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EXECUTIVE SUMMARY

Over the past 25 years, Minnesota has constructed a majority of its Trunk Highway bridge decks
by placing a 7-inch structural slab followed by a 2-inch low slump dense concrete overlay. This
method has been successful as these overlays have provided a durable surface that has been
resistant to chloride penetration, delamination and have provided a smooth riding surface while

being economical.

However, continued innovations in concrete materials and construction have provided an
alternative that is economically comparable and can provide improved performance and reduced

construction time. This alternative is a full-depth silica fume concrete bridge deck.

Six full-depth silica fume concrete bridge decks were constructed in Minnesota between 1997
and 1999. These bridge decks were monitored both during construction and after construction to
evaluate their constructability and performance. Included in the evaluation were the
measurement of air contents and slump during construction. Construction processes were also
observed to determine the ease of placing the silica fume concrete and the ability to properly cure
the concrete. Visual inspections were conducted shortly after completion of the bridge deck
construction to identify any development of shrinkage cracking. In addition, laboratory testing
was conducted to measure chloride permeability, compressive strength and properties of the air

void system.

One of the biggest advantages of silica fume concrete is its reduced permeability to chloride
penetration. Rapid chloride permeability testing was conducted on the silica fume concrete
mixes (3Y43MS) from the bridges constructed in 1998 and 1999 as well as concrete mixes of the
same designation (3Y43) without the silica fume to determine the influence of the silica fume on
the permeability of the mix. In addition, several low slump dense concrete overlays and
structural slabs constructed in 1999 were also tested by the same method to provide a

comparison of the two systems.



The results of the rapid chloride permeability testing show that the silica fume mixes have low to
very low relative permeability results while the same mix without the silica fume has a moderate
to high relative permeability. In addition, the concrete used in the low slump overlays and
structural decks also had results in the moderate to high range of relative permeabilities. Thus it
is evident based on the relative chloride permeability testing that the silica fume concrete mix

provides a much improved resistance to chloride penetration.

Although two of the bridge decks experienced some problems due to the development of silica
fume balls, the overall performance and construction of the silica fume decks has been positive.
Visual inspections of the good performing bridge decks have identified only a few cracks, which
are not believed to be related to the silica fume concrete. However, it is important that the
mechanisms causing these cracks are identified and resolved to allow future silica fume bridge

decks to perform to their full potential.

The presence of a bridge deck system that has performed well for the last 25 plus years has
allowed for the gradual experimentation of silica fume bridge decks and has not necessitated a
rush for the implementation of an unproven deck system. A slow and cautious approach toward
the implementation of silica fume concrete has kept the problems to a minimum and allowed for
the proper adjustments and changes to be made. The problems that have been encountered have

been addressed by changes in construction procedures, materials and batching procedures.

The Minnesota Department of Transportation’s (Mn/DOT’s) offices of Bridges and Structures
and Materials and Road Research will continue to evaluate the silica fume bridge decks that are
in place and that continue to be built, on a yearly basis. It is anticipated that implementation of

silica fume decks will continue with direction from the Mn/DOT Bridges and Structures Offic



CHAPTER 1
INTRODUCTION

One of the primary sources of bridge deterioration is the corrosion of reinforcing steel in
concrete bridge decks. This is especially problematic in the northern regions of the United States
where there is heavy use of deicing salts and chemicals in the winter. Minnesota has been
fortunate to have a bridge deck construction method that has proven to be successful in terms of

corrosion protection and ride quality for over 25 years.

However, continued innovations in concrete materials and construction have provided
alternatives that are economically comparable to current deck construction methods and can
provide improved performance and reduced construction time. One of these alternatives is the
construction of full-depth silica fume bridge decks. In an effort to provide the best and most
economical bridge decks possible in Minnesota, a study was developed to evaluate the full-depth

construction and use of silica fume concrete in bridge decks.

Background

Currently, the Minnesota Department of Transportation (Mn/DOT) constructs a majority of its
bridge decks in two stages. The first stage is the placement of a 7-inch structural deck containing
two epoxy coated reinforcing steel mats with approximately one inch of concrete cover over the
top reinforcing mat. The second stage is the placement of a 2-inch low slump dense concrete

overlay to provide additional protection of the reinforcing steel from corrosion and a smooth



riding surface. Upon completion of the low slump overlay, a total of 3 inches of cover is present

to provide protection of the reinforcing steel.

Several studies have shown that the use of silica fume improves the durability of concrete by
reducing chloride permeability (2,3). This would be very beneficial to bridge deck construction,
as it would greatly reduce the amount of chloride that is allowed to permeate into the concrete

and potentially corrode the reinforcing steel.

Silica fume is a by-product from the production of silicon or ferro-silicon alloys. Typically silica
fume contains at least 85 percent amorphous silicon dioxide (Si0O,), has a particle size
distribution two orders of magnitude finer than normal portland cement, is spherical in shape,
and is highly pozzolanic (1). These properties allow the silica fume to refine the pore structure

of the cement paste and produce a denser matrix.

Between 1997 and 1999 six full-depth bridge decks were constructed in Minnesota using a silica
fume concrete mix. The first silica fume bridge deck was placed in October of 1997 on Bridge
No. 27075 located on TH 55 just west of TH 100 in Golden Valley. In 1998 a second full-depth
silica fume concrete deck was constructed on Bridge No. 70041 located on TH 41 about 2 miles
south of Chaska. In 1999 four more full-depth silica fume concrete decks were constructed

throughout the Minneapolis/St. Paul Metropolitan area.



Scope

This report will evaluate the construction, performance and cost of full-depth silica fume bridge
decks in Minnesota and determine whether they are a feasible alternative. This report will not

try to identify the optimal silica fume content that should be used.

Project Description

This report will begin by briefly reviewing the findings of several other states that have
experimented with silica fume concrete mixes on their bridge decks. Bridge decks constructed in
Minnesota between 1997 and 1999 using full-depth silica fume concrete will be evaluated.
Included in this evaluation will be construction procedures, concrete material properties (i.e., air
content and slump) and visual inspections of the decks after construction completion.

Laboratory testing of concrete compressive strength, chloride permeability and hardened air
content from some of the projects will also be reviewed and discussed. A cost comparison will
also be performed to determine the initial cost benefits between the full-depth silica fume decks

and the structural slab with a low slump overlay.






CHAPTER 2
LITERATURE REVIEW

The use of silica fume concrete in bridge deck construction has become increasingly popular in
the United States since the early 1980°s. The primary focus of silica fume concrete research has
been as a bridge-deck-overlay material. However, several states have done work in the
placement of full-depth bridge decks using silica fume concrete. The following sections will

look at some of the work done by New York State and Ohio in this area.

New York State

The New York State Department of Transportation (NYSDOT) began looking into the use of
silica fume concrete in 1994. NYSDOT looked into several different alternative high
performance concrete mixes in an effort to reduce permeability and the potential for cracking. In
addition, it was also important to produce a mix that was workable, pumpable, and more durable
as well as having the capability of being batched, handled, and cured according to NYSDOT’s
existing specifications (4). The mixes developed for testing were modifications made to the
existing classes of concrete that were previously used. These modifications included the addition
of silica fume and class F fly ash along with a lower water-to-cementitious ratio. The concrete
mix designated as NYSDOT Class H was used as the control mix for comparison to the modified
mixes. NYSDOT Class H is the standard bridge deck concrete for pumping placement

applications.



Prior to the development of any of the modified concrete mixes, it was determined that the
primary factors in reducing permeability and crack potential were lowering the water-to-
cementitious ratio and the use of pozzolans. The pozzolans of interest were class F fly ash, silica
fume, and ground granulated blast-furnace slag. However, ground granulated blast-furnace slag
was not included in the study due to previous poor performances in the state. NYSDOT
developed several different concrete mixes and then tested the most promising in the laboratory.
All mixes had low water-to-cementitious ratios, contained pozzolans, used normal-range set-
retarding water-reducing admixture, and air entrainment. Performance was based on results
obtained for testing of handling and workability, concrete strength gain, permeability, resistance
to cracking, and scaling. The best performing laboratory mix was identified as modified class H
concrete. The ratio of cementitious materials for the modified class H concrete was 74 percent
cement, 6 percent silica fume, and 20 percent class F fly ash by weight of cement. The water-to-
cementitious ratio used for this mix was 0.40. The suitable characteristics that led to the
selection of the modified class H concrete mix included its excellent workability, reduced

permeability, and reduced cracking potential.

