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Composite Materials for Durability Improvement and Repair
of Reinforced Concrete Structures in Japan

YOSHIHIKO OHAMA¥

1. Introduction

Reinforced concrete made up from an ideal
combination of concrete and reinforcing bar
has been used as main structural materials in
the construction industry for many vyears, In
recent years, the rapid deterioration of reinfor-
ced concrete structures due to alkali-aggregate
reaction, rapid carbonation and chloride-induc-
ed corrosion have become a social problem in
the world. This trend is similar to that in Jap-
ability-improving materials and repair materials
for the reinforced concrete strucutures,

s for the reinforced concrete structures,

The present paper outlines the mechanism
of the deterioration of the reinforced concrete
structures and the principle of countermeas-
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ures against the deterioration, and then reviews
composite materials using polymers for dura-
bility improvement and repair works for them
in Japan.

2. Deterioration of Reinforced Concrete
Structures

As shown in Fig.1, the deterioration of rein-
forced concrete structures is chiefly due to the
deterioration of concrete itself and the degra-
dation of reinforcing bars. The deterioration of
the concrete is caused by chemical, physical
and biological deterioration or degradation fac-
tors. Chemical degradation including alkali-ag-
gregate reaction and chemical attack causes
concrete cracks due to expansive products,
and the dissolution of cement hydrates in the
concrete. The actions of humidity or tempera-
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ture change, cyclic loading, freezing and thaw-
ing, abrasion and cavitation on the concrete
are classified into the physical deterioration.
Factors the biological deterioration factors
such as bacterial attack also lead to the degra-
dation of the concrete, On the other hand, the
corrosion of the reinforcing bars is usually the
result of the carbonation of the concrete and
the presence of chloride ions, and induces con-
crete cracks due to rust expansion and a re-
duction in the strength of the reinforcing bars.
The usual corrosion of the reinforcing bars is
caused by the formation of local cells. i.e., mic-
rocells, Macrocells are sometimes formedbet-
ween repaired and unrepaired portions of the
reinforcing bars in the reinforced concrete stur-
ctures, and such macrocells cause the cor-
rosion of the reinforcing bars called
“Repair-Induced Corrosion”,

Physical{or Mechanical} Deterioration
r-Deterioration of {Chem]cal Degradation ~ Alkali- Aggregate
Detenoration of ‘ Concrete ) ] Reaction
Reinforced “Bological Deterioration
Concrete Structure
Degradation of
Reinforcing Bar ~ “Chloride Induced Corrosion

Corrosion Due to Carbonation

Note, —indicates main degradation.

Fig.1 Deterioration of reinforced concrete structures

3. Countermeasures Against Deterioration
of Reinforced Concrete Structures

The principle of the countermeasures again-
st the deterioration of reinforced concrete
structures is to eliminate or control their de-
terioration factors, i.e., the above-mentioned
chemical, physical and biological deterioration
or degradation factors. For example, such coun-
termeasures involve to eliminate chloride ions
and reactive aggregates from the manufactur-
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ing process of the concrete, and to prevent the
diffusion of carbon dioxide, oxygen, water and
chloride ions into the concrete. Fig.2 repres-
ents the countermeasures against the deterio-
ration of the reinforced concrete structures.
Two guidelines for the countermeasures again-
st the chloride-induced damage and alkali-ag-
gregate reaction relating to the deterioration
of the reinforced concrete structures were is-
sued in 1986 and 1989, respectively, by the
Ministry of Construction in Japan. According
to the guidelines, the chloride ion content and
alkali content (as Na.OQ equivalent) of the con-
crete are controlled in principle to be 0.
30kg /m? or less and 3.0kg /m’ or less respect-
wvely.

