
CONCRETE LIBRARY OF JSCE NO. 36, DECEMBER 2000

EVALUATION OF DEGREE OFASRDETERIORATION IN CONCRETE
AND ANALYSIS OF PORE SOLUTIONS

(Translation fiom Proceeding ofJSCE ,No.641/V-46,Febiua1y 2000)

Hiroyuki KAGIl\/IOTO Michio SATO Mitsunori KAWAMURA

This study aims at investigating the influence of local environmental conditions on the degree of damage in existing ASR-
damaged concrete stiuctures and proposing a method for predicting the future progress of ASR damage on the basis of the
resulting data. ASR damage was found to proceed rapidly after the number ofannual fieezing-thawing cycles increased as a
result of climate changes. It was also found that the degree of deterioration in concrete depends on local conditions, such as
temperature, humidity, and the supply ofwater fi"om the outside. A combination of the alkalinity of extracted pore solution
and residual expansion ofconcrete cores taken from the stiuctures as measured by the NBRI test provides a useful means of
predicting the filtune progress ofASR damage in concrete structures.
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1. INTRODUCTION

Manystudies concerning ASR have been carried out. From these studies, die mechanism of ASR, as well as the factors
influencing it, have been understood. It is well known that ASR is a chemical reaction between the pore solution in concrete
and reactive aggregates. It is accelerated by alkalis suppb'ed by cement, aggregates, and chemical admixtures. Temperature
and humidity combine to affect ASR damage in concrete.In addition, it has been pointed out that the degree of damage to a
concrete structure due to ASR varies widely depending on the environment. In the structures influenced by sea water and
snowmelting agents, we knowthat NaCl and melting agents supplied externally accelerate ASR[1 ]. However, there have
been few studies that look at the progress of deterioration in reactive aggregate-containing concretes under different
environments over long periods. Indeed, most studies concerning ASR have been carried out in laboratories, and only a few
have dealt with concrete structures in natural environments.

Meanwhile, froma maintenance perspective, it is important not only to predict the actual progress ofASR, but also to find a
rationalmethod of predicting it. The progress ofASR is influenced by the concentration of alkalis in the pore solution and by
the reactive components of aggregates. The fonner have been studied by discussing the mechanism of ASR in terms of the
ion concentrations in the pore solution[2][3], but they have been carried out only for cement pastes and mortal's in the
laboratory; none have dealt with ions in the pore solution of concrete structures in natural environments. Regarding the
aggregates, we have found no rational proposal for judging whether concrete contains reactive components or not. Thus,
most studies concerningASR have been laboratory investigations, and few have dealt with concrete structures in natural
environments. In this study, we investigate concrete retaining walls which have been severely damaged by ASR in natural
environments. The purposes of the study are as follows:

( 1 ) Evaluation of degree of deterioration under various environmental conditions
Weevaluate and reveal the effect of environmental conditions (temperature, humidity, etc) on the degree of ASR
damage.

(2) Analysis and evaluation of pore solution in order to predict progress ofASR damage in concretestructure.
ASR is a chemical reaction between alkalis in the pore solution and reactive components in the aggregates. Wediscuss
the possibility of predicting the progress of ASR deteriorationby combining à"information on the concentration of alkalis
in the pore solution with ajudgment on the existence of reactive components in concrete cores.

2. OVERVIEW OF OURSTUDY

2. 1 Structures investigated

The structures investigated in this study areconcrete retaining walls constructed as part ofa new"mbber"weir. Generally,
concrete weirs installed in the upper reaches of rivers suffer fromsevere deterioration as a result of impact, abrasion, and wear
caused by earth, sand, and rocks. Weconstructed a newdesign ofmbber weir in 1982 in order to overcome these problems
by raising and lowering it. The mbber weir consists of two concrete retaining walls, each 1 0m high, 14m wide width, and a
gradient of 1 :05. An air-inflated weir of abrasion-proof rubber was anchored to the retaining walls on both banks, and was
designed to be deflated when the water depth reached 53m and raised when it was at 0.2m by an automatic water level
sensor(Fig. l ,2). A concrete bracing wall was constructed behind
the concrete retaining wall on the right bank. At the left bank, die
retaining wall was back-filled with soil. When this study began in
1996, fourteen years had elapsed since the structure was built and - N" Left Bank
severe deterioration, primarily caused by ASR, wasobserved.

2.2 Summaryof pore solution extraction tests

ASR is one type of deterioration caused by chemical reactions
occurring within die concrete. This chemical reaction takes place
between reactive components in the aggregate and pore solution.
In investigating ASR deterioration, it is essential to evaluate the
chemical constitutions of the pore solution, which are primarily
sodium hydroxide and potassium hydroxide. Pore solution Fig.l Bird's eye view of Structure

-252 -



Fig.3 High-pressure apparatus for extracting pore solution

160

Fig.2 Plan and cross section of dam

can be extracted from concrete cores in high-pressure
apparatus[2]. The analysis of pore solution for evaluating ASR
deterioration generally entails measuring Na+,K+,Ca2+,and
OH"ion concentrations. Positive ions (Z +) and negative
ions (Z -) are always balanced in the pore solution, so we
can verify die analysis by determining whether die difference
between Z+ and Z- islesstiian 10%ornot.

Z- =[OH]
Z+ = [Na+]+[K+]+2[Ca2+]

82 84 90 92 94 96

Year

Fig.4 Changes in freezing-thawing cycles by each year

Generally, as compared with [Na+] [ K+], the [Ca2+] ion concentration is about 1/10-1/100, so we can tliink of the alkali ion
concentrationas [Na+] + [ K+] (±? [OH']).