Upon successful completion of laboratory testing the modified class H concrete mix was tested
in field placement. The project for this placement was located on Route 78 and resulted in the
placement of 210 m® (275 yd*) of the modified class H concrete. Slight modifications were
made to the laboratory mix design. These modifications included lowering the water-to-
cementitious ratio to 0.36 and increasing the air-entraining agent. Air and slump measurements
at the plant were consistently 8 percent and 127-mm (5-in.) respectively. All batches maintained

the slump and lost 2 percent air content during the 50-minute transport to the construction site.



The concrete was easily pumped and finished, as the entire deck was machine finished with very
little handwork needed. All concrete was exposed to the environment for less than 30 minutes
between placement to covering. This was due to timely finishing, texturing and placement of

curing covers.

The bridge deck was visually inspected at 2 and 11 months and no cracks were detected.
Monitoring will continue over the life of the bridge deck for signs of cracking, scaling, and
abrasion. NYSDOT was happy enough with the success of the trial field placement that they
completed 11 more bridges during the 1995 construction season using the modified class H mix.
In general, the construction of these bridges was successful. The contractor comments were

favorable in regards to the handling and placing of the modified class H concrete.

NYSDOT recommended the use of the modified class H mix due to the successful placement
and benefits that resulted. These benefits included a reduction in chloride permeability, greater
resistance to cracking, reduced reinforcement corrosion, higher ultimate strength, and good
workability. They expect the modified class H mix to extend the service life of the bridge deck
by 2 to 3 times that of the class H mix. The original field test produced a 12 percent cost
increase by using the modified class H mix. The additional projects constructed in 1995 using
the modified class H mix had an average cost increase of 10 percent for the concrete. However,
NYSDOT believes the long term expected life cycle costs will result in an annual savings of

approximately $9 million by using the modified class H mix.



Ohio

In 1987 the Ohio Department of Transportation (ODOT) placed a full-depth silica fume bridge
deck. They did this in an effort to find a solution to the problem they were having with
deteriorating structures caused by deicers. The project was located on Route 161 near Plain City,
Ohio and spanned 123 feet and was 34 feet wide (5). Standard construction practices were used

throughout the placement of the silica fume deck.

Testing of the silica fume concrete included slump and air content measurements on the fresh
concrete, compressive and flexural strength measurements, hardened air content measurements,
and resistance to freezing and thawing. A test slab was placed a few days prior to the actual
bridge deck placement in order to identify any problems that may arise during construction of the

bridge deck. In addition, rapid chloride permeability testing was also performed.

The bridge deck was placed early in the morning with construction beginning at 3:30 a.m. and
ending at 7:00 a.m. Placement temperatures were around 71°F and there was no wind. The
concrete mix contained approximately 15 percent silica fume by weight of cement. A very low
water-cement ratio of 0.33 was used along with a large amount of high-range water reducer. The
concrete was batched using a central mixer and then transported using truck mixers. The
concrete was then placed using a concrete pump. Concrete was distributed across the deck using
a screw-type auger with a roller screed. The surface was finished with a vibrating pan.
Additional finishing was done by hand as needed and then transversely tined for texture. There

were some complaints by the finishers of finishing problems due to the silica fume and a



finishing aid was used for the first few feet of concrete placed. The concrete deck was cured
with wet burlap beginning immediately after tining. The burlap was kept wet for 3 days with
soaker hoses that were placed under the polyethylene sheeting. There was no evidence of

cracking upon completion of curing the bridge deck.

Compressive and flexural strengths of the silica fume mix were higher than typical standard
concrete strengths. Average compressive strengths at 1 and 28 days for the silica fume mix were
4,218 psi and 6,835 psi, respectively. Average flexural strengths at 1 and 28 days for the silica
fume mix were 589 psi and 1,045 psi, respectively. ODOT believes that a majority of the
strength increase is due to the lower w/c ratio and the large amount of high-range water reducer
that was used. Slump and air contents of the fresh concrete resulted in average values of 6.5
inches according to ASTM C143 and 8.1 percent according to ASTM C231, respectively. The
hardened air content measurements were somewhat lower with an average value of 5.8 percent.
Other values ODOT obtained from the hardened air content measurements were specific surface
of the air-void system and spacing factor. The values obtained for specific surface and spacing
factor were 550 in.”/in.” and 0.008 in., respectively. These are both indications of a good air-
void system and thus good durability. The good durability was also supported by freeze/thaw
testing which resulted in a durability factor of 101.1. Durability factors larger than 80 are
considered to be durable. Rapid chloride permeability test results showed very low permeability

for the silica fume concrete with values around 600 coulombs.

ODOT provided the following conclusions and recommendations from their experience with the

bridge deck placement using silica fume concrete:



ODOT Conclusions:

e Concrete containing silica fume is less permeable

e Compressive and flexural strength increase as the amount of silica fume is increased

e With proper curing, at least a 72 hour moist cure, a crack free bridge deck can be attained

e Silica fume has no detrimental effect on the air-void system

ODOT Recommendations:

e Decrease the silica fume content to no more than 10 percent by mass of cement. This will
make the mix more economical while still maintaining a low permeability and should
improve some of the finishing problems.

e Use air-entrainer and high range water reducer. These help to maintain a proper air-void
system and help alleviate possible finishing problems.

e Maintain a continuous 72-hour moist cure.

10



CHAPTER 3
REVIEW OF MINNESOTA'’S SILICA FUME BRIDE DECKS

Introduction

Between 1997 and 1999 six full-depth silica fume bridge decks were constructed in Minnesota.
Table 3.1 gives the locations of the silica fume bridge decks constructed during this time frame
along with some other general information. All the decks were constructed 9 inches thick and

provided 3 inches of cover over the top reinforcing mat. Concrete mix designs for all the silica
fume concrete mixes contained replacements of 5 percent silica fume and 20 percent fly ash by

weight of cement in the mix.

Table 3.1 Silica fume bridge decks constructed between 1997 and 1999

Concrete

Trunk Quantity,
Year | Highway City S.P.# |Bridge#| Girder Type cu. yd.
1997 55 Golden Valley | 2723-85 | 27075 |concrete girders 270
1998 41 Chaska 1008-54 | 70041 |[concrete girders 652
1999 21 Jordan 7002-33 | 70042 |concrete girders 96
1999 169 Minnetonka | 2772-27| 27513 |concrete girders 35
1999 169 Minnetonka | 2772-27 | 27255 |concrete girders 243
1999 | Zane Ave. |Brooklyn Park | 2771-14 | 27223 |concrete girders 850

General construction procedures were similar for all full-depth deck placements. Unless

otherwise noted, all silica fume concrete was placed and distributed on the bridge deck by means
of a concrete pump (figure 3.1). Concrete was then consolidated using a “spud” type vibrator

(figure 3.2). The deck surface was then screeded to finished grade with a double roller screed

11



followed by a drag pan to help close the surface (figure 3.3). Any additional handwork that was
necessary to finish the surface was then completed. Transverse brooming and tining were then
applied to provide skid resistance. Fogging over the finished deck was required until wet burlap
and soaker hoses could be placed on the deck (figure 3.4). The wet curing (burlap or burlene and

soaker hoses) was then required to stay in place for at least 96 hours.

12



Figure 3.4 Fogging over bridge deck

The following sections will discuss the construction of all full-depth silica fume bridge decks in

Minnesota between 1997 and 1999.
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1997

Bridge # 27075 on TH 55 in Golden Valley

This bridge was the first full-depth silica fume deck ever placed in Minnesota. The construction
of this bridge deck was completed prior to the development of any research workplan. Mix
designs and field test results were available for this project, however, except for visual
inspections and field results, information from the construction was not included in this research.
One of the opportunities this bridge has provided is a side by side comparison of the performance
of the two different deck systems. This is possible because of a twin bridge that carries the
eastbound traffic on TH 55 constructed with a 7-inch structural slab and a 2-inch overlay in the

spring of 1998.