4. Composite Materials for Durability im-
provement Work

4.1 Materials for Modification of Concrete Sur-
faces

The materials using polymers for the modifi-
cation of concrete surfaces include finish coat-
ings, barrier penetrants, linings, hquid-applied
membrane waterproofing materials and perma-
nent forms which are used for the elimination
or control of chemical degradation factors in
reinforced concrete structures, The finish coat-
ings are applied on the concrete surfaces in
the finish and repair works for reinforced con-
crete structures. The quality requirements for
the finish coatings are specified in the follow-
ing four JISs (Japanese Industrial Standards):
JIS A 6909(Wall Coatings for Thin Textured
Finishes), JIS A 6910 (Multi-Layer Wall Coat-
ings for Glossy Textured Finishes), JIS A 6915
(Wall Coatings for Thick Textured Finishes)
and JIS A 6917 (Lightweight Aggregate Coat-
ing Materials). The barrier penetrants pen-
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s of Materials Use of Lov-alkaline Cement or
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é Use of Admixtures without Alkaline Metallic Saits (AAR)
- 2 2 | Surface Paints (Frost Damage, Corroston and Erosion)
(= _ é 5 __| Coatings Finish Coatings (Frost Damage)
g é IS Barrier penetrants (Frost Damage)
& % 5 Shrinkage-Reducing Penetrants (Cracks)
% %) t— Polymeric [mpregnants {Frost Damage, Corrosion and Erosion)
- <
§ § = Polymeric Admixtures (Frost Damage, Cracks Corrosion, Erosion and AAR)
E} g ‘— Admixtures Air-Entraining and Water-Reducing Agents (Frost Damage)
B g Shrinkage-Reducing Agents (Cracks)
=X Alkali- Aggregate Reaction Pozzolanic Admixtrues (AAR)
= g Inhibitors Chemical Admixtures {AAR)
£ 2
8 __ Proper Selection Use of Aggregates without Chloride lons (CI™) (CID)
% 2 of Materials Use of Chmeical Admixtures without Chioride lons (CI™) (CID)
g E Paints (Carbonation and CID)
5 = ) Finish Coatings (Carbonation and C1D)
5 3 Environmental — Surface Coatings Barrier Penetrants (CID)
S I~ Prgtectiqn for for Concrete Alkalizing Penetrants (Carbonation)
g g Reinforcing Bars Corrsion-Inhibiting Penetrants (CID and Carbonation)
3 g " I~ Polymeric Impregnants for Concrete (CID and Carbonation)
& 5 5 | Permanent Forms (CID)
= 2 Qso Carbon Dioxide Adsorbents (Carbonation)
é’ L £ 5 _| - Admixtures for Chioride lon Adsorbents (CID)
& e Concrete Corrosion Inhibitors (CID and Carbonation)
§ &z Polymeric Admixtures (CID and Carbonation)
& 5 - Electric Protection—Cathodic Protection (Carbonation and CID)
= Coatings for
I~ Reinforcing Polymer-Coated Reinforcing Bars—Epoxy-Coated Reinforcing Bars (CID)
Bars Polymer-Modified Paste-Coated Reinforcing Bars
Replacement of
Reinforcing Bars
| by Other Materials

—[ Chioride-induced Corrosion-Resistant Reinforcing Bars (CID and Carbonation)

FRP (Fiber-Reinforced Plastics) Reinforcements {CID and Carbonation)

Notes, ( ) indicates the type of deterioration.
AAR, Alkali-aggregate reaction; CID, Chloride-induced damage.

Fig.2 Countermeasures against deterioration of reinforced concrete structures

etrate into the concrete surfaces and improve
the waterproofness and chloride ion pen-
etration resistance of the concrete, but do not
improve its carbonation resistance, Alkyl alkox-
y silane-based barrier penertrants are most ef-
fective as seen in Fig.S,m and commonly used
in Japan. The linings with thickness of 0.5 to
2.0.mm, using glass fibers (or flakes) or car-
bon fiber cloths as reinforcements, are applied
on the concrete surfaces in the finish and re-

pair works, As given in Table 1, they have
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excellent chloride ion penetration resistance,
Recently, the liquid-applied membrane wat-
erproofing materials, based on polymer-cement
pastes or slurries with very high polymer-ce-
ment ratios of 50% or more, sometimes 100%
or more, have widely been used for the wat-
erproofing of the reinforced concrete structur-
es. The waterproofing materials can be applied
on the wet concrete surfaces, and form flex-
ible membaranes with thicknesses of 2.0 to 4.0
mm. Permanent forms are used instead of
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steel and plywood forms, and are unified with
placed concrete without removing them. Poly-
ethylene net-reinforced polymer-modified mor-
tar, mesh-reinforced malamine-modified ce-
mentitious paste and polymer-impregnated con-
cretepanels are practically used as the perma-
nent forms which are mainly applied to pre-
vent chloride ion penetration and carbonation,
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Fig.3 Chioride ion (CI”) penetration resistance of
concretes coated with barrier penetrants