Alkali ion concentration ^ [Na+]+[K+] (= [OH'])

As noted in Section 1 , one of the purposes of this study is to predict the future progress of deterioration in ASR damaged
structures by comparing the chemical constitution of the pore solutions and the presence of residual reactive components.
However,as there are no data available on the chemical constitution of pore solutions in cement paste or mortar where
various water/cement ratioswereused, wefirst had to confirm the effect of water/cement ratioby carrying out a pore solution
analysis using cement paste and mortar specimens. Following this test, we extracted pore solution from concrete cores taken
fromthe actual structure, and analyzed these solutions. To extractthe pore solutions, weconnected a high-pressure apparatus
to a 200-t universal test unit, and repetitively applied and released loads up to approximately 600 kN in incremental steps
(Fig.3). The extracted pore solutions were immediately diluted with 100 to 200 parts of water. Then Na+,K+,and Ca2+ion
concentrations weremeasured by the ICP method and OH"by titration against hydrochloric acid to the phenolphthalein end
point. To prevent loss of alkalis from the concrete cores, cores extracted on site were immediately sealed in vinyl bags. Later,
in the laboratory, fromthe central portions of the 96mm-diameter original cores, cores measuring 46 mmin diameter and 100
mmin length were drilled. Immediately after drilling, 2 to 3 ml of pore solution was extracted fromthese smaller cores for
analisis.

3. FIELD STUDY OF ASR-DETERIORATED STRUCTURE AND EVALUATION OF DEGREE OF
DETERI ORATION

3. 1 Local environmental conditions

a) Climate conditions in the area
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(a) right bank (b) Rear face of retaining wall
Fig.5 Appearance of surface of structure

Weather records for the rubber weir and at a weather station located some 8 kin southwest of the rubber weir indicate that the
maximumair temperature in summerexceeded 35°C and the minimumtemperaturein winter fell below -15°C in some years.
It was also recorded that the area experienced heavy snowfall. Fig.4 shows the variation in the number of freezing-thawing
cycles (when the day's minimumtemperature fell below freezing point and the maximumtemperaturerose above freezing
point) over the period of 14 years from 1982, when the rubber weir was completed, to 1995. The figure shows that the
numbervaried around 100 per annumup to 1985, but reached 140 in 1988 and has settled at around 130 per annumin recent
times.
b) Environmental conditions of concrete retaining wall
While the concrete retaining wall on the right bank of the rubber weir wasnot exposed to much solar radiation during the
year because a steep cliflF overhangs die bank, the left bank was strongly affected by isolation. Observations of water level
indicate that the rubber weir is typically lowered during die freshet period fromearly summertoautumnto keep die water
level low, while it is elevated in winter to maintain die water at a higher level. This means tiiat die lower section of the
concrete retaining walls on the upstream side are permanently immersed in water during die winter and are not subjected to
die freezing-thawing process. It can, however,be inferred tiiat those sections on die downstreamside diat are exposed to the
atmosphere are subject to severe cycling during the winter.

As indicated in Fig.5 (a), die surface of die concrete retaining wall tiiat was covered widi the rubber weir (the trapezoidal
section at the center) was not directly exposed to the external environment and thus exhibited a totally different deterioration
pattern. Additional characteristics of die exposure environment are described below.

à"Right bank
The rear face of die retaining wall and the bracing concrete portions were in a permanently damp condition, being covered by
tiiick plant growth including ferns. (Fig. 5 (b))

à"Left bank
Most of die reai' face of the retaining wall was back-filled with soil and wastiius in a damp condition. A machine room at the
first basement level of die administration building was maintained inside in a relatively dry condition. (Fig. l )

3.2 Results of investigation and evaluation of degree of deterioration

a) Aging of concrete retaining walls
Fig.6 shows the surface appearance of die retaining
wall on the downstreamside of the right bank. These
photographs show that the progress of deterioration
between 1989 and 1992 was considerable. In
particular, a comparison of the overall appearance of
the concrete body in 1989 with that in 1992 indicates
the following: Whereas no trace of gel was observed 1
on the surface in 1986, a significant volume was s
extruding frommanycracks the concrete in 1992. It
is possible to explain the changes in appearance of the Fig.6

1986 1 989 1 992

Changes in appearance of structure during period 1 986 to 1992
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concrete body as follows. It appeal's that many crackswerecaused by ASR in the concrete retaining walls from an early
stage after construction. As shownin Fig.4, the number offreezing-thawing cycles drastically increased after 1 987. This
increase in the number of cycles in 1988 is found to correspond to a drastic aggravation of the concrete condition. The
infiltration of water through these cracks accelerated the absoiption of water by gels which transform to sols. Accordingly,
manyfactors were involved in die progress ofASR deterioration in the walls, including the progress of cracking caused by
freezing-thawing cycles. It is presumed that deterioration must also be promoted by the combined effect of these factors,
b) Density of cracks on concrete retaining wall surface
Visual observations of the condition of the retaining wall surfaces indicated a notable number of hexagonal-pattern cracks at
the thin top portion of the retaining wall, where the temperature rise was great. This indicates an advanced stage ofASR
deterioration. It was also noted that the density of these cracks wasconsiderable. Comparing the surface of the concrete body
onthe right and left bank, it was found that the crack density on the left bank, which was exposed to longer periods of solar
radiation, was greater than that on the right bank.

