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Abstract[1The research significance of the paper is to identify the major properties
of synthetic lightweight concreté that are affected by ASR expansion and-to determine
the extent and magnitude of the loss in these properties. Emphasis is also given to

the use of non-destructive testing techniques ; Such as dynamic modulus of elasticity

and ultrasonic pulse velocity, to examine whether these methods could be used to identify

the Initiafion of expansion and the internal structural damage caused by ASR.
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I. Introduction

Lightweight aggregates are'well known for their
porous and: cellular structure. The porosity of agg-
regate has a significant influence on the properties
of the aggregate and mix design, and on the pro-
perties of the fresh and hardened -concrete made
with such aggregate.

The most notable characteristics is probably the
porosity which affects all other properties, and
which may vary from about 25 to 75% of the agg-
regate volume.

Lightweight aggregates suitable for structural
concrete are gener‘:ﬂly made artificially by expan-
ding, foaming, sintering clays, shales and slate,
or industrial by-products such as pulverized fuel

ash and blast furnace slag 4610
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Pulverized fuel ash(PFA) is the principal waste
product obtained from coal burning power stations
in generation of electricity. Vast volumes of such
PFA create serious dispbsal and environmental
problem in many countries. One effective method
of utilizing PFA is to manufacture aggregates for
plain and structural conc_réte.“y '

Also, alkali-silica reaction(ASR) is a chemical
reaction between the hydroxylions in the pore wa-
ter in concrete and certain forms of silica that
occasionally occur as part of aggregate resulting
in the formation of alkali-silica solutions. This type
of réaction is known to cause ahnormal expansion
in concrete, and as a result, extensive cracking
OCCul'S.ls)

On the other hand, an amorphous-fused silica

is a synthetic aggregate used extensively in the



steel, foundry, aluminum, and refractory indust-
ries, particularly for its properties of high thermal-
shock resistance, low thermal expansion, and resi-
stance to molten metals.¥

The purpose of this study is identifying the ma-
jor properties of concrete that are affected by ASR
expansion and determining the extent and magni-
tude of the loss in these properties, such as dyna-
mic modulus of elasticity and ultrasonic pulse ve-
locity.

II. Literature Review

Recently, worldwide annual production of PFA
is estimated at about 180--200 million tons. Less
than 20% of these were used in concrete related
materials such as cement manufacture, concrete
and concrete products, and lightweight aggregate.
It is estimated that by the turn of this century
approximately 750 million tons of PFA will be pro-
duced annually worldwide. Current annual produ-
ctions of coarse and fine aggregates from PFA
are 600,000m® in UK and 300,000m® in USA ; this
represents the utilization of only a fraction of the
total ash collected in the world.™’

On the other hand, although the phenomenon
of alkali aggregate reaction has been known and
researched since it was first identified by Stanton
» more than 50 years ago, most of the research
has been directed at understanding the mecha-
nism of the reaction and devising ways of control-
ling or preventing the expansion arising from rea-
ction. However, only limited data on the physical
effects caused by the deterioration process due
to alkali silica reaction.

Swamy et all®

reported that temperature is
a major factor influencing ASR, and even aggrega-

tes such as flinf, that is generally considered to

be unreactive, can create deleterious expansions
under warm (35~40T) and humid condition.

Swamym) also reported the followings : Alkali-
silica reaction is recognized to be able to cause
disruptive deformations and structural distress in
reinforced and pre-stressed concrete members,
High alumina cement is a typical example where
the type of cement is the basic cause of concrete
deterioration. With ASR, it is the cement matrix-
concrete aggregate interaction that is primarily re-
sponsible for the cracking and disruption of conc-
rete. The most dramatic visual evidence of ASR
is extensive cracking. The reaction is essentially
an expansive one, resulting from the formation
of a gel which can imbibe water, swell and exert
pressure which can crack the concrete.

