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ABSTRACT

This study was carried out to investigate the effects of

tenperature and fly ash addition on concrete strength and abrasion
resi stance under sinulated hot weather conditions. Test data were
collected at four levels of fly as content (0.10, 20 and 30
percent cenent replacenent), three levels of tenperature (73, 95
and 100°F) with varying relative humdity (20-80% depending upon
age and tenperature during the curing. Two different types of
concretes A and B with their respective design strengths of 2500
psi and 4500 psi were tested for conpressive strength. Concrete A

was used for abrasion resistance tests.

The results revealed that fly ash inclusion was nore effective
concrete A as conpared to concrete B. The optimum fly as content
varied between 10 to 20 percent depending upon age and type of
con-

crete. The resistance to abrasion increased with increasing fly
ash content at 70°F. However, the abrasion resistance at higher

tenperatures was adversely affected by inclusion of fly ash.

| NTRODUCTI ON

Recent advances in concrete technol ogy have indicated that

inclusion of fly ash is not only desirable for economc reasons,
but also highly effective in nodifying concrete properties to neet
requi renents in various applications. The use of fly ash as an

adm xture is required for production of very dense and durable



concretes. More recently, attenpts have been nade to inprove
properties of high strength concretes through addition of fly ash.
The use of fly ash in high strength concrete m xes reduces the
early heat of hydration and thus hel ps reduce the adverse effects
of rapid hydration reaction resulting fromthe use of rich m xes.
Al though initial gain in strength due to inclusion of fly ash is
lower, the long-term strength and durability are generally higher

than the plain concrete.

Resear chers have shown that fly ash concrete is greatly

sensitive to curing conditions. Therefore, maintenance of optinmm
tenperature and noisture during curing is essential for production
of durable fly ash concrete. |Inproper curing, which results from
high tenmperature and low humdities as found in hot weather
condi tions, causes a substantial reduction in strength, resistance
to abrasion, resistance to deicing salt scaling, resistance to
weat hering, and an increase in perneability and cracks. A limted
nunber of investigations have been conducted so far regarding

concrete performance in hot weather conditions.

RESEARCH SI GNI FI CANCE

This investigation was undertaken to eval uate the addition of

fly ash and tenperature on concrete strength and resistance to
abrasi on under above nornal tenperature and low relative humdity
condi ti ons. An attenpt was made to obtain data under varying
tenperature and relative humdity conditions, as generally

observed in hot climates. The data obtained in this investigation



woul d be of use in determning the performance of fly ash concrete

structures under hot clinates.

PREVI QUS STUDI ES

Davis et al. {1} were the first in the U S. to publish

conprehensive data on the effects of tenperature and fly ash on
concrete properties. They concluded that inclusion of fly ash in
concrete resulted in reduced conpressive strength at early ages
but substantially higher conpressive strength at later ages at a
during tenperature of 70°F. When curing tenperature was further
increased to 100°F, conpressive strength of fly as concrete was
found to be significantly higher conpared to concrete containing
portland cenment even at the age of 28 days. Lovewel | and Washa
(2) suggested that in order to achi eve equal conpressive strength
at early ages, between 3 and 28 days, mxes nmade with fly ash
shoul d have a total weight of cenent and fly ash in excess of the
wei ght of cenent used in a conparable portland cenent concrete

m X

Several studies have revealed that the addition of fly ash in

concrete is nore effective in inproving conpressive strengths in
lean mxes conpared to rich (2.3). Berry and Ml hotra (4)
anal yzed test data reported by a large nunber of studies on fly
ash utilization in concrete. They concluded that inclusion of fly
ash caused inprovenent in several properties of concrete including
durability and strength. As study by Lane and Best (5)

substantiated that fly ash affected conpressive strength of



concrete to a greater degree as conpared wth nodulus of
elasticity. Lohitia et al. (6) conducted an investigation
optimze the anmount of fly ash in concrete. Based on the results,
they concluded that replacenent of 15% cenent by fly ash showed

the best results with respect to strength, elasticity and creep.

A | arge nunber of studies have been directed toward studying

tenperature effects on concrete properties (7,8,9,10,11,12,13).
In general, high tenperatures during curing were found to have
adverse effects on concrete strength and durability. Cebeci (14)
investigated the conbined influence of tenperature and relative
humdity of the curing nedium on concrete properties. The
analysis of data showed that relative humdity was the nost
i nportant paraneter affecting devel opnent of concrete strength.
The conpressive strength of concrete kept at low humdity was
found to be 30 to 40 percent |ower conpared to concrete cured in
water. A study by Barrow et al. (15) revealed that strength gain
in fly ash concrete was highly sensitive to curing conditions

relative to that of plain concrete.

