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SYNOPSIS

In order to prevent concrete damage from alkali aggregate reaction, it is
important to know the potential reactivity of aggregate in advance and to take
the necessary precautioning measures. ASTM chemical and mortar bar methods
have been adopted widely throughout the world for determining the potential
reactivity of aggregates. However, before this mortar bar method is
effectively adopted in Japan, there are many factors that must be investi-
gated, such as the mix proportion of the mortar and several other testing
conditions. Consequently, this study was initiated to clarify the effects of
various factors on the expansion due to alkali aggregate reaction and to
develop a useful mortar bar method for determining the degree of alkali agg-—
regate reaction in Japan.
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1. INTRODUCTION

In order to prevent cracking damage to concrete structures due to alkali agg-
regate reaction, it is important to develop a test method for evaluating the
reactivity of aggregate. In Japan, ASTM chemical and the mortar bar method
have been tentatively adopted for determining the reactivity of aggregate.
With these test methods, however, we can only determine the potential alkali
reactivity of the aggregate itself. The results obtained by these test methods
do not always give direct information on whether the deleterious reaction is
taking place in the concrete containing the aggregate. There are still some
problems when the results obtained by these methods are used for estimating
the expansion and the cracking damage of concrete.

Although there are some problems, as described above, there is no doubt that
these test methods are very effective in determining whether the potentially
reactive aggregate actually causes expansion under the presence of cement
alkali.

These test methods were developed in the U.S.A., and there are some problems
in applying these methods directly to aggregate in Japan. To improve the
effectiveness and practicality of the mortar bar method, by which the
reactivity of aggregate can be estimated directly from the expansion, it is
necessary to investigate in detail the testing conditions and primary factors
which affect the results of testing.

In this study, the effects of several factors, such as the water-cement ratio,
the compacting conditions, and immersion into alkali solution, were
investigated and discussed. At the same time, the changes in the mechanical
properties of mortar due to alkali aggregate reaction were studied.

Table 1 Physical and chemical testing results of aggregates

2. EXPERIMENTS Symbols of | Specific| Water ASTM chemical method
. absorption (m mol/1)
2.1 Materials aggregate | gravity (%) Sc | Re | Sc/Re
[0} 2.25 1.81 732} 171 4.14
(1) Aggregate T1 2.60 1.93 556 | 101| 5.53
Four kinds of reactive aggregate which T2 > 6 W) 0l 68| 4.43
were reported to have developed 3 T o7 wil sl o

cracking damage in actual concrete
structures (0, T1, T2, Q), and one non- | N 2.70 0.65 30| 22| 1.36

reactive aggregate (N) were used. The e} 2.67 0.28 14| 38| 3.00
physical and chemical properties of =
these aggregates are shown in Table 1. and in g
Fig. 1. The results of mortar bar tests using £ | Kindsof
the reactive aggregates are shown in Fig. 2. #soo— segreeate
Non-reactive river sand (Sendai river, Tottori) 2 —
was used in a part of the experiment. e B
Suoof— " "7
(2) Cement 5
Normal portland cement samples having an alkali §3oo —
content of 0.50, 0.63, 0.80, and 1.00% as Nap0 poretially
equivalent were used. & 200 | T3]
"; innocuous o
(3) Added alkali and alkali solution for §‘°° 1 A 80T
immersion T, [T Ju/] [ delterious
NaOH was used in most cases, and NaCl was used ‘quamisty’gc_dizzgﬁgdsiﬁgg(gﬁoul)
in the other cases, to control the alkali Fig.1 Results from ASTM
content of the mortar. 10%Z solutions of NaCl, Chemical method



NaOH, and KOH were used to immerse the 08
mortar specimens Total alkali cotent : Na;0 eq. 2.0%
‘ 7