Since water, alkalies and reactive silica are ne-
cessary for ASR damage to occur, the following
factors influence the reaction -

a. The nature, size and amount of reactive sili-
ceous particles.

b. The alkali content of the cement, and the
cement content of the concrete,

" c. The amount of alkali that could be leached
out of aggregates.

d. Sources of external alkali, and

e. Ambient environmental conditions, i. €. mois-
ture and temperature.

The gel may form in dry conditions but needs
water to expand and cause damage. So moist conc-
rete inside a dry building is probably safe from
ASR(relative humidity : RH<75%). On the other
hand, concrete exposed to rain, sea water or
ground water is susceptible to ASR.

The avaliable methods to control the deleterious
expansion caused by ASR are as follows ©

a. Use of non-reactive aggregate,

b. Use of low-alkali cement, and
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¢. Incorporation of pozzolanic or mineral admix-
tures.

ASTM C 227" recommends 0.05 and 0.1% ex-
pansion limits at 3 and 6 months, respectively,
for non-reactive aggregates. Above these limits,
aggregates should be considered capable of harm-
ful reactivity.

Swamy et all® reported that both the rate of
expansion and final expansion are dependent on
the type of reactive aggregate, the amount present,
and its particle size distribution.

Swamy et all% reported that for a given type
“of cement and given type and amount of reactive
aggregate, the final expansion increases as the ce-
ment content increases, but not in proportion to
the cement content. Also he reported that disrup-
tive expansions can occur even with as low an
alkalinity as 2.5kg/m® when amorphous silica is
used as reactive aggregate and the ambient tem-
perature is 387, But, since expansions can be ex-
cessive or deleterious without evidence of crac-
king, depending on the function of the concrete
element, it is difficult to apply single value of criti-
cal limits to all situations. So, critical limits of
deleterious expansion need to be defined accor-

ding to the type and use of a concrete structure.

Table 2. Physical properties of natural sand

. Materials

1. Cement

The cement used was a normal portland cement
(ASTM Type-1) having alkali content of 1 per-
cent. The chemical compositions of cement used
are summarized in the Table 1.

Table 1. Chemical composition of normal port-
land cement(%)

Si0;
21.09

Al,O4
484

Ca0
63.85

NagO Fezoa ‘
0.29 | 2.39

MgO | SOs
332 { 3.09

K:0
1.13

2. Fine Aggregate

The fine aggregates used were washed and
dried natural sand, and the fused silica with 0.6
mm maximum size. The physical properties of na-
tural sand and chemical compositions of fused si-
lica are summarized in the Table 2 and 3, respecti-
vely.

3. Coarse Aggregate

The coarse aggregates consisted of rounded and
curshed natural gravel with 13.2mm maximum
size, and synthetic lightweight coarse aggregate
made from sintered pulverized fuel ash. The phy-
sical properties and chemical compositions of syn-
thetic lightweight coarse aggregate are summari-

Specific Maximum Absorption Fineness Unit weight Organic
gravity size(mm) rate( %) modulus (t/m®) content
2.50 4,75 5.00 274 1.56 Nil
Table 3. Chemical composition of fused silica(%)
Si0; | AkO: | FeOx | Ca0 | KiO | MaO | TiO: | Mg | NaO | Pi0x | S0c | boson
99.71 015 | 035 0.04 0.03 <001 | 003 | <005 | <01 | <001 | <0.02 0.1

62



Table 4. Physical properties of synthetic lightweight coarse aggregate

Fineness Unit Water Type Color Pore Thickness | Maximum
modulus  {weight(t/m®) | absorption( % ) P size (mm) (mm) size(mm)
5.98 0.83 131 Honeycomb Gray 0.001 0.15 132

brown 0.15 0.50

Table 5. Main chemical composition of synthe-
tic lightweight coarse aggregate(%)

Si0. AlO, Ca0 Carbon in the form
(silica) |(alumina)| (lime) of unburnt fuel
3060 15~30 1—~7 <8

zed in the Table 4
4, Concrete Mix

and 5, respectively.

