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Table 6.1 Racine Avenue Bridge Deck Concrete Mix Design 
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Figure 6.1 Cylinder in Mold with Plastic Cover. 

 

Figure 6.2 Unbonded Cylinder Caps. 
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Figure 6.3 Typical Unconfined Compressive Failures (ASTM C39). 

 

 

Figure 6.4 Modulus of Elasticity Test Setup. 
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Figure 6.5 Splitting Cylinder Test Set-up. 

 

Figure 6.6 Compressive Strength Data of Racine Avenue Bridge Deck. 
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Figure 6.7 Young’s Modulus Data of Racine Avenue Bridge Deck. 

 

 

Figure 6.8 Test Results for Compressive/Modulus Relationship. 

  

y = 3,029,037x + 211

y = 3,441,983x + 190

y = 3,610,382x + 145

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

1400.0

1600.0

1800.0

0.0E+00 5.0E‐05 1.0E‐04 1.5E‐04 2.0E‐04 2.5E‐04 3.0E‐04 3.5E‐04 4.0E‐04 4.5E‐04

St
re
ss
 (p
si
)

Strain (in/in)

Young's Modulus (Day 3.25)

C3

A6

B6

Linear (C3)

Linear (A6)

Linear (B6)

y = 3,490,192x + 178

y = 3,951,315x + 111

y = 4,452,297x + 152

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

1400.0

1600.0

1800.0

0.0E+00 5.0E‐05 1.0E‐04 1.5E‐04 2.0E‐04 2.5E‐04 3.0E‐04 3.5E‐04 4.0E‐04 4.5E‐04

St
re
ss
 (p
si
)

Strain (in/in)

Young's Modulus (Day 5.25)

D1

B5

D6

Linear (D1)

Linear (B5)

Linear (D6)

y = 4,170,098x ‐ 14

y = 3,872,857x + 104

y = 4,255,269x + 53

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

1400.0

1600.0

1800.0

2000.0

0.0E+00 5.0E‐05 1.0E‐04 1.5E‐04 2.0E‐04 2.5E‐04 3.0E‐04 3.5E‐04 4.0E‐04 4.5E‐04

St
re
ss
 (p
si
)

Strain (in/in)

Young's Modulus (Day 7)

A1

B1

E5

Linear (A1)

Linear (B1)

Linear (E5)

y = 3,544,345x + 158

y = 4,662,183x + 60

y = 3,877,819x + 153

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

1400.0

1600.0

1800.0

2000.0

0.0E+00 5.0E‐05 1.0E‐04 1.5E‐04 2.0E‐04 2.5E‐04 3.0E‐04 3.5E‐04 4.0E‐04 4.5E‐04

St
re
ss
 (p
si
)

Strain (in/in)

Young's Modulus (Day 14)

C2

B3

E6

Linear (C2)

Linear (B3)

Linear (E6)

y = 4,357,851x + 136

y = 4,312,549x + 122

y = 6,592,389x + 230

0.0

500.0

1000.0

1500.0

2000.0

2500.0

0.0E+00 5.0E‐05 1.0E‐04 1.5E‐04 2.0E‐04 2.5E‐04 3.0E‐04 3.5E‐04 4.0E‐04 4.5E‐04

St
re
ss
 (p
si
)

Strain (in/in)

Young's Modulus (Day 28)

C4

B4

A4

Linear (C4)

Linear (B4)

Linear (A4)

y = 3,895,288x + 75

y = 3,651,580x + 151

y = 4,912,724x + 48

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

1400.0

1600.0

0.0E+00 5.0E‐05 1.0E‐04 1.5E‐04 2.0E‐04 2.5E‐04 3.0E‐04 3.5E‐04 4.0E‐04

St
re
ss
 (p
si
)

Strain (in/in)

Young's Modulus (Day 2.25)

A2

B2

F3

Linear (A2)

Linear (B2)

Linear (F3)

0.00E+00

1.00E+06

2.00E+06

3.00E+06

4.00E+06

5.00E+06

6.00E+06

7.00E+06

0 1000 2000 3000 4000 5000 6000 7000 8000

M
od

ul
us
 o
f E
la
st
ic
it
y 
(p
si
)

Compressive Strength fc (psi)

Young's Modulus (Emperical)

3.32√fc + 6.9 (MPa)

57,000√fc

9.5(fc+8)^(1/3) (MPa)

Racine Ave.



134 
 

 

Figure 6.9 Splitting Tensile Strength Data of Racine Avenue Bridge Deck. 

 

 

Figure 6.10 Tensile Strength vs. 10% and 5% of Compressive Strength. 
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Figure 6.11 Compressive Strength Data of Humboldt Ave. Bridge Deck. 
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Chapter 7 
Summary, Conclusions, Recommendations and Future Research 
 

 
SUMMARY 
The research team conducted an extensive review of available U.S. and international research findings, 

performance data, and other information related to concrete bridge deck cracking.  The major types of 

cracking in bridge decks were categorized into transverse, longitudinal, diagonal, map, and random.  