2.2 Experiment procedures

In most cases, the mortar was propor-
tioned so as to have a water-cement
ratio of 0.45 and a aggregate-cement
ratio of 2.25. The mortar bar specimens 02
were produced according to JIS R 5201.
The dimensions of the specimens were
4x4x16cm (JIS specimens) and 2.54x2.54 0
x28.5cm (ASTM specimens). The mortar
specimens were cast and demolded after
being kept in the mold for 24 hours in
a thermostatic chamber at 20°C. After
the initial lengths were
measured, the specimens were

Kinds of reactive | Ratio of reactive
aggregate aggregate (%)
—a— 50
2

12 3 4 5 6 7 8 9 10 1
age (months)

Fig.2 Results from ASTM mortar
bar method

Table 2 Testing plan and conditions

stored in several conditions. A N Reactive 0. T1. T2
After being stored for 24 hours BETCEATE I Non reactive N
]2'16 °aC the}fmostatlc .chambj?r gt Materials | Ratio of reactive agg. (%) 50

» the expansion o2 the Cement] 0.5, 0.8, 1.0 (Na0 eq. (%))
specimens was measured. Except -
with the alkali solution Alkali | NaOf
immersion, the storage Total alkali | Cement only (0.5, 0.8, 1.0)

c s . content
conditions of the specimens |p i [Na0eq () |1.0, 1.5, 2.0 (Cement (0.5(%)+ NaOK))
were set according to the ASTM diti e We | 0.45 0.50, 0.55
mortar bar method for 38°C. The |®N®Moms X 2 0
specimens at 20°C were placed proportions |S/C | 2.25
just over the water surface in Dimension of specimen |4 X 4 X16,
a closed vessel in the {cm) 2.54X2.54%28.5

thermostatic chamber.

Table 3 Testing plan and conditions (Compacting time)

2.3 Testing plan Reactive 0
Aggregate

Non reactive N

(1) Water-cement ratio and
dimensions of the specimens
Three water-cement ratios,

Materials | Ratio of reactive agg. (%) 50
Cement | 0.5 (Na:0 eq. (%))

0.45, 0.50, and 0.55, were Alkali | NaOH
selected. The sand-cement ratio Total alkali | Cement only (0.5)
was 2.25. Expansion of each content 2.0 (Na:0 ea. (%))
mortar specimen was measured |, .. Mix WCe | 0.45
. . esting N

over time. Two kinds of st proportions | S/C 2.25

. con ons
specimens were adopted, ASTM e Dimension of specimen |4 X 4 X16 cm
and JIS. The effects of the

g - . Compacting time (sec.) | First layer : 0, 30, 60, 120
dimensions of the specimens on Second layer : 60, 120

expansion were examined. The
Test plan for these parameters is shown in Table 2.

(2) Compacting time

The effects of the compacting time of the mortar on the expansion_of mortar
specimens were examined. The compacting time using a vibration table after
compacting with a rod were O (rod only), 30, 60, and 120 seconds. Compacting
was made in one and two mortar layers. In the two layer specimens, each layer
was compacted for half of the total compacting time. For the rod only speci-
mens, the mortar was casted in two layers, and each layer was compacted 15



times with a rod. The test plan is shown in Table 3.

(3) Immersion into alkali solution
A 107 solution each of NaCl, NaOH and KOH, sea water, and water were used for
immersing specimens. The total alkali content of the mortar was adjusted to
0.5%2 (cement only) and 2.07 as Nap;0 equivalent, and the penetration of alkali
from outside was investigated. At the same time, to examine the effect of pre-
curing, some mortar specimens were immersed into an alkali solution after
curing for 28 days in water at 20°C, and the expansion of these specimens was
compared with that of specimens having no pre-curing. Each alkali solution was
at 20 £ 2 °C and was renewed every three months. The test plan is shown in
Table 4.