Construction Information

Construction of the full-depth silica fume bridge deck was performed in mid October of 1997. A
total of 270 cubic yards of silica fume concrete was placed using a concrete pump. Table 3.2
lists the mix proportions used for the deck. The actual w/(c+p) ratio in the field was around 0.36

while the mix was designed at a w/(c+p) of 0.38.

Construction records indicate that placement of the concrete began around 10 a.m. and continued
until mid afternoon. Table 3.3 gives the air content and slump measurements obtained at the
time of placement. These results indicate air content measurements consistently around 6

percent with slump measurements varying between 4 and 5.5 inches.

14



Table 3.2 Concrete mix design for Bridge # 27075

Mn/DOT Mix Number 3Y43MS
Target Slump, in. 3to5
Target Air Content, % 5t08
Coarse Aggregate, lbs/yd’ 1840
Sand, Ibs/yd’ 1072
Water, Ibs/yd’ 275
Cement, lbs/yd’ 542
Class C Fly Ash, Ibs/yd’ 145
Silica Fume, Ibs/yd’ 36
Design w/(c+p) ratio 0.38

Table 3.3 Field test results for Bridge # 27075 (TH 55)

Time Air Content, % Slump, in.
10:15 5.8 5.5
10:40 5.6 5.5
10:50 6.7 5.25
11:40 5.8 4.5
12:10 59 5
13:40 6.1 3.75
14:15 6.2 4.5

Post Construction Inspections

Both bridge decks were inspected in the spring of 1998 shortly after the completion of the bridge
deck constructed with the 7-inch structural slab and 2-inch overlay. This inspection revealed
only one crack in the silica fume deck located over the pier. This crack is not believed to be due
to the silica fume mix or construction of the bridge deck. The twin bridge with the low slump

overlay showed no signs of cracking.

15




A second inspection was conducted in the summer of 1999. No additional cracking or distresses

were identified in either bridge.

1998

Bridge # 70041 on TH 41 near Chaska

With the success of the placement of the first silica fume bridge deck, a second full-depth silica
fume deck was placed in 1998. This bridge was a staged construction project with the
northbound side of the bridge being constructed first to provide a bypass for traffic while the

southbound side was constructed.

In addition to the placement of the bridge deck, during the first stage of construction the
approach panel on the north end of the bridge was placed using the same mix as the bridge deck
only without the silica fume. This allowed for direct comparisons of chloride permeability and
compressive strength of concrete with and without silica fume. Table 3.4 shows the mix designs
used for the silica fume concrete mix and the control mix. Although the silica fume mix is
designed for a w/(c+p) ratio of 0.40, the actual field w/(c+p) ratio was generally around 0.38 to
0.39. Similarly, the control mix was placed at w/(c+p) ratios between 0.38 and 0.39. In addition
to the proportions listed, air entrainment was used to provide a durable air void system along

with superplasticizer and high range water reducer to ensure that the concrete mix was workable.
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Table 3.4 Concrete mix designs for Bridge # 70041

Silica Fume Mix | Control Mix

Mn/DOT Mix Designation 3Y43MS 3Y43
Target Slump, in. 3t05 3to5
Target Air Content, % 5to8 5t08
Coarse Aggregate, Ibs/yd’ 1800 1800
Sand, Ibs/yd’ 1223 1223
Water, Ibs/yd’ 260 260
Cement, Ibs/yd’ 488 488
Fly Ash, Ibs/yd’ 130 130
Silica Fume, Ibs/yd’ 36 -
Design w/(c+p) ratio 0.40 0.42

Stage 1 Deck Construction Information

The placement of the northbound side of the bridge deck consisted of placing 270 cubic yards of
silica fume concrete in July of 1998. The silica fume concrete was loaded at a nearby ready-mix
plant and allowed to mix in the truck for approximately 5 minutes before leaving the plant.

Transport time from the plant to the construction site was approximately 10 minutes.

Placement of the bridge deck began around 3:00 a.m. at the north end of the bridge. Weather
conditions were favorable with no wind and temperatures around 60 degrees Fahrenheit at the
start of the pour. By 7:30 a.m. there was sunshine and temperatures near 70 degrees Fahrenheit.

Placement of the bridge deck was completed by 11:00 a.m.

Upon completion of finishing by the roller screed and drag pan, an evaporation-retarding

material was applied to the surface and improperly used as a “finishing aid” during the hand

17



finishing work. Fogging over the bridge deck began approximately 3 hours after initial
placement of the concrete. This was also about the time when the sun began to rise and there
was increased concern about the development of shrinkage cracks due to evaporation of the
concrete surface. Burlap was placed on the bridge deck around 12:00 p.m. and was kept wet

with sprinklers for 96 hours.

Field Testing

Field testing was conducted to determine air content and slump measurements of the concrete.
Air content measurements were conducted directly off the truck, prior to pumping, as well as off
the bridge deck, immediately after pumping. Table 3.5 provides the results of the air content and
slump measurements taken throughout the placement of the bridge deck. There were some
difficulties throughout the pour maintaining consistent air content measurements. Air contents
measured at the ready-mix plant were higher than the air content measurements made at the

construction site. Further, additional air was being lost as the concrete was pumped onto the

bridge deck.
Table 3.5 Field test results for Bridge # 70041 (stage 1)

Air before Air after Slump after
Time pumping, % | pumping, % | Slump,in. | pumping, in.
3:05 6.4 - 4 -
3:20 7.9 6.9 5.5 -
4:15 7.7 4.5 4.75 4
4:55 8.0 4.1 5.75 5.5
6:12 - 6.8 4.25 -
6:30 - 5.5 5.5 -
7:23 11 6.8 4.5 -
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While it is expected that there will be some air loss in transport and pumping, the amount of air
loss and the variability of the air contents was not expected. It is believed that the vertical drop
the concrete underwent during pumping may be partially responsible for the variability and loss
of air in the concrete. The concrete was pumped vertically approximately 50 to 60 feet near the
ends of the bridge, which were the locations of the most air loss in the concrete. As the concrete
was placed further towards the middle of the deck, the vertical height the concrete was pumped

decreased. Air content loss was not as substantial at this lower vertical height.

Air measurements taken at the ready-mix plant typically ranged between 8 and 11 percent. Air
measurements at the point of placement, after being pumped, were between approximately 4 and

8 percent.

Slump measurements were consistently between 4 and 5 inches and resulted in a workable mix

that was easy to place.

Control Section

An approach panel cast at the north end of the bridge deck was used as a source of comparison
for air content measurements, slump and permeability measurements. This approach panel

provides a good source of comparison since the only difference in the mix design and material
properties is the removal of the silica fume. One noticeable difference in the placement of the

approach panel was that the concrete was placed directly off the truck and was not pumped like
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the silica fume concrete. This allowed for air and slump measurement to be determined only

directly off the truck. These results are shown in table 3.6.

Table 3.6 Field test results for Bridge # 70041 (approach panel

Time Air Content, % Slump, in.
9:10 6.6 5
9:25 4.5 3

Stage 2 Deck Construction Information

In September the southbound half of the bridge deck was poured. The placement of the
southbound side used 382 cubic yards of silica fume concrete. The same procedures used for

batching and placing the northbound side were used for the southbound side as well.

Placement of the bridge deck began at 3:15 a.m. and started at the north end of the bridge deck.
Weather conditions were again favorable with no wind and temperatures around 60 degrees
Fahrenheit at the beginning of placement. The air temperature increased to approximately 65
degrees Fahrenheit at 9:30 a.m. with sunny skies and calm winds. Placement of the bridge deck

was complete at around 11:00 a.m.

Curing again consisted of fogging over the in-place concrete until it was capable of supporting
the wet burlap. However, fogging did not begin until over 5 hours after initial placement of the
concrete began, due to missing parts for the fogging equipment. Concrete at the beginning of the

pour began to harden about 2.5 hours after being placed. It would have been preferred that
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fogging begin at this time if not earlier. Due to this delay the concrete surface was exposed to
direct sunlight for about an hour before any fogging was performed. At the time fogging
commenced there were white streaks across the concrete where surface drying had occurred
(figure 3.5). Approximately one-third of the bridge deck was able to be covered with wet burlap
at about 10:30 a.m. The rest of the bridge deck was covered and soaked as the concrete hardened

to the point where it was capable of supporting the burlap.