While the exact causes are unknown, the variables potentially affecting cracking were categorized as 

material properties, site conditions, construction procedures, design specifications, and traffic/age.   

 

 Fifteen bridge structures in the recently completed Marquette Interchange were analyzed using 21 

of the previously determined variables thought to cause cracking.  The data did not include the type, 

spacing, or location of any of the cracks.  It appeared as though none of the 21 variables had a significant 

effect on bridge deck cracking.  However, it should be noted that specific constituent proportions of 

components in the concrete mixes, hardened concrete properties, and traffic data were not obtained for 

any of the structures.  In addition, significant cracking on the structures was noted only after the structures 

were open for traffic.  It is therefore possible that traffic loading may also have a significant impact on 

bridge deck cracking (e.g. cracking resulting before traffic opening is accentuated by traffic loading) and 

this was subsequently evaluated for a two-span continuous precast concrete girder superstructure. 

  

Sixteen bridges in Milwaukee area were investigated through visual inspection.  These bridges 

included simple spans (B-67-296/297) and two slab bridges (B-67-293/294).  These two kinds of bridges 

suffered from medium levels of cracking.  All other bridges inspected were continuous superstructure 

bridges.  All bridges classified as having serious cracks appeared to be to have continuous superstructure 

configurations and three of four seriously cracked bridges utilized prestressed concrete girders.  Among 

the three bridges with minor or no cracks, two of them are using steel I-beams.  It should be emphasized 

that several of the steel girder superstructures inspected were part of a re-decking effort associated with 

the Marquette Interchange reconstruction.  The precast girder superstructures examined were not part of 

re-decking construction efforts. 

 

 Because most factors likely to affect deck cracking were not available for further investigation in 

these bridges only the superstructure configuration can be considered.  Furthermore, several important 

parameters (e.g. concrete properties, traffic, etc.) were not available and the number of bridges 

investigated is relatively small.  As a result, no definitive conclusion can be drawn with regard to bridge 
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superstructure type.  However, this part of investigation indicates that the bridge structure type is 

definitely a factor that may affect early-age deck cracking. 

 

In order to quantify the tendency for shrinkage and traffic-induced strains to cause cracking in 

bridge decks of continuous superstructures, a finite element simulation focusing on a typical precast 

girder two-span continuous superstructure bridge was conducted.  The bridge prototype chosen as the 

basis of the numerical model is structure B-20-133/134located in Waupun, Wisconsin.  The bridge was 

modeled using the ANSYS finite element analysis software system.  The finite element model was 

calibrated using the in-situ field load testing data.  Two HL-93 truck loading models were simultaneously 

applied to the model to study the traffic load-introduced strains.  Temperature load was used to represent 

the strains induced by drying shrinkage in order to evaluate tendency for shrinkage introduced tensile 

strains in the concrete bridge deck to cause premature (early-age) cracking. 

 

The literature review and finite element analysis conducted indicates that concrete shrinkage is a 

major factor affecting the likelihood and severity of deck cracking.  Concrete shrinkage can be related to 

concrete compressive strength at specific ages.  The finite element simulation conducted shows that the 

tensile stress in concrete deck is affected by the material’s modulus of elasticity.  When the tensile stress 

is larger than the tensile strength of concrete, the deck will crack.  Therefore, the concrete properties in 

early age are very import for studying the deck cracking.  Cylinders were collected from two newly 

constructed bridges in Milwaukee area, i.e., Racine Ave. Bridge and Humboldt Ave. Bridge.  The 

cylinders were tested at different ages.  The data from cylinder testing conducted at several time intervals 

up to 28 days indicates that the unconfined compression strength accrues very quickly.  In fact, the target 

28-day unconfined compression strength is reached in less than 4-5 days after placement.  Elastic 

modulus and tensile strength is also increasing with the unconfined compression strength. 

 

CONCLUSIONS 
Based on the previous research in literature review, the following recommendations can be made to 

reduce deck cracking. 

• Apply curing compounds as quickly as possible, cover the concrete to prevent excessive 

evaporation, and erect wind breakers and sunshades.  These precautions will help inhibit plastic 

shrinkage cracking. 

• Limit the amount of cement to 600 lb/yd3 of concrete for bridge decks, as increased cement 

content increases the early modulus of elasticity of the concrete making it susceptible to high 

early-age stresses as shrinkage occurs. 

• The water/cement ratio should not exceed 0.4.  This will intern limit the early strength gain of the 

concrete as well as attempt to limit the moisture loss throughout the concrete. 
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