Table 4 Testing plan and conditions (Liquids for immersion)
(4) Strength and Young's modulus
The dynamic Young's modulus and Aggregate
the modulus of rupture and
compressive strength (1, 3, and

Reactive 0, T1, T2, Q
Non reactive N
Materials | Ratio of reactive agg. (%) 50

6 months) were measured, and Cement | 0.5 (Naz:0 eq. (%))
these values were compared with Alkali | NaOH

the expansion of the specimens. Total alkali | Cement only (0.5)
In this experiment, NaCl was content 2.0 (Naz0 eq. (%))
used for the additional alkali, ) Mix WCe | 0.45
because too much NaOH causes |Testing proportions |S/C | 2.25

hardening of fresh mortar and |conditions
makes it difficult to cast the
mortar, which results in lower Curing condition| No pre-curing,

strength of mortar. The test Pre-curing in water for 28 days
plan is shown in Table 5.

Dimension of specimen I 4 X 416 cm

Liquids for immersion | Water, Sea water(3.6),
(density %) NaOH(10), NaCl (10}, KOH(10)

3. RESULTS AND DISCUSSION Table 5 Testing plan and conditions (Relationship between
expansion and mechanical properties of mortar)

3.1 Measured values

Reactive 0, T1
Non reactive (o}

Aggregate

The values of the length change,
Strength, and dynamic Young's Materials Ratio of reactive agsg. (%) 50

modulus are the mean values Cement [ 0.63 (Naz0 eq. (%))
obtained from three specimens. Alkali | NaCl

The maximum difference between Total alkali| Cement only (0.63)

the maximum and minimum measured content 1.13, 1,63, 2.13, 2.63, 3.13
values of the length change of Naz0 eq. (%) | (Cement (0.63) +NaCl (%))
each of three specimens were |Testing Mix w/C 0.45, 0.50, 0.55

0.0010% for the age of one |cuditions|proportions |S/C 2.25
month, 0.00157 for the age of
three months, 0.00187 for the
age of six months, and 0.0025%
for the age of one year. These
values were within the limit specified in ASTM, that is, the difference
between the mean value and each measured value must be less than 0.003%Z. The
difference between the mean value and each measured value for the strength and
the dynamic Young's modulus was within 107,

Dimension of specimen l 4 X 4X16 cm

Items of Expansion, Dynamic Young's modulus,
measurement | Compressive strength, Modulus of repture

3.2 Effects of the water-cement ratio

(1) Water-cement ratio
Three kinds of reactive aggregate (0, Tl and T2) were used in this test. The
relationship between the water-cement ratio and the expansion of mortar speci-
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mens using aggregate O at the age of 12 months Alkali INei0 es

is shown in Fig. 3. It can be generally said
with the three aggregates that the expansion
of specimens is constant or becomes lower with
increases in the water-cement ratio at the
range of lower total alkali content less than
1.5%Z (Nay0 eq.); while with a total alkali
content of 2,07, expansion is constant or
becomes larger with increases in the water-
cement ratio. The reason is considered to be
that the diffusion coefficient of alkali ions
generally becomes lower and the reaction is
restrainted to a certain degree with decreases
in the water-cement ratio. At the same time,
the stiffness of the cement solid becomes
large. This results in the pressure due to
expansion tending to become small, if the
reactivity is at the same level [1]. On the
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other hand, if the unit water content of the 045 050 055 045 050 055
mortar is constant, the unit cement content wiC

becomes large with decreases in the water~ Fig.3 Expansion versus water-cement
cement ratio, which causes the high alkali ratio:

content and increases expansion. From this point of view, it can easily be
understood that there exists a pessimum value for the water-cement ratio.

F.E. Jones et al [2]. pointed out that the pessimum value for the water-cement
ratio was 0.40, and W.J. French [3] indicated that the expansion becomes
smaller with decreases in the water-cement ratio.