Further, the downstream portion which had been severely damaged by freezing-thawing cycles exhibited a greater number of
cracks than the bottom steps on the upstreamside, which were immersed in water during the winter. There were also very
few cracks in the portion covered by the rubber weir (light portion at the center in the photograph) and these cracks were
minute, because this portion was completely protected fromfreezing damage (Fig.5(a)). In order to evaluate differences in
the degree of local deterioration quantitatively, wecalculated the crack density (Table. 1 ). Here, the crackdensity refers to the
value obtained by dividing die number of cracks diat intersect traverse lines drawn at 10cm intervals (evaluated within an
area of 1.2 mX1.2m) by die total extension of die traverselines. This quantitative evaluation revealed die following:

(1) Crack density is greater on the left bank (3.05: upstream), where exposure to solar radiation is greater, dian on die right
bank (1.50: upstream);

(2) Crack density is greater at die top steps, where die temperature rise was estimated to be great due to die smaller
cross-sectional area (2.96: upstream; 4.45: downstream), dian at die bottom steps (1.60: upstream; 3.00: downstream);

(3) Crack density is greater in areasmaintained in a damp condition due to diick foliage and plants (6.79: rear face of the
right bank) tiian elsewhere; and

(4) Crack density is greater at the bottom steps of the downstreamside(3.00) where complex damage by freezing was
observed than at die bottom steps on the upstream side (1.60).

(5) The rubber weir anchoragearea, which wasprotected fromsolar radiation and water, exhibited no signs of conspicuous
cracking,although a few minute crackswereobserved.

These observations lead to die following conclusions:

The degreeof deterioration caused by ASR varies locally, depending on environmental conditions including temperature,
humidity, freezing-diawing damage, and their combined effects. Crackgenerationat die concrete surface can be substantially
reduced by reducing temperature and humidity changes and by restricting the water content. It is inferred, fromthe area
covered by the rubber weir, that repeated freezing-thawing cycles and wetting-drying cycles are considerably alleviated by
the nibber covering over die concrete walls, resulting in great differences in degree of deterioration within die same structure.
Thus, differences in die local environmental have a significant effect on die deterioration caused by ASR.

Table 1 Crackdensity on concrete surface
c ra ck d e n sity

(n /L ) R e m a rk s
le ft b a n k ri g h t b a n k av era g e

F

R

0

N

T

u p s tre a m

u pp e r p art 3 .5 5 2 .3 6 2 .9 6

lo w e r p a rt 2 .5 5 0 .64 1 .6 0

a v e ra g e 3 .0 5 1.5 0 2 .2 8

d o w n stre a m
u p p er p a rt 3 .9 5 4 .9 5 4 .4 5 ri g h t b an k : h ig h h u m id ity

lo w er p a rt 3 .3 2 2 .6 8 3 .0 0

a v e ra g e 3 .6 4 3 .8 2 3 .7 3

ru b b e r p a rt 0 .0 0 0 .0 0 0 .0 0 h air c ra ck

a v e ra g e 6 .7 9 h ig h h u m id ity
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Table 2 Result ofSchmidt hammertests

Fig.7 Location ofSchmidt hammertests

c) Surface strength of concrete retaining walls
ASchmidt rebound hammerwasused to estimate the
surface strength of the retaining wall surfaces. Fig.7
shows the points tested with the Schmidt rebound
hammer.Table2 gives the results obtained. These
reveal the following :

p o in t

N o .

te s t

a r e a

e n v ir o n m e n t s tr e n  g t h

(N / m n r  ) R e m a r k s

L

6

u p p e r

o p e n 2 0 .2 A v e r a g e

7 // 2 5 .3 u p p e r p a r t  =  2 6 .3

E

F

T

s

8 p a rt r u b b e r 3 4 .2 �"o p e n p a r t  =  2 4 .4

r u b b e r  p a rt  =  3 4 .29 o p e n

/ /

2 7 .9

1 0 2 4 .0

l l

lo w e r

o p e n 2 2 .8 A v e r a g e

lo w e r p a rt  =  2 9 .91 2 r u b b e r 3 6 .8

I

D

E

1 3 p a rt // 3 6 .8 �"o p e n p a r t  =  2 5 .3

ru b b e r  p a rt  =  3 6 .81 4 o p e n

//

2 5 .3

1 5 2 7 .9

a v e  r a g e 2 8 .1

R

1 8

u p p e r

o p e n

//

2 4 .0

�"u p p e r p a r t  =  2 7 .41 9 2 6 .6

I

G

H

T

s

2 0 p a r t r u b b e r 3 4 .2 �"o p e n p a rt  = 2 5 .6

�"r u b b e r p a r t  =  3 4 .22 1 o p e n

//

2 4 .0

2 2 2 7 .9

2 3

lo w e r
o p e n

//

2 2 .8

�"Io w e r p a r t  =  3 1 .2

�"o p e n p a r t  =  2 8 .3

2 4 3 0 .4

2 5 p a rt r u b b e r 3 8 . 1

I

D

E

2 6 /; 3 3 .0 �"r u b b e r  p a r t  =  3 5 .5

2 7 o p e n 3 1 .7

a v e r a g e 2 9 .3

a v e r a g e                  2 8 .7

Strength is slightly greater at the top step (left
bank:26.3N/mm2 ; right bank:27.4N/mm2) than
at the bottom step (left bank: 29.9N/mm2 ; right
bank:3 1.2N/mm2) where there is more radiation.
And the surface strength on the left bank is
slightly below that at the right bank because of
the greater effect of solar radiation.

(2) Strength at the rubber weir anchorage (34.2 - 36.8 N/mm2), where solar radiation and water content were cut off, is
markedly greater than in other areas.

