∆234	= ∆5 - ∆0 

4. Calculate camber at erection (∆$$_7489) 

∆$$_7489	=	1.80	∆--	1.85	∆:	

The PCI multiplier method was found to significantly overestimate the camber of normal-

weight and lightweight girders at transfer and erection as shown in Table 10. 

Table 10 Comparison of measured and calculated camber at transfer and erection 

Specimen 

ID 

At transfer (after release) At erection (33 days) 

Measured 
(in.) 

PCI 
multiplier 
method 

(in.) 

FDOT 
Mathcad 
program 

(in.) 

Measured 
(in.) 

PCI 
multiplier 
method 

(in.) 

FDOT 
Mathcad 
program 

(in.) 
Girder A1 0.250 

0.530 0.360 

0.563 

1.014 0.620 Girder A2 0.250 0.563 

Girder A3 0.188 0.688 

Girder D1 0.188 
0.765 0.460 

0.625 
1.447 0.770 

Girder D2 0.188 0.750 
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7.2 FDOT Mathcad program 

FDOT Prestressed Beam Mathcad program v5.2 was used to calculate the camber of the non-

composite section. The program is based on FDOT Report no. BD545-7, titled FIELD 

VERIFICATION OF CAMBER ESTIMATES FOR PRESTRESSED CONCRETE BRIDGE 

GIRDERS (Cook et al. 2005). The unit weight of concrete was the only parameter changed in the 

Mathcad program for the calculation of camber for lightweight concrete girders. As mentioned 

previously, the measured unit weight for lightweight concrete was 0.126 kcf. In the FDOT 

Mathcad program, a unit weight of 0.131 kcf, which includes 0.005 kcf for reinforcing materials, 

was used. The calculated camber by the FDOT program, for lightweight girders at 33 days, was 

0.77 in., which is greater than the measured values as shown in Figure 20. As mentioned 

previously, the camber for the lightweight girders was monitored long-term. The calculated 

camber at 120 days was 0.94 in. The long-term camber was conservatively predicted by the FDOT 

program as shown in Figure 22. 

8 FLEXURAL/SHEAR TESTS 

The two lightweight concrete girders are currently stored in the back yard of the FDOT SRC 

in Tallahassee, FL. They will be tested either in shear or flexure after adding a deck slab to them. 

Tests are expected to be done in the future; no dates have been specified yet. 

9 SUMMARY 

A high-strength, 10 ksi, self-consolidating lightweight concrete mix was developed and used 

in this research program. Two 42-ft-long AASHTO Type II girders were fabricated using 

lightweight concrete. This study focuses on investigating the fresh and hardened properties of the 

developed mix. All experimental tests were conducted by professional technicians following the 

designated ASTM testing procedure. The fresh properties (slump, air content, and penetration) 

were tested before casting concrete in the bed. Several concrete cylinders and small beams were 

cast from the concrete batches used in the fabrication of the girders. Those cylinders and beams 

were used to determine the hardened properties of the concrete mixture. The hardened properties 

included unit weight, compressive strength, modulus of elasticity, splitting tensile strength, and 

modulus of elasticity. The design unit weight was 122 lb/ft3. However, the average measured unit 

weight was 126 lb/ft3. The specified compressive strength of the mixture was 10 ksi, which was 

achieved 11 days after casting concrete. The 28-day compressive strength was 11.22 ksi. Note that 

AASHTO LRFD equations regarding lightweight concrete are limited to compressive strengths up 
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to 10 ksi. Thus, the applicability of AASHTO LRFD equations was investigated for compressive 

strength higher than 10 ksi.  

The average measured and AASHTO calculated modulus of elasticity for lightweight concrete 

was 4,875 ksi and 4,232 ksi, respectively. Note that the K1 factor in the AASHTO equation was 

assumed as 1.0 because no physical test was performed on the lightweight aggregate used. The 

higher the K1 factor, the stiffer the aggregate. Results showed that the modulus of elasticity of the 

high-strength lightweight concrete was conservatively estimated by the AASHTO equation. The 

average measured splitting tensile strength (fct) was 0.618 ksi, which represents 0.1852𝑓%*. The 

concrete density modification factor (𝜆) is conservatively calculated by AASHTO LRFD equation. 

The average modulus of rupture (fr) was 0.895 ksi, which represents 0.29𝜆2𝑓%*. Therefore, the 

AASHTO LRFD equation for modulus of rupture (fr) was found to conservatively predict the 

experimental results. 