Table 1 Chiloride ion (CI™) penetration of lining films

Type of Linng | Type of Liring Film| Tickness(ymi | . | creuaion
(mg/cm® - d)
Epoxy Resin for | Composite Layer 900 0
Wet Substrate Monolayer 600 00.48x10"
Solventless, | Composite Layer 1000 04.48x10™
Elastomeric
Polybutadine Monolayer 600 0-0.48x10”°
Epoxy Resin with | Composite Layer 1000 0
Glass Flakes Monolayer 500 0-0.87x10”
Vinyl Ester Resin | Composite Layer 1500 0
with Glass Flakes Maonolayer 500 0
Epoxy Resin with { Composite Layer 2000 0.48x1070.082
Glass Rovings Monolayer 800 0.48x107"

4.2 Corrosion-Resistant Reinforcements

Polymer-coated reinforcing bars such as ep-
oxy-coated and FRP
(fiber-reinforced plastics) reinforcements or
continuous fiber reinforcing materials are
empolyed as corrosion-resistant reinforce-
ments, A guide for quality requirements for
the epoxy-coated reinforcing bars, “Rec-
ommendation for Design and Construction of

reinforcing  bars
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Concrete Structures Using Epoxy-Coated Rein-
forcing Steel Bars”, was published by the Jap-
an Society of Engineers in 1986, FRP reinfor-
cements or continuous fiber reinforcing mat-
erials are produced in various shapes by bind-
ing high-strength fibers such as carbon, aram-
id, galss and vinylon fibers with corrosion- re-
sistant binders such as epoxy and vinyl ester
resins at fiber contents of 60 to 70%. Fig.4
exhibits the classification of FRP reinforce-
ments or continuous fiber reinforcing material-
s.'¥ Table 2 and Fig. 5 show the tensile
strength and elastic modulus, and tensile stres-
s-strain relationships of FRP reinforcements,

respectively.
- No Surface Treatment
- Round “{ (Flat Surface)
r Straight — Bar With Surface [~ With Spiral Fiber
(One- Form Treatmert ’F Sand-Covered
- Dimensional ‘l - (thers
Bar - Twisted ™ Polygonal T- No Surface Treatment
Form Bar L {Flat Surface)
With Surface Treatment
Continuous “ Braided ~1 NoSurface Treatment
Fiber Form L With Surface Treatmen:—Sand-Covered
Reinforcing 1
Material Grid = l Plare Grid
- Solid Grid
~ Three-Dimensional Textile
- Shapes
- (thers — I Spirdl Hoop
Stirrup,etc.

Fig.4 Classification of continuous fiber reinforcing
materials

Table 2 Tensile strength and elastic moduius of FRP
reinforcements

Type of Fibers Type of Binder Tensile Streilgth Elastic Modulu)s
(kgf /mm) | (x10%kgf /mm)
Resi . £
CarbonPitch) vEpoxy esin ’ 80-184 10.5-21.0
Vinyl Ester Resin 100-110 8.0-9.0
i 0 99
Carbon(PAN) ‘Epoxy Resin ‘ 155200 12.2-15.0
. |ViylBsterResin 70100 | 60150
. Epoxy Resin 130136 6.3-6.6
Aramid
B Vinyl Ester Resin 125195 4.554
Glass Epoxy Resin 134-160 4353
Vinyl Ester Resin 5790 3.04.5
Vinylon Epoxy Resin 6078 2837
Glass /Carbon(Pitch) | Vinyl Ester Resin 5068 3545
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Fig.5 Tensile stress-strain  relationships of FRP
reinforcements