We consider that the parameters which cause increases in expansion with in-
creases in the water-cement ratio are positive parameters and that the
parameters which cause decreases in expansion with increases in the water-
cement ratio are negative parameters. The strength and diffusion coefficients
are considered to be the positive parameters, and the ion concentration in the
micro pores and the volume of the voids are considered the negative
parameters. In this experiment, as described above, the effects of the water-
cement ratio on the expansion were different with the change in total alkali
content. Increases in the Na,0 eq. value mean increases in the ion concent-
ration. With the Na,0 eq. value at 2.0%, the effects of the ion concentration,
which is a negative parameter, become small and the effects of the decrease
in the strength and diffusion coefficients, which are the positive parameters,
become large. The result was that the expansion was constant or increased with
increases in the water-cement ratio. On the other hand, in the lower ranges of
total alkali content, Na,0 eq. less than 1.5Z, the effects of decreases in
the ion concentration due to increases in the water-cement ratio become large,
causing a decrease in expansion. The existence of these phenomena can be
recognized from the study of Diamond et al. [4], that there is a limiting
value for the concentration of alkali ions in solution in the pores of mortar
to cause alkali aggregate reaction and maintain its activity, and the expan-
sion becomes small in the range of ion concentration lower than this limit.

(2) Relationshipbetween the dimensions of the specimens and

the water-cement ratio
Fig. 4 shows the relationship between the expansion of ASTM specimens and JIS
specimens. In this figure, the dotted line shows JIS/ASTM=l and the solid line
shows 25, the regression line for all points (JIS/ASTM=1.25). From this
figure, it can be seen that, although there is a little difference among the
kinds of aggregate, the expansion of JIS specimens are greater than that of
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ASTM specimens at (7
any water-cement 75
ratio. "EO-G " JISIASTM=1.25

L3 b

E 0.5

(8]

. . @ 041 -

3.3 Compacting time & E 20

n 0.3+ %’
It is well known gz} =
that a large ¢ Kinds of ageregate
addition of NaOH 20T 0 |TL |T2

. 2 45| O | @ | 150

causes hardening and go “sol A | a |a
reduced flowability 3 |4 0.56| O | H |=

S P 0.5 10 15 20
of fresh mortar. 0 01 02 03 04 05 06 07 NA1O 6%} (NaO
Fig. 5 shows the expansion in ASTM specimen (%) 10 eq{%) (NaOH)
relationship between Fig.4 Effect of the size of Fig.5 Relationship be‘gween flow values
the total NaOH specimen and total alkali content of mortar
content and the flow — -
v f eactive agg.: 0. .

alues of mortar o Bt SR a0 o0

indicated for each water-cement ratio. The flow /
value of mortar of 2.0% Nay0 eq. is 90% of that of 0.55
cement only (0.5%Z Naz0 eq.), and it can be 0.50p
estimated that the amount of additional NaOH 0450
scarcely affects the compacting ability. 400 /

The expansion over time of mortar for each S M
compacting time is shown in Fig. 6, and the !
relationship between the expansion and the

compacting time at each age is shown in Fig. 7. 0
OB 8 80 (et
3 . . e layer)
From Fig. 6, the outline of the increase of expan- 010} ° 60 (Two layers)
sion over time is almost the same for any 005 ﬁ 138 5%::@:2)
compacting time, but the expansion for compacting o Ly PR S————"

times of O and 30 seconds are 0.05% less at one agg (r,‘:om‘ﬁs) 2
month and 0.05 - 0.1% less at 6 months than that

for other compacting time. Fig.6 Effect of compacting time

From Fig. 7, the expansion becomes small 06| Reactive agg.: 0, Ratio of reactive age.: 50%
with decreases in compacting time for the Total alkali content Nau0 eg. 2.0 (%)

specimens cast in one layer. This is because 05}
the number of pores in mortar becomes large i
with decreases in compacting time and the
gel produced by the reaction can penetrate
into the pores, causing a decrease in the
pressure of expansion. It can be considered
that air entrainment with an air entraining

expansion (%)
o
f

agent is effective in reducing the Conpact ing wethod Age (months)
expansion. This tendency was reported by OlF Gnelaver : —— | 3 | 6 [12
Nohmachi et al [5]. and A.D. Jansen et al. 0 Tolwes: ~-- 1 410 1 @
[6]. For example, Jansen described that 0 30 60 120

entrainment of 47 air reduced expansion by compacting time (sec.)