Girders were monitored for camber. The measured cambers for normal-weight Girders A1, 

A2, and A3 at transfer were 0.250 in., 0.250 in., and 0.188 in., respectively, and at 33 days were 

0.563 in., 0.563 in., and 0.688 in., respectively. The measured cambers for lightweight Girders D1 

and D2 at transfer were 0.188 in. and 0.188 in., respectively, and at 33 days were 0.625 in. and 

0.750 in., respectively. Both the PCI multiplier method and the FDOT program overestimated the 

camber of the lightweight girders, where the PCI multiplier method was the most conservative. 

The FDOT program was used to calculate the long-term camber of the lightweight girders. The 

calculated camber at 120 days and 380 days was 0.94 in. and 1.03 in., respectively. Results 

revealed that FDOT program overestimated the camber by approximately 37% at 380 days. 

In the future, the two lightweight concrete girders will be experimentally tested to investigate 

the structural behavior of high-strength lightweight concrete girders. 
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APPENDIX A: DETAILED DESIGN DRAWINGS 

This section contains design detailed drawings for the lightweight girders as well as other 

girders. The designated IDs for lightweight girders are D1 and D2. The drawings included all the 

information needed for construction.
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END OF BEAM & BEARING DIMENSIONS

STRAND DESCRIPTION:  Use 0.6" Diameter, Stainless Steel Strands. Area per strand equals 0.2328 sq. in.

STRAND DESCRIPTION:  Use 0.6" Diameter, Grade 270 Low-Relaxation Carbon Steel Strands. Area per strand equals 0.217 sq. in.

- Strands stressed at 43.9 kips each.

- Strands stressed at 37.2 kips each.

MATERIALS FOR

BARS 4K, 4Y, 5Z

NOTE: ALL STRANDS FULLY BONDED.

3D1, 3D2 & 5A

    length for Beams B2 and B3.

    casting bed. This will require sheathing of two strands for the entire beam

 8. Beams B2, B3, C1, C2 and C3 may be cast with one set of 13 strands in the

 7. Use Light Weight Concrete (LWC) for Beams D1 and D2.

Use Normal Weight Concrete (NWC) for Beams A1, A2, A3, B2, B3, C1, C2 and C3. 6. 

    middle and end of spool as needed for testing purposes.  

 5. FDOT will cut Stainless Steel Strand samples from the beginning,

 4. Return unused Stainless Steel Strand to FDOT Structures Research Center.

    and additional length as needed for stressing.

    length of Stainless Steel Strand to extend length of casting bed

 3. For Beams B2, B3, C1, C2 and C3, FDOT will supply an adequate

    Use Stainless Steel Strands for Beams B2, B3, C1, C2 and C3.

 2. Use Carbon Steel Strands for Beams A1, A2, A3, D1 and D2.

 1. Work this Sheet with Sheets 1 and 2.

 

NOTES:

REF. DWG. NO.

SHEET NO.

SHEET TITLE:

PROJECT NAME:

DRAWN BY:

CHECKED BY:

DESIGNED BY:

CHECKED BY:

ROAD NO. COUNTY FINANCIAL PROJECT ID

REVISIONS

DATE BY DESCRIPTION DATE BY DESCRIPTION

                                 
3

$USER$ $DATE$ $TIME$ $FILE$

            

            

              

              

DEPARTMENT OF TRANSPORTATION

STATE OF FLORIDA

                                                       

                                                       
AASHTO TYPE II BEAM - TABLE OF BEAM VARIABLES

                                                       
Girders

Stainless Steel Strands for Pretensioned Concrete 
28



NOTE: For Bar Dimensions See REINFORCING BAR LIST Sheet(s) in Structures Plans.
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APPENDIX B: FABRICATION OF LIGHTWEIGHT GIRDERS 

This section contains information about fabrication of the girders. All girders were fabricated 

at Dura-Stress, Inc., casting yard in Leesburg, FL. Dura-Stress provided fabrication check lists, 

which included the following: 

1. Measured concrete fresh properties 
2. Stress information 
3. Rebar material/mechanical properties 
4. Strand stress calculations 
5. Pre-pour production sheet 
6. Concrete mix designs 
7. Concrete batch tickets 
8. Casting bed diagram 
9. Concrete compressive strength 
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