Based on the initial trial mix results, concrete

Table 6. Mix design of concrete(kg/m®)

mixes, having a slump of 75~100mm and 28 day
target compressive strength(dry cured) of 460
kg/cm? were designed(Table 6).1% In type B and
C concrete, an amorphous fused silica reported
earlier was used,"*™® which contained 99.7 percent
silica and a particle size distribution of 0.15~0.6
mm. This was also used to replace the fine aggre-
gate by an amount equal to 15 percent by weight

of the total aggregate!®

Lightweight Normal Fused Free
Ttem Cement Sand coarse coarse silica water Remark
aggregate aggregate
Normal
concrete 335 645 - 715 - 175 Type A
Synthetic lightweight] 335 441 715 - 204 217 Type B
aggregate concrete 335 441 715 - 204 217 Type C
Table 7. Curing methods of concrete specimen
Curing age(days)
Item
1 2~14 15~28 29~180
Type A Humidity Humidity Humidity Humidity
curing curing curing curing
(20£ 1%,
_ 96+ 2% RH)
Type B- Humidity Water Air Air
curing curing curing curing
(20% 1%, (20+17)
96+ 2% RH)
Type C Humidity Water Air Water
curing curing curing curing
(20£ 1%, (20+ 1) (38+10)
9%+ 2% RH)
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5. Manufacture and Curing of Test Speci-

mens \

Test for dynamic modules of elasticity and ult-
rasonic pulse velocity of specimens were carried
out on 100X100X500mm prisms, and test for ex-
pansion was carried out on 75X75X300mm pri-
sms. All the test specimens were demolded after
cured at 20 1T and 95 2 percent relative humi-
dity(RH) for one day, and then exposed to various
curing environments, as Table 7, Especially, the
curing temperature of type C concrete was carried
out on 38+ 1T, which showed the highest expan-

sion‘13,14,16)

IV. Methodology

1. Dynamic Modulus of Elasticity

The dynamic modulus test was conducted by
excitation in the longitudinal mode of vibration.®
The equation is as follows :

D. M.=40.81632652 n’I?pXx 1072

where, D. M.=Dynamic modulus of elasticity

(kg/em®)
il =Hz
I =Length of test specimen(mm)
p =Bulk density of test specimen
(kg/em®)

2. Ultrasonic Pulse Velocity

Transducers of 50mm diameter were used, and
measurements were taken at the top and bottom
of the 100X100mm end faces over a path length
of 500mm.** The equation is as follows :

L

P.V=—ea
10 "sec XD

where, P. V=Ultrasonic pulse velocity(m/sec)

D =Number of digital
L =Length of test specimen(m)
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3. Expansion
' The measurements of expansion were taken on
a special rig with an attached micrometer.® The

equation is as follows !
I
E. P=—X100
L

where, E. P=Expansion(%)
I.  =Length of test specimen(mm)
I  =Incresed or decreased length of

test specimen(mm)
V. Results and Discussion

In this study, three tests were carried out for
a given property at many curing ages. The results
are the average of three test specimens and sum-
marized in the Table 8.

1. Dynamic Modulus of Elasticity

The dynamic moulus were measured and the
results are shown in Table 8 and Fig. 1. The per-
centage loss in dynamic modulus of ASR-affected
concrete is shown in Table 9. The reduction rates
means the difference between the values of dyna-
mic modulus of type A concrete, these results con-
firm that dynamic modulus exhibits a very high
sensitivity in reflecting the change in the structure
of the deteriorating concrete. This shows a similar
trend to Swamy’s report.’®

Table 9 shows that this loss was noticed at a
very early age, i e, at 1 days when two type
concretes showed no expansion. Bearing in mind
that the dynamic modulus is the result of longitu-
dinal excitation, a drop in this modulus at zero
expansion is a clear’ iﬁdiéation that "longitudinal
resonance is sensitive enough to pick up changes
in the internal structure of the concrete due to