Figure 3.5 Surface drying of bridge deck

Field Testing

Field testing again consisted of air content and slump measurements throughout the placement of

the bridge deck. Table 3.7 provides a summary of these test results.
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Table 3.7 Field test results for Bridge # 70041 (stage 2)

Air before Air after Slump after
Time pumping, % | pumping, % | Slump, in. | pumping, in.
3:00 5 6 3 -
3:25 7 - 3.5 -
3:30 5.9 4.5 3 -
3:50 - 5.5 - -
4:15 11.2 7.2 3.75 -
4:55 10.1 7.8 4 -
5:22 - 5.5 - -
5:30 8.1 5.5 4.75 -
6:20 9.5 7 3.75 -
7:15 9.8 5.8 - 2.25
8:31 9.8 4.8 3.75 -
9:23 11.8 5.2 - 3

Air contents from the first two truckloads of concrete were low. The air content after being
pumped onto the deck was around 4.5 percent. The air content was increased by increasing the
amount of air entrainment used for the subsequent loads of concrete. The additional air
entrainment resulted in air content measurements off the truck and at the point of placement
between 5 and 12 percent and between 4.5 and 8 percent, respectively. These air content
measurements were still somewhat variable but were considered acceptable to produce durable

concrete.

Post Construction Inspections

Visual inspections were conducted after completion of each portion of the bridge deck.
Inspection of the northbound section of the bridge deck was performed two days after the burlap
and sprinklers were removed. This inspection did not show any evidence of cracking throughout

the deck. A visual inspection of the southbound portion of the bridge deck was conducted one
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day after moist curing of the bridge deck was complete. This inspection turned up four hairline
cracks similar to the one shown in figure 3.6. These cracks were located along the gutterline
where there was no texturing present. It is likely that the late timing of the fogging and curing
contributed to the development of the cracks that were identified. The locations of the cracks

were recorded so that any propagation of the cracks could be monitored.

Figure 3.6 Hairline crack in bridge deck

A second inspection was conducted in the summer of 1999. The overall condition of the bridge
deck was very good with no visible cracks in the tined areas of the deck. However, nine cracks
were identified along the east gutter where there was no texturing. An additional eight cracks,
along with the four initial cracks noted in the first inspection, were identified along the west
gutter. All of the cracks identified in this inspection were very tight hairline cracks that currently
do not appear to pose any problem to the performance of the bridge deck. Most of these cracks
are located in the center span of the three span bridge and are believed to be due to the fixity of

the piers and not due to the silica fume concrete mix or the placement of the mix.
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1999

During the summer and fall of 1999 three full-depth silica fume bridge decks were constructed

and one existing bridge deck was widened using full-depth silica fume concrete to provide a by-

pass during a bridge reconstruction. The following provides details for each of the projects.

Bridge # 27513 on TH 169 in Minnetonka (Deck widening)

The widening of this bridge deck involved a very small placement of silica fume concrete. The
mix design used in the widening is shown in table 3.8. The existing bridge deck was widened
approximately 6 feet to allow for use as a by-pass. Placement of the bridge deck widening began

around 7:00 a.m. and concluded around 9:30 a.m.

Table 3.8 Concrete mix design for Bridge # 27513

Mn/DOT Mix Number 3Y43MS
Target Slump, in. 3to5
Target Air Content, % 5t08
Coarse Aggregate, lbs/yd’ 1762
Sand, Ibs/yd’ 1248
Water, Ibs/yd’ 241
Cement, Ibs/yd’ 458
Fly Ash, Ibs/yd’ 122
Silica Fume, lbs/yd’ 31
Design w/(c+p) ratio 0.40
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The concrete was placed directly from the ready-mix trucks, consolidated with a “spud” type
vibrator and screeded using a Clary screed. Upon completion of a longitudinal broom texturing
and transverse tining, the deck surface was sprayed with a Mn/DOT approved curing compound.
Fogging was then conducted over the deck area until wet burlap and soaker hoses could be

placed on the deck.

Air and slump measurements were conducted throughout the placement of the concrete. These
results indicated a workable mix with a good air content to provide durable concrete. The results

of these tests are listed in table 3.9.

Table 3.9 Field test results for Bridge # 27513

Time Air Content, % Slump, in.
7:25 7.0 4.75
8:20 7.6 4

Post Construction Inspection

A visual inspection was conducted shortly after completion of the bridge deck widening. This

inspection did not identify any cracking or other distresses in the widened area.
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Bridge # 70042 on TH 21 near Jordan

The construction of this bridge deck was performed in early August. Placement of the bridge
deck began around 6:00 a.m. on the south end of the bridge with the concrete pump set up on the

north side of the bridge. Table 3.10 lists the mix proportions used for the silica fume concrete.

Table 3.10 Concrete mix design for Bridge # 70042

Mn/DOT Mix Number 3Y43MS
Target Slump, in. 3to5
Target Air Content, % 5t08
Coarse Aggregate, lbs/yd3 1270
Safety Grit, lbs/yd’ 1088
Sand, Ibs/yd’ 665
Water, Ibs/yd’ 260
Cement, lbs/yd’ 488
Fly Ash, lbs/yd’ 130
Silica Fume, lbs/yd’ 33
Design w/(c+p) ratio 0.40

Construction procedures were similar to those described earlier in the paper. Upon completion
of mechanical screeding with the double roller screed and drag pan, an extensive amount of hand
finishing work was performed. Evaporation retardant was used heavily as a finishing agent to
aid in the handwork. Once the finishing and texturing were complete, the bridge deck surface
was sprayed with a Mn/DOT approved curing compound. Fogging started around 8:40 a.m. and

was applied over the deck until burlap and soaker hoses could be placed on the bridge deck.
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Air content measurements were consistently between 8 and 8.5 percent when tested off of the
truck before pumping. However, there was some variability in the amount of air loss after
pumping the concrete. Concrete pumped the furthest from the pump truck had the least amount
of air loss with only about 0.5 percent air loss from pumping. As the concrete placement moved
closer to the pump truck, air loss increased to about 3 percent. Even with the air losses indicated,
the concrete had adequate air to ensure a durable mix. Table 3.11 lists some of the air

measurements obtained during construction.

Table 3.11 Field test results for Bridge # 70042

Time Air before pumping, % | Air after pumping, %
6:15 8.0 7.5

- 8.5 5.7

- 8.5 53

One other observation that is noteworthy during construction of the bridge deck is that while
obtaining a concrete sample from the bridge deck for air testing, a couple of clumps of silica
fume were found in the bucket of concrete, indicating the silica fume had not adequately
disbursed. No additional silica fume clumps were identified during the remainder of the deck

placement.

Post Construction Inspections

A visual inspection was conducted shortly after the completion of the bridge deck construction.

The overall condition of the bridge deck appeared to be good. One tight hairline crack was
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identified near the north end of the bridge. The crack extended about 1 foot into the tined area
and then was no longer visible. The entire bridge deck had been sealed with linseed oil

approximately 1 day before the visual inspection was conducted. While the application of the
linseed oil was not necessary, it did not hurt the deck and only provided an additional layer of

protection.

No visual inspections were conducted during the winter of 1999, however, there were several
reports indicating the development of spalling and popouts throughout the bridge deck (figure
3.7). The spalling and popouts are linked to the presence of silica fume balls, similar to the silica
fume clump found during construction of the bridge deck, in the upper surface of the bridge
deck. As the silica fume balls get wet and expand they cause the top surface to spall off.

Currently no rehabilitative measures have been conducted.

6/19/2000

Figure 3.7 Spalling from silica fume ball
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Bridge # 27255 on TH 169 in Minnetonka

The construction of this bridge deck involved the placement of 243 cubic yards of silica fume
concrete in mid September. The mix design used is the same as the one for the deck widening on
the northbound side of TH 169 in table 3.8. The concrete was placed at a w/(c+p) ratio between
0.35 and 0.37, slightly lower than the design w/(c+p) ratio. Weather conditions were favorable
with clear and calm skies and temperatures around 50 degrees Fahrenheit at 7:30 a.m. Placement
of the deck began around 8:00 a.m. The concrete pump was placed at the north end of the bridge
but deck placement began on the south end with the pump fully stretched out. Deck placement

was complete around 12:00 p.m.