Most of the early studies indicated that abrasion resistance

of concrete increased with conpressive strength up to a certain
[imt, beyond which the resistance was affected little by the
strength (16,17, 18,19). Liu (19) devel oped an underwater test
nmethod to evaluate the relative resistance of concrete surfaces to
abrasion of waterborne particles. The variables considered were:
aggregate type, water-cenent ratio, and treatnent of the concrete

surfaces. The results showed that abrasion resistance of concrete



increased with a decrease in the water-cement ratio and an
increase in conpression strength. He recommended that concrete of
the | owest practical water-cenment ratio and the hardest avail able
aggregates should be used for construction and repair of hydraulic

Sstructures.

I n anot her study, Liu (20) conpared the abrasion resistance of
concrete containing 25%fly ash by volune and the concrete with no
fly ash using the underwater test nethod. Aver age conpressive
strengths of the concretes with fly ash and no fly ash cured for
90 days were about 7200 psi and 6900 psi, respectively. No
significant difference in resistance to abrasion of the two
concretes was observed for test duration up to 36 hours. However,
the performance of the fly ash concrete was adversely affected
when the test period was further increased. The fly ash concrete
| ost about 25 percent nore nmass, due to abrasion, conpared to

pl ai n concrete.

Barrow et al (15) investigated durability of concrete,
including abrasion resistance as influenced by inclusion of fly
ash in the range of 0-35% by volune basis. Their results showed
that the concrete containing either dass Cor dass F fly ash had
equi val ent abrasion resistance to that of concrete with no fly ash
given equal strengths. More recently Tikalsky et al (21)
eval uated strength and durability of concrete containing fly ash.
In this investigation, concrete specinens containing 0-35% fly
ash (dass C and F) by weight were manufactured. Abr asi on

resi stance of the test specinens was determ ned by neasuring the



depth of wear caused by a rotating dressing wheel. The data show
that concrete containing Cass C fly ash exhibited superior
abrasion resistance to that of either plain portland cenent
concrete or concrete containing Cass F fly ash. This was
attributed to the fact that for equal strength and workability,
the reduction in water requirenment in the Cass C fly ash mx
decreased the anount of bleeding water and perneability, which in

turn i nproved the surface hardness.

Wkita et al. (22) determ ned properties of concrete including

abrasi on resistance of concrete. Their results showed that for
15% replacenent of cenent by fly ash, the abrasion resistance
increased with the fineness of fly ash. The abrasion resistance
of the test specinens with beneficiated by ash containing the

finest particles was higher than the reference concrete.

EXPERI MENTAL PROGRAM

Portl and cenent concretes were proportioned to have 28 day

strengths of 2500 and 4500 psi. Fly ash concretes were
proportioned to have cenment replacenents of 10, 20, and 30%
Experi ments were designed to evaluate the conpressive strength and
abrasion resistance of all concretes as a function of fly ash
addition and tenperature condition. Test tenperature and humdity
was maintained to simulate hot weather conditions at three
different tenperature levels of 73°F, 95°F and 120°F. Four series
of tests were conducted as follows: In the first series, tests

were designed to study conpressive strength of concretes as a



function of fly ash content and tenperature and relative humdity
conditions in which the concretes were nade and cured. The second
series of tests were planned to evaluate the abrasion resistance
of concrete as a function of fly ash addition and the above
nmentioned anbient conditions. The third series of tests were
designed to study the strength <characteristics of concretes
containing 30% fly ash replacenent at the three tenperature
| evels. However, in this series, the concretes were proportioned
to have a constant workability equivalent to 1 in. kelly ball
reading at both strength |evels. A fourth series of tests was
al so conducted using concrete proportions recommended by Lovewell
and Washa (2), in which the fly as concretes were proportioned to
have a higher anount of cenentitious material conpared to the

respective portland cenment concretes.

Material s

ASTM Type | portland cenent obtained fromthe sanme source was

used in all the series of tests. Thy physical properties and
chemcal analysis of the cenent were determned using the
appropriate ASTM standard nethods, and are given in Table 1.
Physi cal and chem cal properties of the fly ash, determned in
accordance with ASTM test nethods, are shown in Table 2. The
coarse and fine aggregates were air dried 3/4 in Madison gravel
and Otawa sand. The physical properties of the aggregates are
shown in Table 3. The coarse aggregate was a conbination of two
different size fractions; tw parts of 3.8 to 3/4 in. and one part

of No. 4 to 3/8 in.