These observations indicate that the degree of deterioration ofASR-damaged concrete is affected by solar radiation, and that
alleviation of temperature changes and cutting die supply of water can significantly reduce the loss of strength in concrete,
d) Compressive strength and modulus of static elasticity of cores
Concrete cores (diameter: 96 mm; length: 2 m) were drilled from the left and right bank retaining walk Table3 gives the
exposure environment at the core extractionlocations. The strength of the cores was compared by considering several
parameters, including humidity, solar radiation, and depth fromthe surface. Fig.8 indicates the relationship between strength
and modulus of the static elasticity of these cores. A certain degree ofproportionality can be observed. The modulus of static
elasticity of these cores were found to be far below[4] the calculated values indicated in the standard specifications for
concrete, as stipulated by the JSCE. It is inferred that the lower modulus of static elasticity values obtained for cores extracted
fromthe top steps than for cores extracted from the bottom steps reflects differences in die degree of cracking. Fig.9 shows
the relationship between depdi of core and core strength. This leads to the following findings:

Table 3 Environmental conditions at locations fromwhich concrete cores weredrilled
boring
core N o.

length
(cm )

environm ent(front) environm ent(rear) sunshine hum iditv(rear)
R em arksopen rubber basem ent ground foliage concrete front rear side guantity alternation

left
bank

II 1�"I 199 o side o ｩ X o A �"X - 1
�"2I I 192 o o ｩ X A A
�"1I I 192 o A o o ｩ A
@ 2 16 o o ｩ X ｩ o A �"m 2

right
bank

ｮ 204 o o A o A A 3
<ｧ> 179 o o A X ｩ A
(Z) 180 o o X X ｩ A
05} 182 o o A

vSl 10cm between core and side surface(foliage)
v£2 50cm between core and side surface
/£3 IOcm between core and side surface(open)

286 -



HU.U
H

iO.O

 Culci:
modulus

I I
ilated Youna's
by strength (JSCE)

o
V)0 o
20.0

o6
CO
M 10.Oc
3o>*

n n

o

�"co D �"

upper part
o low er part
n rubber part

A V

4U.U

55.0

30.025.0

｣
20.0

3 > 15.0

<u｣ io.o

Bas
I
em eu

>�"

Rubbern Foliage
4 4

�" -̂ --
- -o

G round
2> CLell Bank)
&�" (Left Bank)
&�" (R ight Bank)

- -Q一 �"0 - (R ightBank)

5.0

n n Hi
1 0 . 0 5 0 . 0

- 2 N

6 0 . 02 0 . 0 3 0 . 0 4 0 . 0

Strength of cores (N/rnrn^)

Fig.8 Relat ions betweencorestrength and Young 'smodulus

0 . 0 0 0 . 5 0 1 . 0 0 1 . 5 0
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Fig.9 Strength of concrete cores( O 96mm)

2 . 0 0

(1) Comparedwith the strengthof cores taken frompoints © and CD nearthe surfaceof the upper steps ondie right bank,
the strength of cores taken frompoints 0) and (3) near the surfaceof the upper steps on the left bank is muchlower
due to longer exposureto solar radiat ion.

(2) The core strength is low at points © and 0) at the upper steps on the right bank and point 0) at the upper steps on
the left bank,wherehumidity wasalwayshigh due to soil backfi l l ing and the abundanceoffol iage.

(3) The core strength is greater aroundthe rear face of die upper step point (2) in the machine room,whichwasmaintained
in a dry condit ion.

(4) The strength at the lowersteps of the retaining wall washigher than that at the upper steps of die wall . It is inferred dial
t i i is is a result of die larger cross-sect ionalarealowerondie wall , in addit ion to die greater constr ict ionapplied to the
lowerpart by die ground.This restrained die concretebody fromexpanding,thus restr ict ing crack generat ion(Fig.6) .
This effectis also indicated in the relat ionship betweenstrength and modulusof stat ic elast ici ty of cores(Fig.8) .

It is c lear that die inferred effectsof temperatureand humidity on the strength of ASR-deteriorated concreteare in accord
with die results ofstrengti i tests carr iedout using a Schmidt reboundhammer.

4. PREDICTION OF PROGRESSOF DETERIORATIONIN ASR-DAMAGEDCONCRETE

4. 1 Residual Expansion of ConcreteCores

Residua] expansions for concrete cores96 mmin diameter obtained f romthe retaining walls weremeasured(TableS and
others) . The coreswerecut into lengths of 130-250mm or so, and stored in sealed containers maintained at 40"C, and 95%
RHfor 6 months[5] . Residual expansions of the cores taken concrete walls werebelow 0.02%. The averageexpansionof
corestaken fromthe rubber weir anchoragewas0.0 15%. Judging f romdie cr i ter ia in Japan (residual expansion: 0. 1 %), i t is
concluded that ASR expansionwasalmostcomplete in the
retaining walls (Fig. 1 0) .

4.2 ASRReactivi ty of Aggregate

Coarseand fineaggregate part icles weretaken fromcores
dril led f romthe ASR-affectedconcretestructure.After
classifying these part icles, severalthin sectionsweremade
fromthemto identify the types of mineral exist ing in the
aggregates.Table4 indicates the type of rock makingup
the coarseaggregate.Observationsof these thin sections
using a polarizat ion microscopeconfirmthe presenceof
reaction rims aroundthe periphery of volcanic rock,

U.1U
ｧ  0.08
2  0.06
&  0.04PJ3  0.02-a 0.00
_n  n?

�" portion  covered  by  rubber  weir�"
A  po rt io n  in  ex p osed  co nd itio n

li

 �"
*  A S a

A A

0.00 2.00

Fig. 10

0 .50 1 .00 1.50

Depth from the surface (m)

Residual expansion of cores at various locations
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Table 4 Petrographical classification of aggregate fromconcrete

c la ss ific a tio n re a c tiv ity w e ig h t

( g )

n u m b e r

o f

p a rt ic le s

p e rc e n t a g e

b y w e ig h t

( % )

p er c e n ta g e

b v n u m b e r

( % )

R e m a rk s

V o lc a n ic R o c k ｩ 14 1 7 .2 5 6 1 0 .6 9 .3 c o n ta in e d r im s

R h v o lite ｩ 1 2 4 9 .8 6 8 9 .4 l l .4 c o n ta in e d rim s

H o rn f e l s ｩ 10 8 0 .2 5 6 8 . 1 9 .3 c o n ta in e d rim s

T u ff A 4 8 4 9 .6 2 2 9 3 6 .4 3 8 .2 r e a c liy e (p o ss b ilitv )