40%Z. It is also reported that the use of an Fig. 7 FExpansion versus compacting time
air entraining agent containing CaClz may
raise the reaction activity and increase the expansion [7].

The expansion of specimens cast in two layers is a little bit greater than of
those cast in one layer, for long compacting times.
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3.4 Expansion in alkali

solution Totalé::;mntmt hsi:;;m:‘ﬂ(%)l 13 T::;:l::li w“;:;t;o eq. 2.0(%)
100 @ 0 ASTM 1210 0 | astm

Mortar bars containing one of 42 2

the four kinds of reactive ) s Iz J1s L‘é
aggregates (0, T1, T2, Q) or oer ®E oo 108

the non-reactive aggregate £, 0s

were immersed into’ 107 _ =z

solutions of NaCl, NaOH and 8°¢ ~os

KOH, sea water, and water at §05 So7

20°C, and into water at 40°C. Sos )

At the same time, mortar bars ¢ §°'G

pre-cured in water at 20°C o3 Xos

for 28 days were immersed
into each solution.

o
~n

o

~

°

o
w

The expansion over time of 0 0.2

the mortar specimens immersed —on f

into sea water and the NaOH ‘ 2 4 6 8 10 12 o1 K

solution are shown in Figs. 8 age (months) 0

and 9. Fig.8 Expansion versus time .o lo ..o\, .. ., |
( Sea water ) 7 4 6 8 10 1

In sea water, specimens made age (months)

from non-reactive aggregate did not expand at all, and Fjg 9 Expansion versus time

specimens made from O aggregate expanded 0.3 - 0.47, at (10% NaOH)

the age of one month, larger than that of specimens

containing any of the other reactive aggregates. The expansion of almost any
specimen containing reactive aggregate reached a constant by the age of 4 - 5
months. The increase in expansion after that was only 0.05 - 0.107.

In the 107 NaOH solution, the mortar specimens made from Non-reactive
aggregate did not expand at all. On the other hand, the all of the specimens
made from reactive aggregates expanded. The expansion of the specimens tended
to be constant by the age of 7 months, except for those using the reactive
aggregate Q. The expansion of specimens made from reactive aggregate Q
increased linearly over time until the age of 9 months. After that, the rate
of increase tended to reduce slightly. The expansion of specimens immersed in
the NaCl solution was 1.5 - 1.8 times larger than that immersed in sea water.
The expansion of specimens in the KOH solution was almost the same as that in
the NaOH solution.

Thus, the specimens made from non-reactive aggregate did not expand in any
solution, while the expansion of specimens made from any of the reactive agg-
regates reached a constant value by the age of 4 months. The specimens made
from reactive aggregate O expanded rapidly, and reached constant expansion
value in the early age, which with reactive aggregate Q, expansion increased
linearly in the 107 solutions of NaCl, NaOH and KOH. The expansion of speci-
mens made from reactive aggregates Tl or T2 was smaller than that made from
other reactive aggregate. As described above, the expansion characteristics of
specimens was different depending on the kind of aggregate used in the mortar.

The expansion over time of specimens made from reactive aggregates O and TI1
are shown in Fig. 10 and 11. From these figures, it is clear that the ex-
pansion of specimens immersed in the 10%Z NaCl solution was 1.8 - 2.5 times
larger than that of specimens immersed in the other solutions, at the age of
12 months. Except immersion in 20°C water, the expansion continues even after
7 months in the 107 NaOH or KOH solution, while the expansion of specimens
immersed in sea water or 10% NaCl solution tends to be rapid in the early age
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1.2
JIS Speci i
and to reach a the Tots il coment N ea. 2.0 %.0—0—0—0—0"° 1y | et TR s Nas0 eq. 2.0 %
1.1 —o— : i Tost :
constant value at Kinds of liquid (density %) Mgk O’I:mu:x (d?qxsxc:;)%)
. o a
the relatively 1of O NaCl (10%) YT @ eater
@  Seawater 2 O NaOH (10%)
early age. The O NaOH (10%) To9f W KOH (10%)
. . 0.8 H KOH  (10%) A 40C ., RH.100%