ASR long before any change in the physical prope-



Table 8. Effects of ASR expansion on concrete properties

Test Mix Curing age(days)
1 3 7 21 28 60 90 180 365

Dynamic moulus |Type A[352,989385,807/408,510/413,874{419,252 423,571 | 427,752 | 430,540 | 436,998 | 439,150
of elasticity Type B[216,836(226,142|239,826|259,255(273,969( 283,724 | 249,677 | 221,397 | 204,510 | 181,887
(kg/cm?) Type C[216,836/226,142|239,826/259,255273,969| 283,724 | 197,914 | 167,724 | 145,683 | 125,287
Ultrasonic Type A| 4,066 4,277 4,347 4,399 4,438 '4483| 4508) 4527| 4572 4,608
pulse velocity Type B| 3,644 3,711 3,843 3927 4,042 4,159| 3992| 3894| 3770 3,707
(m/sec) Type C| 3,644 3,711 3,843 3927 4,042} 4,159| 3826| 3720| 3,679| 3,657
Expansion Type A|0.0000]0.000310.0008{0.0012(0.0021| 0.0032] 0.0105| 0.0174] 0.0191| 0.0198
(%) Type B{0.0000|0.0059|0.0194 | 0.0228 | 0.0016 | —0.0050| —0.0160| — 0.0245( —0.0313| —0.0406
Type C|0.0000 | 0.0059|0.0194 | 0.0228 | 0.0016 | —0.0050|+0.2861| +0.4546|+0.7162| +0.7189

Table 9. Percentage loss in dynamic modulus

of ASR-affected concrete

Curing Type B Type C
age, |[Expansion| Loss, [Expansion| Loss,
days percent | percent | percent | percent

1 0.0000 38.6 0.0000 38.6

3 0.0059 414 0.0059 414

7 0.0194 413 0.0194 413
14 0.0228 374 0.0228 374
21 0.0016 347 0.0016 347
28 —0.0050 331 —0.0050 331
60 —0.0160 417 +0.2861 53.8
90 —0.0245 48.6 +0.4546 61.1
130 —0.0313 53.3 +0.7162 66.7

rties or visible cracking has taken place.

Like other properties, the speed and extent of
reduction in dynamic modulus depend largely on
the type of reactive aggregate and its reactivity.
This results showed that different reactive aggre-
gates affect the engineering propertities at diffe-
rent rates. This shows a similar trend to British
standard,? and Sung’s report.a) These are also
two of the important parameters in engineering
design and are significant in relation to cracking
and deflection of flexural members, as well as cra-

cking and durability of all concrete members.

4jf‘*""”—

<Type A *Type B &Type C

0715 ® 60 180

Dynamic modulus of elasticity(10%kg/em®)
(4]

Curing age(days)
Fig. 1. Relationship between curing age and
dynamic modulus of elasticity

Consequently, the dynamic modulus of elasticity
of type A concreet was increased with increase
of curing age. The type B and C concretes showed
the highest dynamic modulus of elasticity at the
28 days curing age.(Fig. 1). It was gradually dec-
reased with increase of curing age at those conc-
rete. Especially, the dynamic modulus of curing
age 180 days was decreased up to 53.3% in type
B and 66.7% in type C concrete than the type
A concrete, respectively.

2. Ultrasonic Pulse Velocity

The results of the ultrasonic pulse velocity are
shown in Table 8 and Fig. ‘2. Also, the loss in
pulse velocity of ASR-affected concrete at different
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-» Type A «Type B = Type C

Ultra-sonic pulse velocity(km/sec)
[4%) -
1

71428 60 90 180

Curing age(days)

Flg 2. Relationship between curing age and ul-
trasonic pulse velocity

Table 10. Percentage loss in pulse velocity of
ASR-affected concrete

Curing Type B Type C
age, [Expansion, Loss, [Expansion| Loss,
days percent | percent | percent | percent