M xt ur e Desi gn

A trial batch nethod of m xture design was utilized in this

i nvestigati on. Four trial batches were designed and m xed, and
conpressive strength specinens were nade and tested at various
ages. The trial mxture proportions are given in Table 5. From
the results, mx design curves were plotted as shown in Fig. 1

From the above curves, two concrete mxture proportions were
selected to have 28 day conpressive strengths of 2500 (concrete A)
and 4500 psi (concrete B). The design mxture proportions are

given in Table 6.

In the first and second series, fly ash concrete m xtures were
proportioned to have fly ash at a cenent replacenent by weight of
10, 20, and 30% At each strength level, the proportion of the

rest of the ingredients were kept constant.

The third series of concrete mxture were nmade with fly ash at
30% cenent replacenent by weight, at both strength |evels. The
water content of these m xtures was reduced appropriately in order

to obtain workability equivalent to 1 in Kelly ball neasurenent.

The fourth series of mxtures were proportioned according to
the nmethod recommrended by Lovewell and Washa (2) as nentioned
earlier. These, too, were proportioned at both of the strength

| evel s.



Preparati on and Casti nqg of Test Speci nens

Al'l the concrete ingredients were kept in roons at the three

tenperature levels (73, 95 and 120°F) for at |east 24 hours prior
to mxing the concretes. Al the associated equipnment was al so
kept at the above three tenperatures. The aggregates were m xed
dry for two mnutes and then half of the required water was added.
Wt m xi ng was conducted for 45 seconds and then fly ash, cenent
and the renmaining water was added and m xi ng was continued for two
m nutes and 15 seconds. The resulting mxture was used to cast
sanples for the test conditions. The properties of the fresh

concretes are given in Table 7.
For the conpression tests, cylindrical specinens of 6 x 12
inch were made in cast iron nolds. Disc sanples (2-1/2 inch

dianmeter x 1 inch thick) were cast for abrasion testing.

Curing of Test Specinens

Al the test sanples for the 73°F designation were kept in a

room at about 73°F and 55% relative humdity for the first three
weeks of storage. Beyond this, the roomwas naintained at 73°F and
20% relative humdity wuntil all specinens were tested. The
specinens for the 95°F designation were kept in a hot room about
95°F and 50% relative humdity. For the 120°F and 55% rel ative
hum dity for the first two weeks, and later at about 120°F and 25%

relative humdity until testing was conpl et ed.



TEST OF SPECI MENS

Al'l the cylindrical specinmens were tested in conpression
according to the relevant ASTM test nethods. Three specinens were

tested for each experinental condition.

Dory's abrasion testing nmachine was enployed to test the disc
sanpl es. Each sanple was placed in one of the two barrels of the
machi nes and was held down on a rotating disc at 30 rpm by means
of a 2.2 Ib. weight. The rotating disc was continually fed wth
standard fine graded Otawa sand from the hoppers at a uniform
rate. After 2000 revolutions, the |loss of weight for each set of

speci mens was det er m ned.

RESULTS AND DI SCUSSI ON

Conpr essi ve Strength

The conpressive strength data is shown in Table 8. The

relative between conpressive strength and age are presented in
Figures 2 through 4. The relation between conpressive strength
and percent of fly ash inclusion in the concretes is shown in

Fi gure 5.

The results showed that conpressive strength increased with

age. The rate of increase was, however, different for each group
The rate of increase was generally higher for specinens made and
cured at 95 and 120°F as conpared to those at 73°F. No genera

trend between conpressive strength and addition of fly ash could



be established. For concrete A at 28 days, the maxinmm
conpressive strength (2630 psi) was obtained for 20 percent
optimum fly ash at 120°F. Wiereas for the concrete B at 28 days,
t he maxi mum conpressive strength 4820 psi was observed at 10% fly
ash (Figure 5) at 75°F. While conparing the fly ash proportion in
concrete A, addition of fly ash at 10 percent did not cause
significant decrease in the 90 day strength at 120°F. Thus, 10
percent fly ash can be taken as optinmum replacenent with respect
to 90 day conpressive strength for hot weather conditions. At 90
days, the maxi mum conpressive strength of (5310 psi) was again

obtained at fly ash inclusion of 10 percent for concrete B at 73°F.

Anal ysis of test data at an age of 28 days reveal ed t hat

inclusion of fly ash in concrete A was nore beneficial than in
concrete B. This appears to be due to the rapid rate of hydration
of concrete B at the high tenperatures leading to mcrocracks in
the system and consequently the potential benefits of fly ash

addi ti on could not be derived.