specimens immersed __ & e, puloox cos bk A 4T
in sea water or £0% v S =

. N 1]
alkali solution 07 | g o7
showed 1larger § Qe |

. ‘h 06 o
expansion compared 2 os
than those tested Jos :

. >

by the conventional o, 04 |

mortar bar method.
Comparing the ©°
results obtained 02 }
from the test of
immersed in 40°C

03
02

01 r

water with the © ™y 93 YN %75 5000 Tf3issr8snun
conventional mortar age (months) age (months)
bar method, expan- Fig.10 Expansion versus time Fig.11 Expansion versus time
sion grows rapidly ( Aggregate :0 ) ( Aggregate : T2 )

and reachs a constant by 1 - 4 months of age in the former test, while in the
later test, expansion grows rather slowly and exceeds the value of former test
by the age of 3 - 4 months, becoming about 0.15Z lager by the age of 12
months.

The specimens immersed in 20°C water do not expand until the age of 5 months.
After that, the expansion characteristics are similar to those of the con-
ditions of 40°C, R.H.100 7. At the age of 12 months, the expansion of the
specimens immersed in 20°C water reaches 807 of the condition of 40°C,
R.H.100% specimens and continues expanding. It is considered that both values
of expansion become the same.

It is clear that expansion develops most in the NaCl solution. Even in sea
water, which is only 3.6% salt concentration, expansion develops to some
extent. This shows that the solution containing Cl” magnifies the expansion due
to alkali aggregate reaction. The fact that the expansion continues beyond the
age of 7 months in NaOH and KOH solutions shows that expansion develops over a
long a long period in solution containing OH . From the results obtained
from the 40°C water immersion test and the conventional mortar bar test(40°C,
R.H.100%), it was seen that,in the 40°C water immersion, a large amount of
expansion develops in the early age because of a sufficient water supply, but
as the alkali component in mortar and/or gel produced by reaction runs off to
the water, the maximum expansion value becomes smaller than that of the
conventional mortar bar test., With immersion in water at 20°C, the time when
the expansion begins is considerably later, but the final values of expansion
seems to become almost the same as those of immersion in water of 40°C or
40°C, R.H.100Z.

The mortar specimens made from the cement with an alkali content of 0.5% as
Na; O eq. were immersed into several kinds of liquids just after demolding
(0.5% specimens) and after pre-curing for 28 days in water at 20°C (0.5% pre-
curing specimens). Fig. 12 shows a sample of expansion characteristics
obtained from this test.

0.5% specimens did not expand in sea water at all, but in the alkali solution,
expansion began occur by the age of one month, and increased rapidly. The
period in which the expansion was growing was only 3 - 4 months., The specimens
which were pre-cured in water at 20°C showed almost the same expansion
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characteristics as those with no pre-curing. The expansion of these specimens
were only half of those with no pre-curing. With the NaCl solution, the final
values of expansion became large with increases in the alkali content of Na,0
eq., while in the NaOH and KOH solutions, the final values of expansion were

almost the same regardless of the alkali content. Sea water
10 10

NaCl
The specimens having an alkali content of 2.0%

as Na,0 eq. started to expand the earliest,
followed by the 0.5% specimens, and then by the
0.5% pre-cured specimens. In the solutions of
NaCl, NaOH, and KOH, even the 0.5% pre-curing
specimens expanded by more than 0.17 by the age
of 7 months, which is considered deleterious
expansion., On the other hand, in sea water,

- . — Reactive agg.: 0, Ratip of ti Lt 50% —
neither the 0.5%Z specimens nor the 0.5% pre- Jﬂﬁﬁfﬁﬂwﬂﬁéﬁgiyﬁf___
curing specimens showed deleterious expansion. 10 8:8

v

05

(%16

J
0123456785112 012345678910112

expansion

The above can be summarized as follows:

1) The expansion characteristics of mortar in
alkali solution differ with the kind of
aggregate.

