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Abstract

In Japan, the use of ultra high strength fiberfagoed concrete (UFC) has been increasing
since the publication of recommendations on thegdeand construction of UFC structures
by the Japan Society of Civil Engineers in Septen#¥®4. UFC is a unique cementitious
composite with high tensile strength which enabbescrete structure designs without
reinforcing bars. Its durability is also very higbmpared to conventional concrete. UFC has
been mainly applied to bridges, taking advantagesdfigh strength. Sakata-Mirai Footbridge
was the first bridge constructed with UFC in JapanOctober 2002. In this paper, the
durability and strength performance of this UFCtlimimige has been periodically studied. It
was found that ten year old UFC footbridges canntam good condition and mechanical
properties even against severe environments, argltbie sustainability of UFC structures is
verified in terms of the 10 year investigation.

Résumé

Au Japon, l'utilisation de BFUP a augmenté depaiigublication des recommandations sur
la conception et la construction de structures EB éditées par la “Japan Society of Civil
Engineers” en septembre 2004. Les BFUP sont dé&&iauax cimentaires uniques possédant
une grande résistance en traction, ce qui autdmissonception d’ouvrages en béton sans
armatures. Leur durabilité est elle aussi trés risenpe a celle des bétons courants. Les BFUP
sont treés utilisés dans les ouvrages d'art en mag leur grande résistance. La passerelle
piétonne Sakata-Mirai a été le premier pont coitséru BFUP au Japon en octobre 2002. La
durabilité et la résistance de cet ouvrage ontré&g@lierement contrdlées. Ces inspections
réalisées durant 10 ans sur I'ouvrage lui-mémeuetdss éprouvettes de contréle stockées
dans le méme environnement agressif montrent latieaides propriétés de résistance et de
durabilité du matériau et la robustesse des stresten BFUP.
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1. INTRODUCTION

The development of concrete and cementitious coitgsosvith fibre reinforcement to
improve tensile load-deformation behaviour hasltedun three distinct classes of materials.
These include conventional Fibre Reinforced Corc(ERC) with tension softening response,
High Performance Fibre Reinforced Cement Compogit#f2FRCC) with strain hardening
and multiple cracking behaviour, and Ultra Highestgith Fibre Reinforced Concrete (UFC)
with increased tensile strength.

In Japan, the use of UFC has been increasing #ieceublication of recommendations on
the design and construction of UFC structures byJdpan Society of Civil Engineers (JSCE)
in September 2004 [1]. UFC is a unigue cementitiooimposite with high tensile strength
which enables concrete structure designs withaontaieing bars. Its durability is also very
high compared to conventional concrete.

Sakata-Mirai Footbridge, shown Photograph 1, wasfitist bridge constructed with UFC
in Japan in October 2002 [2]. The structure hamgles span length of 49.35 m, a section
height of 1.65 m and width of 2.4 m at mid-spanhwaixternal prestressing tendons. This
structure was built to span the Niita River that
flows through the urban area of Sakata Ci
Yamagata Prefecture. Since the location is ab
3.4 km from the Japan Sea coastal line, t
foot_bridge is_ e>_<posed to severe corrosi wuswuHVW‘W”!’!!'!!'!!'{!‘I}H,‘H{Hfmmm
environments in winter. ‘ 3

In this paper, the durability and streng
performance of this structural concrete have b¢
periodically investigated over 10 years, usif
samples obtained by core drilling from the web =
the bridge, as well as samples prepared
contained in similar conditions to those of t
bridge.

i
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Photograph 1: Sakata-Mirai Footbridge

2. PROPERTES OF UFC (DUCTAL®)

2.1  Material, mix proportion and consistency

Table 1 shows the materials used for UFC, and Talsleows the standard mix proportion
of UFC. UFC is a material produced by mixing a pre- powder of cement, silica fume,
silica fine powder, and silica sand in the optimproportion with water, high performance
polycarboxylic superplasticizer, and dispersed tsfibres. Steel short fibre (0.2 mm dia. x
15 mm length) of 2vol.% mixture (FM) is standardow value obtained from mortar flow
test with no drop shows about 260-270 mm wherdrésh concrete is self-compactable.