1 0.0000 10.4 0.0000 104

3 0.0059 133 0.0059 133

7 0.0194 116 0.01%4 11.6
14 0.0228 108 0.0228 10.8
21 0.0016 9.0 0.0016 9.0
28 —0.0050 7.3 —0.0050 7.3
60 —0.0160 115 +0.2861 15.2
90 —0.0245 14.0 +0.4546 17.9
180 —0.0313 17.6 +0.7162 196

age is summarized in Table 10. In these results,
the ultrasonic pulse velocity of type A concrete
was increased with increase of curing age. The
type B and C concretes showed the highest ultra-
sonic pulse velocity at the 28 days curing age(Fig.
2). It was gradually decreased with increase of
curing age at those concrete. This is a similar
trend to Swamy’s report.” Especially, at the cu-
ring age 180 days, the ultrasonic pulse velocity
was decreased up to 17.6% in type B and 19.6%
in type C concrete than the type A concrete, res-

pectively. .
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< Type A = Type B=Type C

Expansion{ %)

-0_2 T T T L i 1
714 28 60 90 180

Curing aée(days)

Fig. 3. Relationship between curing age and ex-
pansion

3. Expansion

The results of the expansion are shown in Table
8 and Fig. 3. After 28 days curing age, the expan-
sion of the type A and C concrete was increased
with increase of curing age, respectively. But, the
type B concrete was decreased with increase of
curing age. Also, at the curing age 180 days, the
rate of expansion of the type A and C concrete
was increased 0.0191% and 0.7162%, respectively.
But, type B concrete was decreased 0.0313%, Es-
pecially, the rate of expansion of the type C conc-
rete was 37 times higher than the type A concrete.

This results confirm earlier findings that expan-
sion due to ASR, for a given environment, was
influenced by many factors related to the reactive
aggregate. This is a similar trend to Swamy et
41314

Fig. 4.(38C water curing, age=90 days) shows
that, Cracking due to ASR in concrete was very
irregular because of the nature of the expansive
reaction and the internal stresses it creats. In ligh-
tweight aggregate concrete, ASR cracks appeared
horizontal and vertical direction, and its was rea-
dily seen. Visible cracking due to ASR can be fur-
ther complicated by the fact that.the reaction

needs both moisture and favourable temperature



Fig. 4. Typical ASR cracking in unrestrained
concrete ‘

for it both to start and continue. Thus, the interior
structures of an exposed bridge, sheltered from
direct sunshine and rain, may show no cracking
whilst the exterior structures may develop exten-
sive cracking. On the other hand, a structural me-

mber, partly sheltered and exposed by the nature

of the structure, may show different crack patte-

rns, with extensive cracking on the exposed faces
and little or no cracking on the sheltered regions.

When expansion has reached a stable state, the
continuing hydration of the cement paste can re-
sult in a cessation of losses or even a modest
recovery in engineering properties. In moist condi-
tions, both the rate of reaction and the final expa-
nsion occurred much more rapidly at higher than
ambient temperature.

4. Relationship between Dynamic Modulus

of Elasticity and Ultrasonic Pulse Velo-

city

Since both the dynamic modulus and pulse velo-
city are theoretically interrelated, Fig. 5 is presen-
ted to illustrate the changes in hoth properties.
The results confirm that both show generally simi-

5 5 - -
o

E 4. ra’e{‘ﬁnp a/rf
& '

2

2 27

2 N

g o Type A & Type Ba Type C
5 0 L L 1, e

1 2 3 4 5
Dynamic modulus of elasticity(10%kg/cm?)

Fig. 5. Relationship between dynamic modulus
of elasticity and ultrasonic pulse velo-
city

lar behavior, .although the magnitudes of their cha-
nges are different. This is a similar trend to
Swamy’s report.’%