2) Solutions for immersion containing C1~ cause °”"5“°°wg§e °‘é§6;ig;?“”
larger expansion than solutions containing OH™.Fig 12 Expansion versus time

( Effects of pre-curing in water )
3) Expansion occurs for a long time in solutions containing OH-.

4) Expansion starts, and reaches a constant value, earlier in water at 40°C
than in the conventional mortar bar test (40°C, R.H.100% ). The final values
of expansion are less in water at 40°C than those of the conventional mortar
bar test.

5) In water at 20°C, the time when expansion starts is rather late, but the
final values of expansion seem to become almost the same as those in water at
40°C or in the conventional mortar bar test.

6) The specimens containing only 0.5% alkali as Nay0 eq. expand deleteriously
in the 10% solution of alkali compound.

7) The specimens mentioned above do not expand deleteriously in sea water.

8) Pre-curing in water at 20°C for 28 days is effective in delaying the time
when expansion starts, but does not reduce the final values of expansion.

From the results described above, a rapid method can be proposed. for
determining the reactivity of aggregate by immersion into a solution of alkali
and water.

Chatterji in Denmark [8] proposed a rapid method wherein a specimen of mortar
having a mix proportion of C:S=1:3is immersed into a saturated NaCl solution
at 50°C.

From the results of this experiment, it became clear that the mortar specimen
expanded maximally when immersed into a NaCl solution, and this expansion was
increased with the addition of NaOH to the mortar. Therefore, as a rapid
method of immersion into alkali solution, the following conditions seem to be
proper: The total alkali content of mortar should be adjusted to 1.5 - 2.0% as
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Na,0 eq. by the addition of NaOH, and the specimens of mortar should be
immersed into a NaCl solution to accelerate the rate of expansion. By this
test method, abnormal expansion of 0.1 - 0.37 appears at the age of one month,
and it is possible to determine the reactivity of a aggregate within a short
period.
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The dynamic Young's modulus and the
modulus of rupture and compressive
strength were measured using JIS
specimens made from reactive aggregates
0 and T1.

The relationships between the expansion
of mortar and these measured values are
shown in Fig. 13 - Fig. 15. From Fig.
13, the dynamic Young's modulus of each
mortar is seen to decrease rapidly with 50 60 70 80 90 100 110 120 130
increases of expansion, while from flexural strength (kgf/cmz)
Fig. 14 and 15, the compressive strength

and the modulus of rupture of the mortar Fig.15 Relationship between expansion
also decrease with dincreases in and modulus of rupture
expansion.

It has been reported that concrete made from reactive aggregate has a
compressive strength and dynamic Young's modulus of 83% of that made from non-
reactive aggregate., For tensile strength, this ratio is 67% [9].

This shows that the rate of expansion due to alkali aggregate can be estimated
by the rate of decrease of the mechanical properties of mortar.

As described above, there is a negative correlation between the expansion of
mortar and the modulus of rupture, the compressive strength and the dynamic
Young's modulus. Thus, it became clear that the modulus of rupture, the
compressive strength, and the dynamic Young's modulus of mortar decrease with
increases in the expansion of the mortar.
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4. CONCLUDING REMARKS

In this study, an investigation into various factors which should be
considered for applying the ASTM mortar bar test method to aggregate produced
in Japan was carried out. The factors adopted in this study were the water—
cement ratio, the compacting method, immersion into alkali solution, and the
effects of these factors on the expansion of mortar. At the same time, the
relationship between expansion and changes in mechanical properties due to
alkali aggregate reaction were examined,

The conclusions of this study may be summarized as follows:
(1) Water-cement ratio and the dimensions of the specimens.