Table 1: Materials of UFC Table 2: Mix proportion of UFC
Material Property Unit content (kgfn
Premix (PM) UFC premix powder W PM EM Ad
Admixture (Ad)|Polycarboxylic superplasticizer (incl. Ad)
Steel fibre (FM) dia. 0.2 x 15 mm 180 295/ 157 24
Water (W) Tap water (2vol. %pJAverage)
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2.2 Pore structure

In producing UFC, after the mixed material has basetl at the age of 24 hours, it
undergoes steam curing at 90 degrees centigradé8fbours. Due to steam curing, a dense
structure will be formed when setting, and it withprove durability. Figure 1 shows the
distribution of pore volume measured by mercurygbertiion method for steam cured UFC
without fibres, water cured UFC without fibres, dngh strength concrete with water-cement
ratio of 30% [1]. The porosity of UFC is about 4#%espective of curing conditions, and is
very small compared to high strength concretelstt ahows that more than 80% of pores are
3 to 6 micrometers when steam curing is applied.
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Figure 1 Pore size distribution of UFC glie 2 Tension softening diagram of UFC

2.3  Strength

Table 3 shows compressive strength, bending stieagtd modulus of elasticity in
compression. Compressive strength of 200 MPa oerand flexural strength of 40 MPa or
more (using 40 x 40 x 160 mm specimen) can be aedif3].

Figure 2 shows the tension softening diagram (liereeeferred to as TSD) of UFC [1].
The proposed TSD was determined based on both itbet dension test results and the
inverse analysis of tests using notched beam speesii00 x 100 x 400 mm). According to
the test results, the characteristic tensile strebgcomesyf = 8.8 MPa, the crack mouth
opening displacement (hereafter referred to as CM@D which a certain stress level is
retained after the first crack isivv= 0.5 mm, and the CMOD for which the stress coiones
zero is wk = 4.3mm.

Table 3: Compressive, flexural strength and modafudasticity
Compressive Flexural strength (MPa) Modulus of
strength Initial crack| Maximum flexural elasticity
(MPa) strength strength (GPa)
Mean value 238 24.9 46.1 52.2
Standard deviation 8.46 2.36 4.34 0.93
No. of specimens 50 50 50 50
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2.4  Chloride ion penetration

Because UFC has a dense structure, resistanceetrggon of chloride ions is very high.
A cross section of the specimen of UFC (100 x 16M& mm) after immersion in artificial
seawater (concentration of chloride ion : 1.9 %, jdvlacomponent: Sodium chloride,
Magnesium sulphate, Magnesium chloride, Calciunoratié, Potassium chloride, etc) shows
distribution of chloride ions as indicated in Figud when measured by electron probe micro-
analyzer (hereafter referred to as EPMA). As theatilon of immersion increases from 0.5
years to 2.5 years, chloride ions may penetratpatdaut the depth is as little as 2 mm. The
apparent diffusion coefficient of chloride ions OFC estimated from the distribution of
concentration is shown in Table 4. It is about Q.@@vf/year, which is a hundredth or
thousandth smaller than that of conventional caedd.

10

Table 4: Apparent diffusion coefficient

T 8 of UFC
T Gl Duration of Apparent diffusion
'% § - Immersion 0.5 years | Immersion Coefficient
£ YA\ — mmersion 2.5 vea (year)
2 4 PV ecimensize: mm 1
g (Slgloride ion cigg;?t(:;?fgl 1.9 % 0.5 0.0059 (Crfvyezar)
S ) | Method of measurement: EPMA i 1048 X 101 (m /S)
g 15 0.0022 (crilyear)
£ 0 ‘ o e e o ' 3.910 x 104 (m?/s)
° ] Depth frg)m surface %mm) ) ° 2.5 0.0019 (anllyear)
' 3.377 x 10 (m?/s)
Figure 3 Distribution of chloride ion concentratic
of UFC after immersion in artificial seaer
2.5  Abrasion resistance
Results of the abrasion resistance test accorc . |
to ASTM C779 revolving disk method ar —~-UFC
indicated in Figure 4. The test was conducted g 2 [ _,_ 2ack grant

comparison with tests for conventional concre 315 |
(compressive strength 70 MPa) and for bla /
granite (compressive strength 260 MPa). After 1

at
e
minutes of testing, the UFC specimen show 305 [ éé///

excellent abrasion resistance with an abras

LR

Depth of abrasion (mt

depth of 1.1 mm compared to 2.3 mm f 0 20 40 60 80 100 120
conventional concrete and 1.8 mm for bla Test period (min)
granite [4]. Figure 4 Result of abrasion resistal

test according ASTM C779 [4]

