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ABSTRACT

The construction project of Daini-Keihan Road Tanabe Parking Area employed slab
connection system in which adjacent prestressed concrete girders were connected with each
other using slabs only. Due to the structural characteristics of this slab connection system, it
was decided to use a material with a lowest possible modulus of elasticity, high ductility and
improved crack dispersion performance. This paper describes the performance requirements
for materials to be used in the connecting slabs under concentrated sectional force, and
reports the quality and performance of low-elasticity high-ductility fiber-reinforced
cementitious composite developed for this purpose.

Keywords. Slab connection system, Slabs, High ductility, Low elasticity,
Self-compactability

1. DEVELOPMENT OF LOW-ELASTICITY HIGH-DUCTILITY
FIBER-REINFORCED CEMENTITIOUS COMPOSITE

The precast girders to be erected in this project varied in girder height and cross-sectional
shape due to location restrictions on the piers (Figure 1). The authors developed a slab
connection system shown in Figure 2 in order to make the girders continuous and minimize
the use of expansion joints for reduced maintenance requirements. This system uses thin
slabs of a constant length to connect simple girders with each other in an attempt to reduce
the sectional force to a level where the connecting member can be designed as a slab.
However, sectional force was estimated to be considerably large at some locations where the
slab was in contact with a long span like at the top of pier P1 in Figure 1. It was impossible
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to design the slab for such locations as an ordinary reinforced concrete slab. Therefore, the
authors decided to develop a material with a lower modulus of elasticity than that of ordinary
concrete, high ductility and good crack dispersion performance for the regions subjected to a
large cross sectional force.

2. PERFORMANCE REQUIREMENTS

Table 1 shows the performance requirements for materials to be used in the connecting slabs.
Ordinary concrete can have a low modulus of elasticity when designed to a low compressive
strength. However, it is almost impossible with ordinary concrete to achieve a design
strength of 30 N/mm? and a static modulus of elasticity of 20 kN/mm? at the same time. In
addition, since the slabs were intended for the use under concentrated sectional force,
concentrated cracking or propagation of cracks could affect safety or durability of the
connecting members. There was also a risk of possible initiation of large cracks in the slabs
under restraint by the main girders during construction. Therefore, the new material was
required to have high ductility and improved crack dispersion performance, with volumetric
change characteristics equivalent to those of ordinary concrete. At the same time, it had to be
capable of being manufactured and constructed by using conventional equipment and
methods for ordinary concrete, in consideration of the total area of application and the
quantity of placement in this project. As a result, the low-elasticity high-ductility
fiber-reinforced cementitious composite (hereinafter referred to as “low-elasticity
high-ductility FRCC”) was developed to meet these performance requirements as a kind of
high performance fiber reinforced cement composite with multiple fine cracks (HPFRCC)
(Japan Society of Civil Engineers, 2007).
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Figure 1. Side View of a Bridge (Example)
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Table 1. Performance Requirements of Materials

Items Performance requirements
Compressive strength Should satisfy design strength of 30 N/mm” or above
(at the age of 28 days).
Static modulus of elasticity Should not be larger than design Young’s modulus of
(Young’s modulus) 20 kN/mm’.
Crack dispersion performance and | Should have high ductility and good dispersion
ductility performance in consideration of possible reduction in

durability of members due to concentrated cracking
or crack propagation.

Volumetric change (shrinkage, Should be equivalent to that of ordinary concrete.
coefficient of thermal expansion)
Manufacture Should be capable of being manufactured by using

usual equipment at ready-mixed concrete plants, with
specified quality achieved.

Transportation Should be capable of being transported on an agitator
truck, with specified quality maintained after the
transportation.

Placement Should have high fluidity and good

self-compactability (because satisfying above
performance requirements made compaction by
vibration difficult).

3. QUALITY AND CHARACTERISTICS OF THE LOW-ELASTICITY
HIGH-DUCTILITY FRCC

3.1 Materials and Mix Proportions

Table 2 shows the mix proportions of the low-elasticity high-ductility FRCC. The premixed
powder contains portland cement, limestone powder and expansive admixture, added with
water reducing powder admixture, shrinkage reducing powder admixture, natural sand and
other contents. The premixed powder is easy to handle and measure at a standard-equipped
ready-mixed concrete plant, only requiring a vacant cement silo for storage. High strength
vinylon fibers (fiber length: 12 mm) were added at 2% as the short fibers (Taniguchi et al.,
2009).