1) With the cement content fixed to a constant, the expansion characteristics
of mortar were affected by the total alkali content. The expansion of mortar
is constant or decreases with increases in the water-cement ratio in the area
of low alkali content less than 1.5% as Naj;0 eq., but is constant or increases
with increases in the water-cement ratio in the area of alkali content of 2.0%
as Naj0 eq..

2) The expansion of the JIS specimens was larger than that of the ASTM
specimens, regardless of the water-cement ratio and the aggregate-cement
ratio.

(2) When the compacting time was long, i.e., the compacting was sufficient,
the expansion of mortar became large.

(3) When specimens were immersed into a solution of alkali compound, the
expansion was small in the solution containing OH than those in the solution
containing CI7, but the expansion continued for a longer time. Specimens where
the total alkali content, as Na;O eq. was 0.5% showed a deleterious expansion
of greater than 0.1%7 in a 107 alkali immersion. The specimens in sea water or
water at of 20°C showed the possibility expansion in a total alkali content of
more than 1.0% as Na0 eq..

(4) There is a negative correlation between the expansion of mortar and the
modulus of rupture, the compressive strength and the dynamic Young's modulus.
Thus, the mechanical properties, such as the strength and the dynamic Young'
modulus, become lower with increases in expansion.

From these results, the following conditions can be proposed for the mortar
bar method to determine the potential reactivity of aggregate in Japan.
Mixing, compacting, and dimensions of the mortar specimen are to be conducted
according to JIS R5201, and the water-cement ratio is to be set to 0.45 -
0.50, the sand-cement ratio to 2.25, (equal to ASTM standard), and the total
alkali content to 1.5 - 2.0 as Naj0 eq., using NaOH.

In the future, the authors plan to carry out a study of the relationship
between the expansion of mortar and concrete, in order to develop a test
method for the evaluation of alkali aggregate reaction in concrete specimens.

This project was made possible by a grant from the Japan Ministry of
Education. Testing was performed at the Civil Engineering Laboratory of
Tottori University, The authors express their gratitude to research fellows at
the laboratory for their enthusiastic cooperation in the study.

—107—



REFERENCES

[1] K. Nakano: Mechanisms of alkali aggregate reaction, Cement Concrete,
No. 473, 1986 ;

[2] E. F. Jones & R. D. Tarleton: Reaction Between Aggregate and Cement,
National Building Studies, Research Paper, No.25, 1958

[3] W. J. French: Reaction Between Aggregates and Cement Past - An
Interpretation of the Pessimum, Q. J. Eng. Geol., Vol. 13, pp. 231 - 247, 1977
[4] S. Diamond: Alkali Reactions in Concrete - Pore Solution Effects, Proc.
6th Int. Conf. Alkali in Concrete, Copenhagen, pp. 155 - 166, 1983

[5] Nohmachi et al: Studies on Alkali Silica Reaction Part 1, Some Factors
Affecting the Expansion of the Mortar Bar, Research Laboratory Report, No. 7,
Nisso Master Buildars L.T.D., 1986

[6] A. D. Jensen, et al: Studies of Alkali-Silica Reaction - Part 1. A
Comparison of Two Accelerated Test Methods, Cement and Concrete Research,
Vol. 12, No. 5, pp. 641 - 647, 1982

[7] Nimura et al: The Effect of Admixtures on the Alkali Silica Reaction,
Proc. of Annual Meeting of JCI, Vol. 8, pp. 173 - 177, 1986

[8] C. Chatterji: An Accelerated Method for the Detection of Alkali Aggregate
Reaction of Aggregate, Cem. & Conc. Res., Vol. 8, 1978

[9] J. S. M. S: Symposium on Alkali Aggregate Reaction, 1985

—108—