T u f f b re c c ia A 16 7 6 .9 5 3 1 2 .6 8 .8 r e a c tiv e (p o ss b ililv )

D a c ilc A 1 5 10 .8 7 4 l l.3 1 2 .4 r e a c liv e (p o ss b ilitv )

G r a n ite . D io rile .P o r p h y ry X 15 4 3 .7 6 3 l l .6 1 0 .5

T o la ! 1 3 .3 2 8 .1 5 9 9 1 0 0 .0 1 0 0 .0

rhyolite, and homfels particles. No petrographic classification of fine aggregates was found by observation of the mortar, but
reaction rims were found around the periphery of volcanic rock, rhyolite, and homfels particles as with the coarse aggregate.
The J1S chemical method indicates that all coarse aggregates are innocuous, while the fine aggregates are found to be
deleterious. The JIS mortar bar method shows that all mortars expanded by less than 0.03% at 6 months, leading to the
conclusion that both fine and coarse aggregates in the ASR-damaged concrete are innocuous.

Fromthe evidence of cores drilled from concrete in which ASR has almost run its course, it appears possible that there are
fewreactive components present. The JIS mortar bar method also notes that small residual expansions may indicate loss of
alkalis from the cores during the test period[6]. To check this, we implemented accelerated tests. As seen in Fig. 10, residual
expansions of concrete cores fromthe retaining wall were very small. However,whenanaccelerated tests in saturated NaCl
solution (die Danish method[7]) and in IN NaOH solution (the NBRI memod[8]) were conducted on cores fromthe walls,
as shown in Fig. 1 1 , the cores expanded significantly, thus confirming that the aggregates in concretes of the structures still
contained reactive components even at 14 years after construction.

4.3 Analysis of Pore Solution of Cement Pastes and Mortal's

The pore solution in cement pastes and mortarswith water/cement ratios of0.3, 0.4, 0.5, 0.6, and 0.7 (cement: sand = 1: 2,
0.61 %Na2Oeq.) wereanalyzed. Cylindrical specimens ( <t> 50 x 100 mm) were cured for 7 days in sealed containers at 20°C.
The materials used werecementby company-T (alkali: 0.6 1% Na2Oeq) and ISO standard sand. Specimens wereplaced in
high-pressure apparatus for extract pore solution. The extracted solutions were immediately diluted in 1 00-200 parts of water
and the Na4,K+,Ca2+ion concentrations weremeasured by the ICP method and OH"by titration against hydrochloric acid to
the phenolphthalein end point. Table5 indicates that the positive and negative ion concentrations in these pore solutions were
well balanced. It can also be seen in Fig. 1 2 and TableS that, for a particular water/cement ratio, the Na4,K+,Ca2+andOH"ion
concentrations at 7 days are approximately the same as for cement pastes. As the water/cement ratio increases, the Na+,K+,
and OH"ion concentrations decreases, while the Ca2+ ion concentration increases. However,even in mortars with a
water/cement ratio of0.7, the OH"ion concentration is around 300 mmol/1. According to Diamond[9], this is high enough to
cause ASR.

0 30 60 90 120 150 180
Days

Fig.ll Accelerated testing of concrete cores

800

700

600

500

400

300

200

100

&

O. à" Na++K*

A.A Ca2+

black is mortar

0.2 0.3 0.4 0.5 0.6 0.7

Water Cement Ratio

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

0.8

u

Fig.12 (Na++K+) ion concentrations in pore solution

-288-



4.4 Evaluation of degree of deterioration from pore solution

In order to develop a method of predicting the ftiture
deterioration of ASR-damaged concrete structures, pore
solutions extracted from concrete cores were analyzed.
These concrete cores were taken from the rubber weir
retaining walls (structure A: TableS) as well as fromother
retaining walls (structure B) located nearby, a concrete
snowslide protection barrier (structure C), and the
retaining wall of a water tank (structure D).

Structure B is a concrete construction 12m high and from
0.50 to 1.2m wide, and Structure C is a concrete
snowslide protection fences (length: 1.3m ; Width:
12.4m; Height: 1.8m). Theywere built some 38 to 40
years ago, and are not overly exposed to direct sunlight.
Structure D is the water tank retaining wall, which is
3.5m high and 0.50 to 1.40m wide and was constructed
23 years ago, is located with a slope to the west. As the
hill blocks the sun, there are 2 different conditions in this
structure. Exposure to solar radiation of"portion H" is
shorter than "portion V". Tables 6 and 7 show the
exposure environment of these structures and the mix
proportions used for the structures. As the tables show,
the water/cement ratios of individual structures were,
without exception, approx. 50% to 60%. TableS (a)-(c)
showthe results of this analysis. Details are given below,
a) Rubber weir retaining wall (structure A)
TableS (a)-(c) indicates that the positive and negative ion
concentrations in die pore solutions were well balanced.
As seen in Fig.13, the (Na++K+) ion concentration at
various depths from the siuface varies widely. The
standard variations in ion concentrations at the surface
and the interior are 44.0 and 28. 1 mmol/1 respectively, so
the degree of variation in alkali ion concentration is
greater at the surface. This greater variation may be
caused by a larger number of cracks around the surface.
The intrusion of CO2 through these cracks causes
carbonation of the pore solution, and the fixation[9] of
alkalis through the drying process is promoted
preferentially in areas along cracks. It is inferred that
these various phenomena lead to greater variations in die
alkali ion concentration in the surface concrete.