Table 2. Low-elasticity High-ductility Fiber-reinforced Cementitious Composite
Mix Propotions

; 3
Water to Sand to Air Short fiber Contents (kg/m”)

cementitious cementitious content content (%)| Water Premixed| Short
material ratio (%) | material ratio (%) | (%) ° powder | fibers

484 44.8 3.0 2.0 361 1643 25.6

3.2 Self-compactability and Fluidity

In order to satisfy various performance requirements described in Table 1, the low-elasticity
high-ductility FRCC was designed to achieve high self-compactability (rank 1 by JSCE; the
highest level for high-fluidity concrete) and high fluidity (slump flow of 500 mm or above at
the time of placement). Photo 1 shows the views of fill test and slump flow measurement.
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Photo 1. Views of Fill Test and Slump Flow Measurement

3.3 Compressive Strength and Static Modulus of Elasticity

Figure 3 shows compressive strength and static modulus of elasticity, respectively, of the
low-elasticity high-ductility FRCC against the age. Values of normal concrete with design
strength of 30 N/mm’ are also shown for reference. As shown in the diagrams, the
low-elasticity high-ductility FRCC was found to have similar strength development
characteristics to normal concrete, with substantially low Young’s modulus achieved (about
18 kN/mm” at the age of 28 days).

< 50

L]
~
o

L]

28 days 28 days

1 Design values* |

40

w
o

é{\ .

: . 2
Design strength: 30 N/mm P

—6—([Normal concrete —o—([Normal concrete

—_
o
T
—_
o
T

o—|Low-elasticity

e— | Low-elasticit
high-ductility FRCC y

high-ductility FRCC

Young’s modulus (kN/mm?)
N
o

Compressive strength (N/mm
N
o

O Il Il Il Il Il Il Il Il Il Il Il J 0 N N N M M n n n n n n n
0 7 1421283542 4956637077 8491 0 7 1421283542 4956 63 70 77 84 91
Age (days) Age (days)
*Design values
Note: Specimens were quality control for normal concrete: 28 kN/mm?
samples by standard water curing for low-elasticity high-ductility FRCC: 20 kN/mm?

Figure 3. Compressive Strength and Static Modulus of Elasticity vs. Age

3.4 Crack Dispersion Performance and Ductility

Figure 4 shows the load-displacement curve of the low-elasticity high-ductility FRCC
obtained from the flexural strength test. Those of normal concrete and short fiber-reinforced
concrete (using vinylon fiber products intended for use with concrete) (Taniguchi et al.,
2008) are also shown for comparison purposes. Bending fracture proceeded rapidly in
normal concrete without fiber reinforcement once the cracking load was reached. Short
fiber-reinforced concrete exhibited a rapid decrease in load at the occurrence of flexural
cracking but then showed large deformation as the vinylon fibers carried the load. In contrast,
the low-elasticity high-ductility FRCC exhibited no major decrease in load after the cracking
load was reached. Load increased with displacement which increased to about 5 to 6 mm
until failure. The maximum load and displacement of the low-elasticity high-ductility FRCC
were significantly higher than those of the short fiber-reinforced concrete. The area enclosed
by a load-displacement curve and the horizontal axis represents the ductility of the material.



The ductility of the low-elasticity high-ductility FRCC was obviously higher than those of
the other materials. Photo 2 shows cracks observed in the samples after the bending test. A
number of fine cracks were distributed in the low-elasticity high-ductility FRCC, while
cracks in normal concrete were locally concentrated.
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Figure 4. Load-Displacement Curves by Bending Tests
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Photo 2. Cracks Caused during Bending Tests

3.5 Volumetric Change

Figure 5 shows the drying shrinkage test results of the low-elasticity high-ductility FRCC.
Drying was started at the age of 7 days, and the test was carried out in compliance with JIS
A1129. The diagram also shows the values of normal concrete (water content: 175 kg/m’)
calculated by the shrinkage strain prediction equation specified in the Standard
Specifications for Concrete Structures (Japan Society of Civil Engineers, 2008) for reference.
Drying shrinkage strain in the low-elasticity high-ductility FRCC was found to be very
similar to that in ordinary concrete. Autogenous shrinkage strain was found to be as small as
+50%10°, and coefficient of thermal (linear) expansion was 9.5 to 9.7x10°/°C which was
almost equal to the standard value commonly used in concrete design (10x10°%/°C).
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Figure 5. Drying Shrinkage Test Results
4. HANDLING AND CONSTRUCTION PROPERTIES TEST

The low-elasticity high-ductility FRCC manufactured at a ready-mixed concrete plant was
transported to the site and placed in test pieces imitating the connecting slabs, and its quality
change and construction properties were investigated.