5. Composite Materials for Repair Work

Repair materials using polymers for deterior-
ated reinforced concrete structures include cor-
rosion-inhibiting coatings for reinforcing bars,
patch materials, coatings for surface prep-
aration and protection, finish materials and
grouts for concrete cracks. Fig. 6 illustrates
typical application methods for such repair
materials, The corrosion-inhibiting coatings
such as epoxy resin paints, tar-epoxy resin
paints and polymer-modified pastes containing
corrosion inhibitors, e.g., calcium nitrite, are
used for the treatment of the reinforcing bars.
The patch materials are employed for the back
filling of the damaged portions of the con-
crete. In general, polymer-modified mortars
and concretes, and polymer mortars and con-
cretes are used as the patch materials. The
quality requirements for cement modifiers
such as polymer latexes or emulsions for the
polymer-modified mortars and concretes are
specified in JIS A 6203 (Polymer Dispersions
for Cement Modifiers). Sprayed and prep-
acked concrete techniques using such material-
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s are sometime applied for repair work with lar-
ge area. The coatings for surface preparation
and protection are applied on concrete surfaces
after patch work. The polymer-modified mor-
tars and polymer mortars are usually used for
this purpose. The quality requirements for the
polymer-modified mortars as coatings for sur-
face preparation are specified in JIS A 6916
(Cement Filling Compound for Surface Prep-
aration). The finish materials are finally used
in repair work for the reinforced concrete
structures for improving durability and giving
decorative appearance. The above-mentioned
coatings and barrier penetrants are also
employed as the finish materials, A specifi-
cation of the finish materials for preventing
chloride 10n penetration for road bridge was is-
sued by the Japan Road Association in 1984.
The chloride ion penetration resistance, car-
bonation resistance, oxygen diffusion coef-
ficient and weatherability of typical polymer-
modified mortars which are widely used are
shown in Table 3, Fig. 7,'" 8" and 9%, re-
spectively., Epoxy resin and liquid polymers
are often used as grouts for concrete cracks,
The polymer-modified pastes or slurries are

L Finish Coating

Coating for
b Surface Preparation
and Protection

= Patch Material

Concrete .0+ ;-

L. Corrosion-Inhibiting Coating

Réihforcing Bar

AN

— Grout for Cracks

e

Fig.6 Typical application methods for repair materials for
deteriorated reinforced concrete structures
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Table 3 Apparent chioride ion (CI™) diffusion coefficient
of polymer-modified mortars and concrete

Teof  |P/C Apparent C” Tweof  |P/C Apparent Cl”
P Diffusion we “| Diffusion
Mortar | (%) . , Mortar %! )

Coefficient{cm /s) (Coefficient (cm /)
Unmodified | 0 64x10 Unmodified | 0 22x1078
RN 64x10™ , 10 1.9x 107
SBR-Modified ———1 SBR-Modified
HENTEEE T
L0 s o] x0T
EVA-Modified ———EVA-Modified [ T~
0 | 20 AModiied = T T
10| 380 0 62x107
PAE-Modified —-——P AE-Modified S
| 44Xl e T e

Notes, P /C, polymer-cement ratio,
SBR, styrene-butadiene rubber ;: EVA, poly (ethylene-vinyl acetate) ;
PAE, polyacrylic ester.
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Fig.7 Carbonation resistance of  polymer-modified

mortars
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Fig.9 Weatherability of polymer-modified mortars

also applied for grouting the cracks with wid-
ths of 2.0mm or more. The quality require-
ments for the epoxy resin grouts for buildings
are specified in JIs A 6024 (Epoxy Injection
Adhesives for Repairing in Buildings).

6. Conclusions

The deterioration of reinforced concrete
structures is caused by chemical, physical and
biological deterioration or degradation factors
for both concrete and reinforcing bars. The
principle of the countermeasures against the
deterioration is to eliminate or control these
factors. The cementitious-polymeric composite
materials which are used as durability-improv-
ing materials and repair materials in Japan at
present are considered to be very effective to
improve the durability of the reinforced con-
crete structures, The cost-performance of such
composite materials should be examined fur-

ther in their practical applications,
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