TableS Ion concentration in cement pastes and mortars
S a m p le s O H " C a ^ N a + K + 1 + I -

( tn m o l/ 1)

w / c

= 0 .3

C e m e n t

P a s te

7 2 0 .0 1 .7 3 2 3 .8 4 7 1 .7 7 9 8 .9 7 2 0 .0

7 0 8 .0 1 .2 3 3 5 . 1 4 5 1 .2 7 8 8 .8 7 0 8 .0

6 2 8 .0 1 .2 2 7 2 .0 3 9 7 .2 6 7 1 .6 6 2 8 .0

M o rt a l

w /c

= 0 .4

C e m e n t

P a st e

5 5 0 .0 2 .3 2 6 9 .3 3 3 0 .5 6 0 4 .4 5 5 0 .0

5 0 0 .0 1 .8 2 3 6 . 1 3 0 1 .7 5 4 1 .4 5 0 0 .0

5 0 0 .0 1 .8 2 2 9 .3 3 1 0 .7 5 4 3 .6 5 0 0 .0

M o rt a l

5 2 8 .0 2 . 1 2 4 5 .2 3 1 9 .4 5 6 8 .7 5 2 8 .0

4 6 4 .0 4 .5 2 8 2 .2 3 0 3 .9 5 9 5 .1 4 6 4 .0

4 7 2 .0 1 . 1 2 5 1 .5 2 9 0 .8 5 4 4 .6 4 7 2 .0

w /c

= 0 .5

C e m e n t

P a s te

4 2 2 .0 2 . 1 2 2 5 .9 2 3 7 .8 4 6 7 .9 4 2 2 .0

4 1 0 .0 3 .3 2 1 3 .1 2 3 0 . 1 4 4 9 .8 4 1 0 .0

4 0 0 .0 3 .3 2 0 5 .3 2 2 5 .7 4 3 7 .6 4 0 0 .0

M o rt a l

3 8 8 .0 2 .4 1 9 1 .6 2 1 9 .6 4 1 6 .0 3 8 8 .0

4 2 4 .0 2 .3 2 2 8 .5 2 3 9 .9 4 7 3 .0 4 2 4 .0

3 9 8 .0 2 .6 2 0 5 .5 2 2 8 .6 4 3 9 .3 3 9 8 .0

w / c

= 0 .6

C e m e n t

P a s te

3 4 6 .0 3 . 1 1 7 2 .8 1 9 4 .0 3 7 2 .9 3 4 6 .0

3 5 2 .0 3 . 1 1 6 8 .5 1 9 4 .4 3 6 9 .0 3 5 2 .0

3 5 0 .0 3 .0 1 8 1 .7 2 0 2 .8 3 9 0 .7 3 5 0 .0

M o r ta l

3 5 0 .0 2 .7 1 6 7 .6 1 9 4 .6 3 6 7 .7 3 5 0 .0

3 3 6 .0 3 .8 1 5 5 .4 1 8 6 .2 3 4 9 .3 3 3 6 .0

3 2 8 .0 3 .6 1 5 9 .2 1 9 6 .6 3 6 3 .0 3 2 8 .0

w / c

= 0 .7

C e m e n t

P a s te

3 1 8 .0 4 .5 1 5 8 .0 1 6 3 .2 3 3 0 .3 3 1 8 .0

3 0 8 .0 4 .1 1 5 8 .2 1 5 9 .7 3 2 6 .2 3 0 8 .0

3 1 0 .0 3 .6 1 5 5 .6 1 6 1 .1 3 2 4 .0 3 0 9 .0

M o rta l

3 0 0 .0 3 .7 1 5 3 . 1 1 5 9 .1 3 1 9 .6 3 0 0 .0

2 9 2 .0 4 .3 1 4 2 .5 1 5 3 .1 3 0 4 . 1 2 9 2 .0

3 0 0 .0 3 .4 1 5 1 . 1 1 5 7 .8 3 1 5 .7 3 0 0 .0

Table6 Exposure environment and W/C ratio of concrete
S tru ctu re F ro n t R ear S u n sh in e A g e

(y ea rs)

w /c

A O p en F illed w ith so il n o t g o o d 14 0 .5 9

B O p en O p e n n o t g o o d 3 8 -4 0

c O p en F lied w ith so 1 n o rm al 3 8 -4 0

D (v alley ) O p en F ille d w th so 1 ?o o d 2 3 0 .5 4

D (hill) O p en F ille d w th so 1 g o o d 2 3 0 .5 4

Table? Mix proportion of structures
i G m a x S I w /c A ir s/a (k g /rn  )

(m m ) (c m ) (% ) (% ) (% ) w c s G
A 4 0 12 5 9 5 .0 4 1. 15 6 2 6 5 7 6 4 1 ,10 1
D 4 0 8 5 4 4 .0 4 0 .0 15 2 2 8 0 7 7 6 1 ,14 5