2.6  Applications of UFC in JAPAN

UFC has been mainly applied to bridges, taking athge of its high strength. It is also
used in precast panels, and to protect the surtdcéhe concrete structures against
environmental effects such as salt attack, abrasmgpact and so on [5].
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Photograph 2 shows the UFC forms used in the r#ingf of the bridge pier in the river.
In this case, the main function of UFC is not mexta strengthening but durability
improvement, including wearing and abrasion resistd4]. Photograph 3 shows the repair of
the irrigation channel surface by UFC precast manel

Photograph 2: Retrofitting of bridge pier hoBograph 3: Repair of irrigation canal surface

3. DURABILITY PERFORMANCE OF SAKATA-MIRAI FOOTBRIDG E

The durability of UFC is verified by many kinds laboratory tests using specimens. There
Is, however, little field data for UFC durabilit®ince UFC is a relatively new material, such
data are necessary in order to attest to its dityaini actual structures, which is critical to its
further effective utilization. Therefore, continginvestigations are being conducted using
Sakata-Mirai Footbridge. The periodic investigatioto the bridge has been conducted at 0.5,
1, 2, 5, 7.5 and 10 years after its completion.sThection introduces the durability
performance of UFC based on the field investigation

3.1  Site location
Sakata-Mirai footbridge is located in Sakata Cit
Yamagata prefecture, facing the Japan Sea. The
coastline in Japan usually has severe west or westh
winds and snowy storms in winter. Although the sf
location is 3.4 km far from the coastline, seasaviater |

storms induce chloride attack on the footbridge.

3.2 Secular distortion of mechanical properties

In order to investigate the material time historfy
mechanical properties and durability, UFC specim
were exposed inside of the box girder of the fadtie Photograph 4: Exposed specimens
as shown in Photograph 4. The compressive strei inside girder
specimens ar@ 50 x 100 mm circular cylinders, and the
flexural strength specimens are 40 x 40 x 160 ngulee prisms. The results of compressive
strength versus exposure duration time are shoviguare 5 and those of maximum flexural
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strength and first cracking strength are showniguie 6. The compressive strength seems to
be gradually increasing. The flexural strength éases almost linearly up to the age of 10
years. In general, the long-term flexural strenggthdually decreases with increasing drying
shrinkage. This is due to the tensile stressesceuliby restrained shrinkage prior to the
application of the load, which induces tension & tower edge of the beam specimen.
However, UFC has a small amount of drying shrinkéasout 50 x 18), so that surface
shrinkage stress is not generated, and a constéiekural strength is observed.
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Figure 5: Records of compressive strength  Figure 6: Records of flexural strength

3.3  Chloride ions concentration profiles

The 40 x 40 x 160 mm rectangular prisms exposed
120 months (about 10 years) inside the box shajpddrg
were cut to obtain 10 mm thick specimens. T
dimensions of the test surface were taken to b@@0in
width and 5 mm in depth from the surface and tes¢ ;38
was grinded to apply EPMA. Figure 7 indicates tlf
chloride distribution obtained by EPMA, and thearide
ions concentration profile and regression curve
illustrated in Figure 8. It should be noted thatpared
to the test specimen that was immersed in a Ni
solution (shown in Figure 3), this concentratioofipe of
the chloride ions is smooth and fits the regressimve Figure 7: Image mapping of Cl
quite well. From the regression function, the appar
chloride ion diffusion coefficient was predictedlde 0.000753 ciyear (Table 5: left side of
exposed specimen), which is very small comparedhéimmersed case (Table 4). The
chloride ion concentration on the surface was dated to be 9.9 kg/flt is apparent that the
chloride ions penetrated into just the surfacehef $pecimen (1 to 2 mm) and the level of
permeation of the chloride ions is equivalent &t tf the immersed case (Figure 3).
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apIs 1Sy
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Figure 8: Chloride ions profile of exposed specimen
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Figure 9: Chloride ions profile of core test piece