Standard construction procedures used for the previous full-depth silica fume decks were
generally used. In addition to the roller screed and drag pan typically used, a piece of wet burlap
was attached behind the drag pan to assist in closing the surface. Some hand finishing was
performed, however, no finishing agents or evaporation retardants were used or even necessary.
An astroturf drag attached to a work bridge followed by transverse tining was used to provide
texture to the concrete surface. As soon as the texturing was complete, a Mn/DOT approved
curing compound was applied and fogging commenced over the deck until wet burlap and soaker

hoses could be placed on the deck.

Air contents and slumps were again measured to ensure a durable concrete mix. Table 3.12 lists

the results of this testing.
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Table 3.12 Field test results for Bridge # 27255

Air before Air after
Time pumping, % | pumping, % | Slump, in.
8:00 7.7 7.0 5
8:30 - 5.7 5
9:25 - 5.8 5
10:45 7.0 6.8 5

Air contents were consistently around 6 to 7 percent throughout the placement of the bridge
deck. Loss of air due to pumping was not as significant on this bridge deck compared to some of
the previous decks. Even when concrete was pumped close to the pump truck and the vertical

drop was increased, air loss was only around 0.2 percent.

Post Construction Inspection

A visual inspection was conducted about one month after completion of the deck placement.

This inspection did not identify any cracking in the bridge deck. There were some observations

of minor crumbling of the mortar between the tining where the tines were spaced close together.

This is not expected to cause any problems with the performance of the bridge deck.

Bridge # 27223 on Zane Avenue in Brooklyn Park

In mid October Mn/DOT constructed it largest full-depth silica fume deck with the placement of
850 cubic yards of concrete. Table 3.13 gives the mix design used for this bridge deck.

Placement of the deck began on the south end of the bridge around 7:00 a.m. Weather
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conditions were favorable early on with temperatures around 45 degrees Fahrenheit and calm
winds. The temperature increased to about 50 degrees Fahrenheit with sunny skies, however,
strong winds developed throughout the bridge deck construction. Deck placement was complete

around 3:00 p.m.

Table 3.13 Concrete mix design for Bridge # 27223

Mn/DOT Mix Number 3Y43MS
Target Slump, in. 3to5
Target Air Content, % 5t08
Coarse Aggregate, lbs/yd3 1307
Safety Grit, Ibs/yd’ 690
Sand, Ibs/yd’ 1010
Water, Ibs/yd’ 260
Cement, lbs/yd’ 488
Fly Ash, lbs/yd’ 130
Silica Fume, lbs/yd’ 33
Design w/(c+p) ratio 0.40

The construction of this bridge deck offered a variety of challenges unique from the other silica
fume bridge decks constructed. Due to the width of the bridge deck, it was necessary to use two
roller screeds placed side by side to finish the traffic lanes. The roller screed used to finish the
southbound lanes had a double roller and was placed ahead of the single roller screed used to
finish the northbound lanes. In addition, two Clary screeds were used to finish the integrally
poured sidewalks located on both sides of the bridge. Two concrete pumps were used, each
supplying concrete to one of the roller screeds. The concrete pumps were placed below the
bridge on the underpassing road and the concrete was pumped up to the bridge deck. Concrete

was also placed between the two roller screeds but no finishing was performed and the area was
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used as a walkway for construction personnel performing finishing and curing work (figure 3.8).
This area would later have a raised center median placed on top, so care during the deck

placement was neglected.

Figure 3.8 Median area used as walkway

The high winds experienced during the deck placement, created many difficulties in the
construction of the bridge deck. One of the primary problems encountered during the
construction was proper curing. Even though the bridge deck was being fogged, the strong
winds essentially eliminated any usefulness the fogging may have had. Additionally, the winds
caused problems with finishing and closing up the deck surface along with texturing and tining
the surface. Again the strong winds caused rapid evaporation of any water present at the surface,

making finishing difficult.

Air content and slump measurements were conducted throughout the placement of the deck.

Table 3.14 lists the results of this testing.
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Table 3.14 Field test results for Bridge # 27223

Air before Air after Slump after

Time pumping, % | pumping, % | Slump, in. | pumping, in.
7:00a 6.2 6.0 - 2.75
7:00a 6.8 6.2 2.75
7:15a 7.0 - 2.75 -
7:20a - 6.5 - 2.5
7:30a 6.5 - 2.25 -
8:05a 6.8 5.8 - 2.25
8:05a 6.6 - 2.25 -
8:38a 7.5 - 3.25 -
8:40a 6.0 - - -
9:00a 6.8 - 4.5 -
9:05a 6.7 53 - 4
9:20a - 5.1 - -
9:40a 6.1 - 4 -
9:45a 6.4 - 4 -
10:04a 53 - 4 -
10:25a 7.2 - 2.75 -
10:35a 8.5 6.1 - 4
10:50a - 6.4 - -
11:10a 7.2 5.8 - 4.5
11:13a 6.6 - 3.25 -
11:44a 6.0 - 3.25 -
11:50a 7.6 5.5 - 4
12:04p 5.8 - - -
12:10p 7.0 - 3.25 -
12:12p 5.8 - - -
12:20p 7.9 - 3.25 -
1:30p 7.0 5.8 - 3.5

There were very few problems maintaining the necessary air and slump throughout the
placement of the deck. As can be seen in table 3.14, air contents generally dropped 1 to 2

percent due to pumping the concrete. The reduced variability in air content due to pumping,
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compared to previous deck placements, may be partially due to the reduced vertical drop of the
concrete as a result of the placement of the concrete pumps below the bridge deck.

Post Construction Inspections

An inspection of the bridge deck shortly after completion of construction did not identify any
cracks, however, construction debris on the deck make a thorough inspection of the bridge deck
difficult. It was observed that there was minimal texturing and some areas where there was
tearing of the surface during finishing, primarily near the north end of the deck (figure 3.9). An
inspection by other Mn/DOT personnel did identify some surface cracking near the north end of
the deck shortly after construction of the bridge deck. It is believed that this cracking is a result
of the strong winds during construction and the rapid drying of the deck surface due to the

inability to maintain adequate fogging over the deck surface.

Figure 3.9 Taring of deck surface and lack of tning
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After exposure of the bridge deck to freezing and thawing through the winter it was discovered
in May 2000 that approximately 120 areas of spalling and popouts had developed along with
transverse cracking throughout the bridge deck (figures 3.10 through 3.12). The spalling and
popouts were a result of the development of silica fume balls near the deck surface during
construction. It is believed that one of the possible sources of development of these silica fume
balls is from the dispersion technique used to add the silica fume slurry to the ready-mix truck.
As the slurry was sprayed into the ready-mix trucks, it is believed that the silica fume may have
accumulated at the end of the nozzle and periodically the build-up dropped off into the ready-

mix truck.

Rehabilitation of the popouts was conducted during the summer of 2000. This rehabilitation
included coring out the individual popouts to a depth of ’2-inch to 2 inches. The core holes were
then filled with a concrete patching material containing silica fume. This bridge deck will
continue to be monitored to identify any further development of spalling and popouts due to
silica fume balls. If further development occurs, additional rehabilitation measures may be

necessary.
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Figure 3.11 Transverse cracking in bridge deck
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10/11/2000

Figure 3.1 Mltiple areas of deck spalling

Field Summary

The silica fume concrete mixes have proved to be generally easy to work with. There has been
little difference in the placement of the silica fume concrete compared to a similar mix without
silica fume. The only noticeable difference is that the silica fume concrete is slightly sticky,

making hand finishing a little more difficult.

Air contents have been somewhat variable when silica fume concrete is pumped on to the bridge
decks. However, acceptable air content levels have been able to be achieved. Particular
attention should be given to the air content when placement is close to the concrete pumping
truck, where the vertical drop of the concrete is highest, to ensure that adequate air is maintained

in the placed concrete.