Compared with the alkali ion concentrations in cores
taken fromother locations, those in cores taken fromthe
locations indicated by dotted circles in Fig.13 are
relatively low. These locations are characterized by large
numbers of cracks. Since it was confirmed that these
fractures did not occur during core drilling, possible causes for the lower ion concentrations in these locations maybe leakage
of alkalis as a result of rainwater intrusion through these cracks, carbonation of the pore solution as a result of the intrusion of
carbon dioxide through the cracks, and the fixation[10] of alkalis through drying adjacent to the cracks. As noted before,
positive ion ( £ +) and negative ion ( Z -) concentrations are always balanced in pore solution, so wecanconsider that the
( S +) ion concentration of [ Na+],[ K+],[Ca2+] is approximately die sameas die [OH"] ion concentration. As indicated with
asterisksC * ) in TableS (b), ion concentrations in the vicinity of the surface are lower than at depth. This endorses the
proposition that alkali ions in the pore solution near the surface of the concrete are fixed as drying takes place[10]. Wecould
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not knowthe alkalis of the cement which was used for this retaining wall of the rubber weir. But compared with die results of
pore solution analysis of cement pastes and mortars (Section 4.3), the [ Na+],[ K+],[Ca2+] ion concentrations in the cores are
about 1/1 0. Thus, the low alkali ion concentrations in the core concretes must be explained by the consumption of ions by
continuing ASR over die long period of 14 years. It can be inferred, therefore, that die relatively low residual expansions of
cores is due to the low OH"ion concentrations in the pore solution, because the presence of reactive components is proved by
the considerable expansion of the cores in IN NaOH solutions at 80"C (Fig. 10).
b) Retaining wall (structure B), snowslide protection barrier (structure C), retaining wall of water tank (structure D)
The OH"ion concentration in pore solutions extracted from cores taken from structures B , C, and D is approximately 5 1-
63 mmol/1 on average,lower than in pore solutions taken from structureA. The differences in alkali ion concentration
between these structures can be explained by the fact that structures B, C and D are 38-40 years old, so ASR has progressed
further as alkalis leached from the concrete by rainwater. Concerningstructure D, it is seen that die OH"ion concentration in
pore solutions from"portion V"(38 mmol/1) is smaller than diat from "portion H"(92 mmol/1), which was subjected to more
significant effects of solar radiation (TableS (c)). The OH"ion concentration in a saturated solution of calcium hydroxide at
20"C is 42 mmoi/1. The OH"ion concentrations in die pore solutions of these ASR-affected concrete samples exceed this
value.

4.5 Possibility of predicting progress of ASR damage
in concrete structures

Table8(a) Result of pore solution analysis of structure A(inner side)

The findings of this investigation lead to the conclusion
that the minimal residual expansion of concrete cores (at
40°C and more than 95% R.H.) with some residual
reactive components are due to the reduction in OH"ion
concentration caused by progress of ASR. A threshold
OH"ion concentration of250 minol/1 for ASR has been
proposed[8]. The results of this study do not contradict
tliis figure.

Generally speaking, the progress of ASR deterioration
in a concrete structure is detennined by the existence or
otherwise of reactive components in the aggregates, and
whether the OH"ion concentration in the pore solution
exceeds the threshold for ASR. In order to evaluate
these criteria, we can use, for example the NBRI
test[l 1 ], which is an accelerated test for determination of
the existence of reactive components. There have been
several proposals[1 2] for the threshold of the test period
and the expansion rate of cores, and here we adopt 14
days and 0.01% for die expansion rate. As the threshold
of OH" ion concentration, we use the value of
250mmol/l as proposed[8J.

Using the accelerated test and the tliresholds described
above, wecanpredict the progress of deterioration in
the manner described in Table9. In these criteria, the
"B"presupposes that the fall in concentration of OH"
ions is the major criterion for prediction. However it
has been found in these examinations that the OH"ion
concentration in concrete cores taken fromthe surfaces
varies greatly due to cracking, etc. So for evaluation of
the OH"ion concentration, die variation must be taken
into consideration. Though ASR deterioration is
influenced by local environmental conditions, as
described in Section 3, where maintenance is
concerned, ifASR progresses at any point in a
structure, its functionality is usually damaged.

c o r e  N o . l o c a t io n

( m )

O H ' C a : + N a + K + z + z -

(  m m o l/ l )