A comparison of loss in pulse velocity and dyna-
mic modulus in Tables 9 and 10 shows that both
are highly sensitive to change of internal structure
of the concrete due to ASR, and both properties
registered measurable losses even before any ex-
pansion could be measured. Both Dynamic modu-
lus and pulse velocity gave good indications of
deterioration of concrete affected by ASR, and both
properties showed measurable losses at a very
early age when no expansion was indicated. It
thus appears that these two techniques offer pote-
ntially useful for nondestructive test methods to
identify the physical condition of concrete for non-
destructive test methods to identify the physical
condition of concrete due to internal chemical rea-
ctions arising from ASR. Also, the pulse velocity
was increased with increase and was decreased
with decrease of the dynamic modulus. The dec-
reasing rate of the dynamic modulus was 3 times
higher than the pulse velocity at all curing age,
respectively.
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5. Relationship between Dynamic Modulus

of Flasticity and Expansion

The rate at which changes occur in the structure
and physical properties of the ASR-affected conc-
rete is the result of the direct interaction of two
conflicting phenomena- the damaging effect of the
expansive reactivity and the continuing hydration
of the cement paste. This is reflected in the data
presented in Table 9 with both ASR-affected conc-
retes. Also, this can be illustrated by examining
changes in the dynamic modulus, of type C conc-
rete between the curing ages of 90 and 180 days.
During this period, although expansion had increa-
sed from 04546 percent to 0.7162 percent, the
loss in dynamic modulus was modest(from about
61.1 percent to about 66.7 percent). This is a simi-
lar trend to Sung’s report,a) That is, this was evi-
denced by the small loss of compressive strength
from 348kg/cm? at the curing age 90 days to 319
kg/cm? at the curing age 180 days.

In addition, relationship between ultrasonic pu-
Ise velocity and expansion showed a similar trend

to results of dynamic modulus.
VI. Summary and Conclusion

This paper presents a detailed study of the effe-
cts of ASR on the engineering properties of syn-
thetic lightweight concrete, such as modulus of
elasticity and ultrasonic pulse velocity. The tests
were carried out for 6 months to establish the
effects of expansion and time on the engineering
properties of synthetic lighweight concrete.

1. The dynamic modulus of elasticity of type
A concrete was increased with increase of curing
age. The Ty‘pe B and C concretes showed the
highest dynamic modulus of elasticity at the 28°
days curing age. But, it was gradually decreased
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with increase of curing age at those concrete, res-
pectively. Especially, the dynamic modulus of cu-
ring age 180 days was decreased up to 53.3%
in type B and 66.7% in type C concrete than the
type A concrete, respectively.

2. The ultrasonic pulse velocity of type A conc-
rete was increased with increase of curing age.
The type B and C concretes showed the highest
ultrasonic pulse velocity at the 28 days curing age.
But, it was gradually decreased with increase of
curing age at those concrete, respectively. Especia-
lly, at the curing age 180 days, the ultrasonic pulse
velocity was decresed up to 17.6% in type B and
19.6% in type C concrete than the type A concrete,
respectively.

3. The expansion of type A and C concrete was
increased with increase of curing age, respectively.
But, the type B concrete was decreased with inc-
rease of curing age. Also, at the curing age 180
days, the rate of expansion of the type A and
C concrete was increased 0.0191% and 0.7162%,
respectively. But, the type B concrete was decrea-
sed 0.0313%. Especially, the rate of expansion of
type C concrete was 37 times higher than the
type A concrete.

4. The dynamic modulus of elasticity and ultra-
sonic pulse velocity of type A concrete was increa-
sed with increase of expansion. But, the type B
and C concrete was decreased with increase of
curing age since the curing age 60 days. Also,
the dynamic modulus of elasticity was increased
with increase and decreased with decrease of ult-
rasonic pulse velocity.

For the decreasing rate of the dynamic modulus
and pulse velocity due to expansion, the dynamic
modulus decreased 3 times higher than the pulse
velocity at each age, respectively. .

5. The rate of losses in engineering properties



of concrete affected by ASR depended on the phy-
sical and chemical characteristics of reactive agg-
regate present in concrete, and did not all occur-
red at the same rate or in proportion to the expan-
sion. Also, the rate of expansion of the water cu-
ring(38+ 1) was higher than the air curing, and
the dynamic modulus of elasticity and pulse velo-

city were showed smailer.
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