Except for the Zane Ave. bridge over TH 610, the development of shrinkage cracking has been

minimal and is not considered to be a problem.
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In general, the silica fume bridge decks constructed so far have performed fairly well. Two of
the bridge decks have shown some problems related to the use of the silica fume slurry and one
bridge deck had additional problems related to weather conditions at the time of construction.
These problems are solvable and are being addressed by changes in specifications, which should
ensure proper and timely curing to reduce the potential for the development of shrinkage
cracking. It has also been discovered that the use of the dry form of silica fume, added to the
mix at the same time as the cement, may also help control the development of silica fume balls

that have lead to spalling and popouts in two of the bridge decks.

Monitoring and inspection of the in place silica fume bridge decks will be conducted routinely to

evaluate their continued good performance.
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CHAPTER 4
LABORATORY TESTING

Introduction

In addition to the field testing conducted and the construction observations that were made, some
additional laboratory testing was performed on several of the bridge decks to determine some of
the durability and strength properties of the silica fume concrete. Concrete cylinders, 4 in. x 8
in., were cast at the time of placement of the silica fume bridge decks constructed in 1998
and1999. These cylinders were used to conduct rapid chloride permeability testing according to
ASTM C 1202 “Standard Test Method for Electrical Indication of Concrete’s Ability to Resist
Chloride Ion Penetration.” As a means of comparison, 4 in. x § in. cylinders were also cast for
the approach panel on TH 41 and two bridge decks constructed with a 7-inch structural slab and
2-inch overlay. In addition to rapid chloride permeability testing, linear traverse measurements
were made to determine hardened air content, air void size distribution, spacing factor, and
specific surface for concrete on the TH 41 bridge deck. Concrete cylinders cast for rapid
chloride permeability testing and linear traverse work were moist cured for 56 days. However,
cylinders from the first stage of deck construction on TH 41 and the approach panel were
initially cured in the same manner as the bridge deck and approach slab before it was decided to
moist cure them for 56 days. This resulted in the cylinders from the deck being moist cured for 4
days, air cured for 3 days and then placed back in the curing room to complete the 56-day moist
cure. Cylinders from the approach panel were moist cured for 3 days and allowed to air cure for

3 days before being placed back in the curing room to complete the 56-day moist cure.
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Cylinders from the second stage deck construction and all future decks were placed directly into
the curing room as soon as they were able to be transported back to the laboratory without

damaging the concrete and allowed to moist cure for 56 days.

Concrete cylinders, 6 in. x 12 in., were cast for compressive strength testing at various ages of
curing during the placement of the bridge deck on TH 55. Two slices for linear traverse
measurements were also taken from an extra cylinder moist cured for one-year compressive
strength breaks on this project. Compressive strength test results for all other silica fume decks

were obtained from 28-day compressive strength testing required for quality control.

Compressive Strength

Compressive strengths were measured according to ASTM C 39-86 “Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens.” Strength results were obtained after
3 days, 6 days, 27 days, 56 days, and approximately 1 year after construction for the TH 55
bridge deck. Compressive strength testing was generally conducted around 28 days of curing for
the rest of the bridge decks. However, there were a few cylinders tested at earlier and later
curing ages (see table 4.1). Compressive strength was also tested for concrete using the same
mix as the silica fume concrete only without the silica fume. In addition, concrete used for the
structural slab (3Y36) and low slump overlay (3U17) system was tested for compressive strength
and compared to the silica fume mix. Based on the overall average of compressive strengths
tested between 27 and 29 days, the silica fume concrete (3Y43MS) was about 16 percent

stronger than the same mix without the silica fume (3Y43). However, it is important to note that
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the strength of the non silica fume concrete mix is based on one test. The silica fume concrete
also showed about 45 percent higher strength than the structural slab concrete (3Y36) but was
about 10 percent lower in strength than the overlay mix (3U17). However, the low slump
overlay mix has a much higher cement content than the silica fume mix which likely accounts for
the increase in strength. While there are some noticeable differences in strengths of the various
mixes it is also important to note that all compressive strength results were well above the

minimum design strength of 4300 psi after 28 days of curing.

Table 4.1 Compressive strength test results
Mix Avg. Compressive
Location Designation Age, days | # of tests Strength, psi

3Y43MS 3 1 3070
3Y43MS 6 2 4910
TH 55 3Y43MS 27 2 7278
3Y43MS 56 5 8568
3Y43MS 1 year + 3 9353
3Y43MS 28 10 6970
TH4l 3Y43 28 1 6310
3Y43MS 4 2 2427
TH169 3Y43MS 28 6 7731
TH 21 3Y43MS 49 2 6888
Zane Avenue 3Y43MS 8 2 5937
3Y43MS 27 10 7227
3Y36 28 9 5051
[-494 3U17 28 15 7945
3U17 29 3 8207

Rapid Chloride Permeability

Rapid chloride permeability testing was conducted on all silica fume bridge decks constructed in

1998 and 1999. In addition, two bridge decks constructed with a structural slab and low slump
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overlay were tested along with the 3Y43 mix used in the approach panel on TH 41 without the
silica fume. The testing was performed according to ASTM C 1202-97 “Standard Test Method
for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration.” Table 4.2 lists
the specifications for various levels of chloride ion penetration. The silica fume bridge decks
constructed in 1998 were tested by a private consulting firm to determine the potential resistance
to penetration of chloride ions for each of the mixes. In 1999 all rapid chloride permeability

testing was conducted at Mn/DOT’s Office of Materials and Road Research.

Table 4.2 Chloride ion penetrability based on charge passed

Charge Passed (coulombs) Chloride Ion Penetrability
>4,000 High
2,000-4,000 Moderate
1,000-2,000 Low
100-1,000 Very Low
<100 Negligible

The results of this testing verified that the use of silica fume greatly reduced the relative chloride
ion penetration of the concrete with an average of 932 coulombs passing the 15 samples tested
from bridge decks containing silica fume concrete. According to the guidelines in table 4.2, the
silica fume concrete would be considered to have very low chloride ion permeability. Four
samples were tested from the same concrete mix design used for the silica fume bridge decks
only without the silica fume. The chloride permeability results indicated an average of 3888
coulombs passing, which is considered to be moderate chloride ion permeability from table 4.2.
While only four samples were tested, it is expected that the results would not have changed
drastically if additional samples were tested. In addition, the structural slab concrete and low

slump overlay concrete, from two projects in 1999, were tested using the rapid chloride
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permeability test to provide a comparison between the two different systems. Four samples were
tested for the structural slab concrete and 12 samples were tested for the low slump concrete
overlay. The average results for the structural and low slump concrete were 5689 coulombs and
3505 coulombs passing the samples, respectively. These results indicate a high chloride ion
permeability for the structural slab concrete and a moderate chloride ion permeability for the low

slump concrete overlay. These results are displayed graphically in figure 4.1.

Rapid Chloride Permeability Results
» 6000 high
0
§ 5000 -
3 i moderate
8ﬂ 4000 moderate
& 3000 -
x
% 2000 |
§ 1000 | very low
< 0
microsilica non-microsilica low slump structural slab
3Y43MS 3Y43 3U17 3Y36
Mix Type

Figure 4.1 Chloride permeability test results after 56 days of moist curing

These results indicate a definite improvement in the relative chloride permeability of concrete
when silica fume is used. However, regardless of the type of concrete, the ability of concrete to
resist the penetration of chloride ions is also dependent on the soundness of the concrete. The

presence or development of cracks in the bridge deck provide a direct path for chloride ions to
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reach the reinforcing steel, reducing any benefits the concrete may provide in resisting the

chloride penetration.