While these valuable durability data were obtain
from the specimen exposed in the girder, it isl s :
necessary to verify that they reflect the statthefactual g
bridge. To that end, test pieces45 x 80 mm circular
cylinder) were obtained by core drilling from thetlb
sides of the web (Photograph 5), and similar amalyas
executed. The chloride ion concentration profile #me
regression curve are illustrated in Figure 9. Thieride
diffusion coefficients and the surface chloride ic s
concentration are shown in Table 5. The strong PhotographSCore drllllng in web
breeze blows the web of the bridge, therefore tintase
chloride ion concentration of the outside of tha sele web is relatively big. Even though the
surface chloride ion concentration is big, its cidle diffusion coefficient is the same level as
other sides (i.e. the mountain facing side web).
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The chloride diffusion coefficients determined fraime test pieces obtained by core
drilling are same or less than those of the spetsnmaced inside of the girder. Since the
chloride diffusion coefficients obtained from thgesimens kept inside of the girder are larger
than those of the actual bridge, it is possibleige those specimens to judge the state of the
bridge in the safety side.

Table 5: Apparent chloride ion diffusion coefficidhield data)

Face Apparent Cldiffusion coefficient Surface Clconcentration

(célyear) (nt/s) (kg/n?)

Upper 0.0001730 3.075 x 19 7.1

Exposed Lowerg  0.0002700 4.799 x%0 4.9
specimen Left 0.0007530 13.38 x%#0 9.9
Right 0.0003320 5.901 x 6 7.0

Core test piece | Outside 0.0000667 1.185 x 19 21.1

of sea side web Inside 0.0000503 0.894 %°1( 3.8
Core test piece | Outside 0.0000404 0.718 x 18 8.6

of mountain side wep Inside N/A N/A 0.7

3.4  Backscattered electron image analysis

Figure 10 (a) and (b) are backscattered electraag@®s (BEI) of sections (range from
0.5mm to 1.0mm in depth) of exposed specimen @ngilder) and core test pieces of the sea
side web (outside), respectively. Figure 10 shdves the microstructure of UFC consists of
two phases: continuous reaction texture (i.e., &gdr and irregularly-distributed granular
texture (i.e., cement, aggregate, steel fibre andodd). Examination of exposed specimens
and core test pieces by scanning electron micrgscepealed the presence of many
unhydrated cement particles.

Depth:0.5-1.0mm _*a,
ST v

i '._ s | i *L‘__ e e WP %
(a) Exposed Specimen (b) Gest piece of sea side web (Outside)
Figure 10: BEI of UFC (C: Unhydrated cement, A: &dr: Steel fibre, P: Air void)

Table 6 summarizes the results of BEI analysis, ciwhimainly revealed that the

microstructure of UFC contains around 20 % unhyttatement and around 7% of air void.
Rich unhydrated cement grains may be found in tleeastructure of hydrated cement pastes
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of UFC, even long after hydration by heat curing. Agure 5 and Figure 10 show, the long-
term improvement of compressive strength is comediéo be due to the sluggish reaction of
internal unhydrated substance.

Table 6 Area ratio of unhydrated cement and aid \yi BEI analysis

Areas of analysis Area ratio (Volume ratio) (%)
(Microscopic field: 10 points)| Unhydrated cemenfir void

Exposed specimen
(Age: 7.5 years, Whole area (40 x 40mm) 21.2 7.8
Section: 40 x 40 mm)

Exposed specimen
(Age: 10 years, Whole area (40 x 40mm) 19.9 5.7
Section: 40 x 40 mm)

. . Outside surface area 18.5 7.0
Core test piece of sea side (25 x 20mm)
(Age: 10 years, I
Section: 25 X 80 mm) _Centra area (25 x 20mm) 22.3 7.0
Inside surface area (25 x 20mm) 19.2 7.0

4. CONCLUSIONS

The durability and the mechanical properties of tine year old UFC bridge has been
studied by using exposed specimens in the girdercare test pieces of the web. The main
results obtained are shown below.

— The compressive strength of the field specimenes®es gradually up to the age of 10
years.

— The flexural strength of the field specimen incesaalmost linearly up to the age of 10
years.

— The Chloride ion diffusion coefficient obtained rinathe field specimen is much lower
than that of the laboratory immersed specimen.

— The Chloride ion diffusion coefficient obtained rinathe test pieces by core drilling is
lower than that of the field specimens exposethéndirder.

— Examination of exposed specimens and core testeidmy scanning electron
microscopy revealed the presence of many unhydcaterent particles.

— Ten year old UFC footbridges can maintain good @¢mmand mechanical properties
even against severe environments, and thus thaisaisility of UFC structures is
verified in terms of the 10 year investigation.
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