L e ft

B a n k

S '-  l 0 . 5 2 - 0 . 6 6 7 0 . 0 5 .0 4 5 . 1 2 4 .5 7 9 . 6 7 0 . 0

(j  '- 2 1 .0 0 - 1 . 1 0 1 0 4 . 0 5 . 1 7 2 . 5 4 0 .8 1 2 3 . 5 1 0 4 . 0

ｮ ｰ 3 1 . 1 0 - 1 . 1 9 8 0 . 0 3 .6 6 3 . 8 3 2 .0 1 0 2 .9 8 0 . 0

ｮ ｰ 4 1 .5 4 - 1 . 6 1 1 1 0 . 0 3 .8 7 0 . 8 4 4 . 2 1 2 2 .4 1 1 0 . 0

ｮ ｰ 0 1 .9 5 - 2 . 0 8 1 2 0 . 0 4 .6 8 3 . 7 4 9 .2 1 4 2 .0 1 2 0 . 0

牀 - 6 1 .9 5 - 2 . 0 8 9 8 . 0 3 .8 6 8 . 0 3 7 . 6 1 1 3 .2 9 8 .0

A v e r a  g e 9 7 .0 4 . 3 6 7 . 3 3 8 . 0

R i g h t

B a n k

0 ) - 1 0 .0 0 - 0 . 1 0 1 2 2 . 0 2 . 1 7 4 .9 5 1 . 8 1 3 1 . 1 1 2 2 .0

�"｣ - 3 1 .0 5 - 1 . 2 0 1 0 8 . 0 5 . 5 6 7 . 1 4 6 . 7 1 2 4 . 8 1 0 8 .0

�"I l- 4 1 .3 8 - 1 .4 8 1 4 0 . 0 1 . 8 8 6 . 7 6 2 .9 1 5 3 . 1 4 0 .0

�"I - 5 1 .9 3 - 2 . 0 3 6 4 . 0 1 . 0 3 8 . 5 2 8 .4 6 8 . 8 6 4 .0

O J 0 .3 0 - 0 .3 6 9 2 . 0 1 .4 5 1 .6 4 4 . 5 9 8 . 8 9 2 . 0

0 ) 2 0 .7 0 - 0 . 8 7 1 2 4 . 0 2 . 5 7 5 .9 5 2 . 6 1 3 3 . 4 1 2 4 . 0

�"｣ �"3 1 .2 0 - 1 .3 0 9 8 . 0 3 .9 5 8 . 7 3 9 .5 1 0 5 . 9 9 8 . 0

0 ) 4 1 .8 9 - 1 .9 5 1 1 6 . 0 0 . 7 6 4 . 0 4 6 . 6 1 1 2 . 0 1 1 6 . 0

I - 1 0 .4 7 - 0 .5 8 7 2 . 0 9 .2 3 9 .6 2 6 .5 8 4 .4 7 2 . 0

3 ) - 2 0 .8 5 - 0 .9 5 1 3 4 . 0 4 . 7 8 3 .9 5 7 .4 1 5 0 . 6 1 3 4 . 0

�"< l - I 0 . 5 6 - 0 .6 5 8 4 . 0 3 .7 6 4 .0 3 2 .0 1 0 3 .4 8 4 . 0

A - 2 1 . 1 5 - 1 .2 7 1 2 8 . 0 2 .5 9 8 .4 5 3 .3 1 5 6 . 5 1 2 8 . 0

ｮ - 3 1 . 7 6 - 1 .8 7 1 4 2 . 0 2 .5 8 8 .7 6 3 .0 1 5 6 .6 1 4 2 . 0

'̂ a  ' 0 . 3 3 - 0 .4 2 1 2 6 . 0 2 .7 8 1 .8 5 7 .5 1 4 4 . 6 1 2 6 . 0

ｩ 2 0 . 7 8 - 0 .8 9 1 3 6 . 0 5 .2 9 0 .4 5 3 .4 1 5 4 .2 1 3 6 . 0

C D 3 1 . 2 7 - 1 .3 7 1 3 2 . 0 3 . 1 8 8 . 1 5 9 .0 1 5 3 .3 1 3 2 . 0

ｮ 4 1 . 4 9 - 1 .5 9 1 6 0 .0 3 .9 9 8 .2 6 6 .8 1 7 2 .9 1 6 0 . 0

�",o 5 1 . 8 3 - 1 .9 5 1 2 0 . 0 2 .9 7 6 .6 5 1 .4 1 3 3 . 7 1 2 0 . 0

A v e r a g e 1 1 6 .6 3 .3 7 3 .7 4 9 .6

A v e r a  g e 1 1 1 . 7 3 .5 7 2 . 1 4 6 .7

250

cr 200

150

100

S 50

�"

�" : N a ++ K +A : C V +

�"�"

�"
�" �"�"

�"
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Fig.13 Relations between alkali concentration and depth
fromsurface
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Table9 Criteria for determining possibility ofASR progress in future

O H "  io n  c o n c e n tra tio n

^  2 5 0  (m m o l/1) ^  2 5 0  (m m o l/1)

E x p an s io n  in

N B R I  te st  ( 1 4 d a y s)

^  0 .1 % A B

^  0 .1 % c D

N o te :
A :  h ig h  p o ss ib ility  b e c a u s e  o f  h ig h  O H '  io n  c o n c e n tra tio n  a n d  ex p a n s io n

B :  little  p o s s ib ility  b e c a u se  o f  lo w  O H "  io n  c o n c e n tra tio n  ( ｣K )

C :  little  p o ss ib ility  b e c a u s e  o f  lo w  e x p a n sio n

D :  little  p o s s ib ility  b e c a u se  o f  lo w  O H "  io n  c o n c e n tra tio n  a n d  ex p a n s io n
�"&  In  th e  e v a lu a tio n  o f  O H "  io n  c o n c e n tra tio n ,  v a ria tio n s  f ro m  p lac e  to  p la c e  m u st  b e  ta k e n  in to

c o n sid e ra tio n .

Thus wedo not take environmental conditions into consideration.

It will nowbe necessary to verify the threshold proposed in this study and brush up these criteria. This will be a futurework.

5. CONCRUSION

In this study, we have investigated concrete structures under natural conditions in order to evaluate die effect of environment
on the degree of ASR damage, and to analyze concrete pore solutions with die aim of predicting progress of ASR
deterioration. The results obtained in tiiis study are summarized as follows:

(1) Concrete exposed to high temperature and humidity exhibits signs of deterioration caused primarily by ASR, and die
crack density in such concrete is high while die strength of cores is low. In contrast, concrete protected from isolation
and water ingress has a lower crack density and retains a higher strength.

(2) It is inferred that cracks caused by freezing-thawing cycles play a significant role in die progress ofASR deterioration. It
is assumed that deterioration is promoted by the combination widi odier factors.

(3) Analysis of die pore solution in cement pastes and mortars widi water/cement ratios of0.3, 0.4, 0.5, 0.6, and 0.7 showed
diat, for a particular water/cement ratio, die Na+,K+,Ca2+,and OH"ion concentrations are approximately die same in
mortarand cement paste. As die water/cement ratio increases, die Na+,1C, and OH"ion concentrations decrease while
Ca2+ion increases.

(4) Compared widi the initial conditions, die levels ofNa+, K+,Ca2+,and OH"ions in concrete damaged by ASR are about
1/10. The low alkali ion concentrations of such concrete can be explained by the consumption of ions by ASR as it
progresses over a long period.

(5) The degree of variation in alkali ion concentration is greater at the surface because of carbonation caused by the
intrusion of C02 through many cracks and the fixation of alkalis tiirougli the drying process. Further die OH"ion
concentration in pore solution from concrete subjected to more significant effects of solar radiation is smaller,
accelerating ASR deteriorati on.

(6) We propose criteria for determining die possibility offuture progress ofASR. This criteria is based on die fact tiiat ASR
is a chemical reaction between reactive components in die aggregates and alkalis in die pore solution. The criteria are
applied by means of die NBRI test, which is used to judge whedier concrete cores contain reactive components or not,
and die OH"ion concentration in die pore solution of concrete cores. A future task is to verify die direshold values
proposed in diis study and brush up die criteria.
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