Air Void System

The structure of the air void system plays an important role in the durability of concrete. Air
content, spacing factor, and specific surface are three parameters that are used to evaluate the
quality of the air void system. Due to the variability of some of the field air content
measurements and air loss due to concrete pumping, the hardened air void system was analyzed
on some of the concrete cylinders cast from the bridge deck and approach panel placements on
TH 41. Air void system parameters were measured on cylinders with acceptable and low air
content measurements in the field. Linear traverse measurements were conducted according to
ASTM C 457-90 “Standard Test Method for Microscopical Determination of Parameters of the
Air-Void System in Hardened Concrete” to determine the hardened air content, spacing factor,
and specific surface of the concrete samples. The specification states that the typical range for
specific surface of air-entrained concrete is between 600-1100 in.”/in.* and the spacing factor
should be below 0.008 in. to ensure durable concrete exposed to freezing and thawing. Two
cylinders were evaluated from each mix with 2 samples obtained from each cylinder resulting in
4 samples evaluated for each mix. Table 4.3 provides the results of this evaluation.
Microscopical measurements produced spacing factors no higher than 0.0057 in. and specific
surface values between 654 and 1073 in.%/in.>. Thus the specific surface and spacing factors

were acceptable for both concrete mixes with and without silica fume.
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Table 4.3 Linear traverse results

Plastic Air | Hardened Air | Spacing | Specific Surface,
Mix # Cylinder | Sample | Content, % | Content, % | Factor, in. in.’/in.?

1 1 4.5 3.7 0.0050 1073

3Y43MS 2 4.5 4.0 0.0054 950
Stage 1 ) 1 6.8 4.7 0.0053 913
2 6.8 3.8 0.0052 1019

1 | 6.6 6.6 0.0046 852

2 6.6 6.4 0.0049 823

3Y43 7 | 4.5 6.2 0.0057 720
2 4.5 5.4 0.0056 798

1 1 7.0 7.8 0.0039 826

3Y43MS 2 7.0 8.4 0.0046 654
Stage 2 ) 1 7.0 7.1 0.0042 851
2 7.0 6.7 0.0043 876

Plastic air content measurements of the silica fume concrete mixes in table 4.3 were taken at the
point of placement after the concrete had been pumped. Hardened air content measurements
were taken to determine whether air was being lost from pumping or whether accurate
measurements of the air content were being obtained. The hardened air content measurements
compared to the air content of the fresh concrete showed a lot of variance. Hardened air contents
varied anywhere from 3 percent lower to 1.7 percent higher than the air content measurements of
the fresh concrete. The hardened air content measurements of the samples from the stage 1 deck
placement resulted in air content values well below the Mn/DOT minimum specification of 5
percent for field measurements. However, the specific surface and spacing factors for these

samples were all within the acceptable levels to produce durable concrete.

The higher specific surface values indicate that the air bubbles that were present were very small
entrained air bubbles and that very little entrapped air was present. This suggests that the air

voids present may have been small in volume but large in number, leading to the acceptable
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spacing factor and specific surface values. This may also indicate that a majority of the air being
lost from pumping the concrete was entrapped air in the concrete mix. Figure 4.2 shows an
average distribution of the air void sizes measured by linear traverse from one of the samples
from the 3Y43MS mix in the stage 1 deck placement. This provides further evidence that a
majority of the air bubbles measured were very small and not larger entrapped air voids. Similar
trends were also evident in the other samples tested. While the small air voids raise some
concern, it is expected that the air void system of the in-place silica fume concrete will provide
adequate durability. However, it is important to closely monitor future deck placements to

ensure an adequate air void system is being maintained during deck construction.

Stage 1- 3Y43MS Air Void Distribution
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Figure 4.2 3Y43MS air void distribution
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CHAPTER S
INITIAL COST ANALYSIS

Bridge deck cost information was obtained from bid tabulations for six bridge decks constructed
in the Minneapolis/St. Paul Metropolitan area between 1997 and 2000 using full-depth silica
fume concrete. Three additional silica fume bridge decks were not included in the cost analysis
because of elevated bid prices due to deck locations (rural areas) or small concrete quantities,
which increased the bid prices to a point where they were felt they were not representative. Cost
information was also obtained for 17 bridge decks recently constructed in the Minneapolis/St.
Paul metropolitan area using the 7-inch structural slab and 2-inch low slump overlay. The
combined cost of the structural slab and low slump overlay were then compared to the cost of
constructing a full-depth silica fume bridge deck. Tables 5.1 and 5.2 give the individual and

average costs of the two different deck systems.

Table 5.1 Silica fume bridge deck costs

Bridge # Deck area, ft* Cost/ft*
70041 18,184 $7.16
27075 8708 $7.71
27255 8310 $6.81
27223 25,801 $7.09
27876 19,590 $8.31
14814 11,807 $9.67

Average deck cost/ft* $7.79
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Table 5.2 Structural slab and low slump overlay deck costs

Bridge # | Deck area, ft* | Structural slab cost/ft’ | Overlay cost/ft’ | Combined cost/ft’
27144 7145 $8.36 $2.63 $10.99
27145 6558 $8.36 $2.63 $10.99
27146 6558 $8.36 $2.63 $10.99
27147 31,710 $8.36 $2.43 $10.79
27150 6565 $8.36 $2.70 $11.06
27233 14,574 $5.80 $3.04 $8.84
27234 11,894 $5.80 $3.04 $8.84
27225 28,632 $5.67 $3.07 $8.74
27214 6200 $7.71 $2.75 $10.46
27V05 24,487 $5.34 $2.32 $7.66
27V06 24,487 $5.20 $2.32 $7.52
27V07 13,250 $5.30 $2.39 $7.69
27V08 13272 $5.30 $2.36 $7.66
62657 23,912 $5.33 $2.26 $7.59
27265 5231 $5.16 $3.01 $8.17
27V28 11,108 $7.28 $2.23 $9.51
27R02 11,787 $5.80 $2.37 $8.17

Average deck cost/ft* $6.56 $2.60 $9.16

The average costs of the two different deck systems indicate that the cost of the full-depth silica
fume decks are about 15 percent lower than the combined average cost of the 7-inch structural
slab and 2-inch low slump overlay. It was actually expected that the silica fume concrete would
be slightly higher in cost than the standard structural slab concrete and low slump concrete
wearing course due to the typically higher cost of silica fume compared to cement, the limited
number of full-depth silica fume decks that have been placed in the state and the need to adapt
various construction procedures for its placement. The lower cost of the silica fume concrete
provides an added benefit towards its use in bridge decks. While surface planing was not
included in this cost analysis, future specifications will require surface planing to provide a
smooth ride and to allow immediate placement of wet burlap over the fresh concrete surface to

prevent evaporation. Surface planing would increase the overall cost of a full-depth placement
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of silica fume concrete deck by approximately $ 0.09 to $ 0.25 per square foot, however, the full-

depth silica fume concrete deck placement would still be a cost effective alternative.

While the initial costs indicate a savings by using the full-depth silica fume deck construction, it
should not be the overall deciding factor in their use. It is still necessary to ensure that they can
be consistently constructed properly and able to operate at a level of performance equal to or
greater than that of the current overlay system. However, with proper construction and care, it is
expected that the silica fume bridge decks can perform at a comparable level and most likely at a

higher level than the current deck system.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Based on the results of the silica fume bridge decks that have been completed, the construction
of 9-inch monolithic silica fume bridge decks should be considered a viable and cost effective
alternative to the standard bridge deck construction practices that are currently being used in
Minnesota. The construction of the silica fume decks, so far, has generally been successful.
There has been little difficulty in the placement of the decks, however, extra precautions have
been necessary regarding the curing of the decks. A couple of the bridge decks have developed
distresses that need to be addressed. One of the distresses that has developed is the presence of
silica fume balls throughout the deck. However, these problems should be easily solved with
some minor changes to the current procedures. For example, wet sieving concrete samples
throughout the deck placement could help identify the presence of silica fume balls. These
changes could also include a reduction in the amount of hand finishing after mechanical

screeding and the immediate covering of the bridge deck with wet burlap after surface texturing.

The construction and testing of the silica fume bridge decks have identified some definite

advantages toward the use of silica fume concrete. The following lists some of the advantages

identified with using silica fume concrete and the placement of monolithic bridge decks.
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Reduced chloride permeability- One of the biggest advantages of using silica fume concrete
is the refined pore structure of the mortar. This dense matrix reduces the ability of chloride
ions to penetrate the concrete and corrode the reinforcing steel. Rapid chloride permeability
tests conducted on companion cylinders indicated that the silica fume concrete has a very low

potential for chloride ion penetration.

Shortened construction time- By placing a monolithic deck, construction time is reduced by
approximately one week compared to the placement of a structural deck followed by a low
slump overlay. This reduction in construction time allows for the placement of bridge decks

later in the construction season.