4.1 Time Control from Transportation to Completion of Placement

A usual agitator truck was used for transportation. It took about 25 minutes to carry the
product from the plant to the site. Table 3 shows the relationship between the time elapsed
from water addition and the quality of the low-elasticity high-ductility FRCC displaced from
the agitator truck. Although both fill height and slump flow decreased with the time from
water addition, fill height was found to be within the range of self-compactability of rank 1
(300 mm or above) until about 120 minutes from water addition. Fill height was expected to
be 300 mm when slump flow was around 450 mm as shown in Figure 6. In order to obtain
slump flow of 500 mm or above, it was decided to implement strict time control from water
addition to completion of placement in actual construction. It was demonstrated that quality
of the low-elasticity high-ductility FRCC was maintained at specified levels after transport
on a usual agitator truck, despite its properties significantly different from those of ordinary
concrete.

Table 3. Quality Change with Time in the Low-elasticity High-ductility
Fiber-reinforced Cementitious Composite

Test items . Time ela_psed from Wat§r addition :
30 minutes | 70 minutes | 90 minutes | 120 minutes
U-shaped fill height (mm) -- 314 314 309
Slump flow (mm) 615 x 560 565x 515 550 x 500 560 x 470
Air content (%) 2.6 3.2 2.4 --
Compressive strength (N/mm”) 37.2 35.9 353 --
Young’s modulus (kN/mm®) 15.9 15.3 15.7 --

Note: No measurement was taken where
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is shown.
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Figure 6. Relationship between Slump Flow and Fill Height

4.2 Construction Properties

Placement, finishing and curing methods were examined through preparation of the test
pieces imitating the actual slabs. Photo 3 shows the full view of a test piece, and Photo 4
shows the flow condition during placement. The bottom flow of the mix was not overtaken
by the upper flow during placement, with the leading edge constantly in contact with the
floor of the test piece form, and the mix was densely packed around the reinforcing steels. It
was confirmed that proper construction was achieved by the proper control described above,
without causing significant decrease in workability, separation or “overtaking” in the flow of
the mix. The surface was successfully finished by using metal trowels together with finishing
additives after leveling with wood blocks or timbers. Moisture curing was carried out for five
days, using curing mats.

Table 4 shows the compressive strength and Young’s modulus (static modulus of elasticity)
measurement results on the quality control samples after sealed curing at the site and nine
core samples taken from the test pieces. Compressive strength values of the core samples
were almost equal to that of the quality control samples. Although Young’s modulus of the
core samples was about 10% smaller than that of the quality control samples, all of the nine
core samples satisfied the design value described in Chapter 2, with little variation between
them. The test pieces were cut using a concrete cutter for inspecting the inside. The mix was
found densely packed around the reinforcing steels as shown in Photo 5. These results
demonstrated that the low-elasticity high-ductility FRCC had satisfactory self-compactability
and fluidity and proved the validity of the construction method used in the test.

Photo 3. Full View of the Slab-imitating Test Piece



Photo 4. Flow Condition within the Test Piece Form

Table 4. Strength Test Results on Quality Control and Core Samples

Quality control Core samples
samplzts t(l'lseezlif)- cured Average |Maximum| Minimum S?/rilgfiii
ngggﬁﬁs&v/fnmz) 35.5 359 | 372 33.1 1.2
g{‘;}l/?fsz;n"dulus 15.1 137 | 142 134 0.3

Reinforcmg“

Photo 5. Compaction around Reinforcing Steels
5. CONCLUSION

The slab connection system combined with the low-elasticity high-ductility FRCC adopted
in the current project enabled rationalization of the structure and improvement of work
efficiency during construction. The proposed technique will have a wide range of
applicability, from new construction to renewal work on existing bridges. With the actual
data obtained from the current project, application of this system is expected to increase in
future.

REFERENCES

Japan Society of Civil Engineers. (2007). Recommendations for design and construction of
high performance fiber reinforced cement composite with multiple fine cracks (draft),
Concrete Library No. 127, Tokyo (in Japanese).

Japan Society of Civil Engineers. (2008). Standard Specifications for Concrete
Structures-2007, Design, Tokyo, 45-47.

Taniguchi, H., Mikami, H., Asai, H, Higuchi, M. and Fujita, M. (2008). “Development of
Ductile Fiber Reinforced Concrete -- Basic Physical Properties of PVA Fiber
Reinforced Concrete.” Reports of Technical Research and Development Center of
Sumitomo Mitsui Construction Co., Ltd., No. 6, 73-82 (in Japanese).

Taniguchi, H., Higuchi, M., Shiba, A. and Sasaki, W. (2009). “Development of Various
Ductile Fiber Reinforced Mortar.” Reports of Technical Research and Development
Center of Sumitomo Mitsui Construction Co., Ltd., No. 7, 39-44 (in Japanese).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