Reduced costs- The cost analysis performed showed that the placement of a full-depth silica
fume bridge deck was approximately 15 percent lower than the placement of a 7-inch
structural slab and 2-inch low slump dense concrete overlay. This was based on bridge decks

constructed in the Minneapolis/St. Paul Metropolitan area.

Compressive strength- The compressive strength of the concrete was well above the specified
minimum strength of 4300 psi after 28 days of curing. In addition, the mixes containing
silica fume had slightly higher compressive strengths than similar concrete mixes without the
silica fume. Limited long-term strength data has shown compressive strengths of 9000 psi

after 1 year for concrete containing silica fume.
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The performance of a few of the bridge decks, however, should also raise some concern and be
addressed to prevent the development of future problems. Some of the concerns raised regarding

the use of silica fume concrete include the following:

e the development of silica fume balls at the surface of the bridge deck that may cause spalling
and popouts,

e the development of shrinkage cracks on the bridge deck surface due to surface drying,

e the development of cracking by other means that may compromise the ability of silica fume

concrete to resist the penetration of chloride ions,

e and the ability to maintain a moist environment over the bridge deck surface prior to the

placement of curing media.

Again, these problems can be easily solved by changes to some of the current procedures and

should not inhibit the continued placement of full-depth silica fume bridge decks.

Recommendations

Based on the results obtained from this study and the successful construction of the full-depth

silica fume bridge decks, the following recommendations are being made:

e Continue to implement the use of full-depth silica fume bridge decks. It is recommended that

this implementation continue to be gradual to allow contractors, inspectors and concrete plant
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operators to become comfortable with the construction processes and adapt their construction
procedures. This will also allow for the continued refinement of current specifications as
problems arise as well as allow for continued monitoring of the performance of silica fume

decks.

Monitor the air contents of future projects to determine the variability of the air content due
to pumping. It is recommended that air contents be measured before and after pumping the
concrete on the deck to determine the amount of air that is lost and to ensure that an adequate

hardened air void system and durable concrete is obtained.
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APPENDIX A

RAW DATA



Table A.1 Rapid chloride permeability test results

RCP Relative
Construction Results, Permeability

Year Highway City Bridge # |Mix Type Location Coulombs Results
1998 TH 41 Chaska 70041 |3Y43MS bridge deck 589 Very Low
1998 TH 41 Chaska 70041 |3Y43MS bridge deck 726 Very Low
1998 TH 41 Chaska 70041 3Y43 approach panel 5154 High
1998 TH 41 Chaska 70041 3Y43 approach panel 3188 Moderate
1998 TH 41 Chaska 70041 |3Y43MS bridge deck 455 Very Low
1998 TH 41 Chaska 70041 |3Y43MS bridge deck 554 Very Low
1998 TH 41 Chaska 70041 3Y43 approach panel 3777 Moderate
1998 TH 41 Chaska 70041 3Y43 approach panel 3434 Moderate
1999 TH 21 Jordan 70042 |3Y43MS bridge deck 1174 Low
1999 TH 21 Jordan 70042 |3Y43MS bridge deck 1051 Low
1999 TH 21 Jordan 70042 |3Y43MS bridge deck 1023 Low
1999 1-494 Minnetonka | 27V08 3Y36 structural deck 5568 High
1999 1-494 Minnetonka | 27V08 3Y36 structural deck 9268 High
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 3631 Moderate
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 3725 Moderate
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 4346 High
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 4038 High
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 2355 Moderate
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 2970 Moderate
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 3333 Moderate
1999 1-494 Minnetonka | 27V08 3U17 low slump overlay 3664 Moderate
1999 TH 36 Roseville 62074 3Y36 structural deck 3944 Moderate
1999 TH 36 Roseville 62074 3Y36 structural deck 3975 Moderate
1999 TH 36 Roseville 62074 3U17 low slump overlay 3440 Moderate
1999 TH 36 Roseville 62074 3U17 low slump overlay 3186 Moderate
1999 TH 36 Roseville 62074 3U17 low slump overlay 3682 Moderate
1999 TH 36 Roseville 62074 3U17 low slump overlay 3686 Moderate
1999 TH 169 |St. Louis Park| 27513 |3Y43MS deck widening 985 Very Low
1999 TH 169 |St. Louis Park| 27513 |3Y43MS deck widening 1244 Low
1999 TH 169 |St. Louis Park| 27513 |3Y43MS deck widening 1113 Low
1999 TH 169 |St. Louis Park| 27513 |3Y43MS deck widening 964 Very Low
1999 Zane Ave. |Brooklyn Park| 27223 |3Y43MS bridge deck 964 Very Low
1999 Zane Ave. |Brooklyn Park| 27223 |3Y43MS bridge deck 1049 Low
1999 Zane Ave. |Brooklyn Park| 27223 |3Y43MS bridge deck 1040 Low
1999 Zane Ave. |Brooklyn Park| 27223 |3Y43MS bridge deck 1046 Low




Table A.2 Individual compressive strength test results

Compressive
Mix Break Age Field ID Strength, psi
TH 55 Bridge Deck
3Y43MS 3-day 1 CTRL 3070
3Y43MS 6-day 2 CTRL 4870
3Y43MS 6-day 3 CTRL 4950
3Y43MS 27-day 15 7600
3Y43MS 27-day 16 6955
3Y43MS 56-day 4 CTRL 8790
3Y43MS 56-day 5 CTRL 8140
3Y43MS 56-day 6 CTRL 8660
3Y43MS 56-day 7 CTRL 8510
3Y43MS 56-day 8 CTRL 8740
3Y43MS 1-year + - 9340
3Y43MS 1-year + #4 9430
3Y43MS 1-year + #7 9290
TH 41 Bridge Deck
3Y43MS 28-day #13 7265
3Y43MS 28-day #15 7019
3Y43MS 28-day #17 6764
3Y43 28-day #19 6310
3Y43MS 28-day #34 7496
3Y43MS 28-day #35 8507
3Y43MS 28-day #36 5149
3Y43MS 28-day #37 6844
3Y43MS 28-day #38 7520
3Y43MS 28-day #39 5785
3Y43MS 28-day #40 7353
TH 169 Bridge Deck Widening, 6/18/99
3Y43MS 28-day B-13A 7870
3Y43MS 28-day B-13B 8069
3Y43MS 28-day B-13C 7791
3Y43MS 28-day B-13D 7210
3Y43MS 28-day B-13E 7616
3Y43MS 28-day B-13F 7830
TH 169 SB, 9/18/99
3Y43MS 4-day - 2435
3Y43MS 4-day - 2419
TH 21 Jordan, 8/4/99
3Y43MS 49-day - 7051
3Y43MS 49-day - 6724




Table A.3 Individual compressive strength test results continued

Compressive
Mix Break Age | Field ID Strength, psi
Zane Ave., 10/16/99
3Y43MS 27-day - 7472
3Y43MS 27-day - 6860
3Y43MS 27-day - 7250
3Y43MS 27-day - 7361
3Y43MS 27-day - 7154
3Y43MS 27-day - 6899
3Y43MS 27-day - 7520
3Y43MS 27-day - 7385
3Y43MS 27-day - 7234
3Y43MS 27-day - 7138
3Y43MS 8-day - 6072
3Y43MS 8-day - 5801
[-494 overlay system
3Y36 28-day - 4974
3Y36 28-day - 5562
3Y36 28-day - 5348
3Y36 28-day - 4440
3Y36 28-day - 5252
3Y36 28-day - 5157
3Y36 28-day - 5053
3Y36 28-day - 4631
3Y36 28-day - 5045
3U17 29-day - 8093
3U17 29-day - 8539
3U17 29-day - 7990
3U17 28-day - 7281
3U17 28-day - 8483
3U17 28-day - 9263
3U17 28-day - 8555
3U17 28-day - 7926
3U17 28-day - 8069
3U17 28-day - 7377
3U17 28-day - 7711
3U17 28-day - 7440
3U17 28-day - 6923
3U17 28-day - 7122
3U17 28-day - 7313
3U17 28-day - 8523
3U17 28-day - 8411
3U17 28-day - 8777
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