Conpressive strength of concrete Awth increasing fly ash
content (A, A, A, A, decreased as tenperature was increased

from73 to 120°F at 90 days of age.

Several factors, especially tenperature and humdity

(rmoisture) for a given mx proportion, influence the concrete
properties {12,14}. H gh tenperature and |low humdity (noisture)
are known to have adverse effect on concrete properties. The

effects of low humdity are nore harnful than the high tenperature



effects in strength devel opnent of concrete during curing. Below
80% rel ative humdity, the rate of hydration reaction becones | ow
and becones negligible below 30% relative humdity {15}. In |ight
of these, the data reported above can be explained. Probably the
hydration reaction of the concretes (A, A, A, A, was reduced by
inclusion of fly ash in early ages, and at |ater ages the strength
devel opnent was suppressed by the undesirable curing conditions

especially low humdity.

In the second series of tests, abrasion resistance for

concrete A was determned at three levels of tenperature (73, 95
and 120°F), and four levels of fly ash content (0, 10, 20, and
30% . The abrasion test data are presented in Tale 10.

The test data showed that abrasion resistance of concrete
increased with an increase in fly ash content at 73°F. At 95°F,
abrasi on resistance of concrete A increased with fly ash content
up to 10% and beyond this the performance of the concrete
deteriorated. Wen the tenperature was further increased to 120°F,
an increase in fly ash caused substantial reduction in abrasion of

t he concrete.

Abrasion resistance of concrete is known to depend upon
factors such as water-cenment ratio, conpressive strength, surface
finish and curing conditions. Devel opnment of strength in fly ash
concrete is nore sensitive to curing condition than a conparable
portland cenent. In this investigation, conditions, such as high
tenperature and [ow humdity, were used to simulate hot clinates.

Due to inadequate curing of the concrete under the hot weather



condi tions, abrasion resistance decreased with an increase in fly

ash, especially at high tenperatures.

In the third series of tests, the concretes A, and B, each

containing 30 percent fly ash, were tested at the three test
tenperatures (73, 95 and 120°F). It was decided to study this
series after the mxing of concretes in the first series, where
the workability of concrete B, reduced to 1-inch Kelly ball
reading at 120°F. This was contrary to the general trend of
increase in workability with increasing fly ash content at the
three tenperature levels. Since the water content was reduced in
the A,, B, concretes to obtain the same workability (Table 7), the
strengths of these concrete were higher than respective A, B,
concr et es. The data on the concrete A, showed that the
conpressive strength increased as the tenperature was increased
from 73 to 120°F at ages up to 28 days. The same result was
obtained for the concrete B, increased from 73 to 95°F. However,
the 90 day strength of +the concretes A, and B, decreased
substantially as the tenperature was increased from 73 to 120°F.
This was probably due to undesirable effects of tenperature and
relative humdity maintained during curing which resulted in
decreased rates of hydration reaction, especially at |ater ages

fared better in adverse anbi ent conditions.

The fourth series of tests were nmade on the concrete A, The
concrete mx for the A, was based on the fly ash replacenent as
suggested by Lovewell and Washa {1}. Thirty percent fly ash

repl acenent was used in the mx design. The results showed that,



in general, conpressive strength of concrete increased wth
increasing tenperature and age wthin the experinmental range.
Hence, it appears that the concretes proportioned according to the
nmet hod suggested by Lovewell and Washa {1} would perform well in

adver se hot weat her conditions.

CONCLUSI ONS

Based on the data analysis, the foll owi ng main concl usions

were drawn for performance of the concretes under hot weather

condi ti ons.

1.1n general, the fly ash replacenment was nore effective in the
concrete A with lower strength than the concrete B with high

strengt h.

2. The maxinmum 28 day conpressive strength was obtained for
concrete A with optinum fly ash of 20 percent at tenperature
of 120°F. Wiereas the concrete B attained the maxi mum 28 day
conpressive strength for the optimumfly ash of 10 percent at
tenperature of 73°F. At 120°F, both A and B concretes

exhi bited optimum 90 day strength at 10%fly ash | evel

3.Cenerally, for not weather concreting, the optimum fly ash
repl acenent for concrete appears to vary in the range of 10-

20%

4. Abrasion resistance of the concretes (A, A, A, and A))

increased with increasing fly ash content at 70°F within the



experinmental range. However, the concrete perfornmance
deteriorated as fly ash content was increased at higher

tenperatures, especially at 120°F.

5.The fly ash concretes A, and B, at 7 days, showed equal or
greater strength than that of the concrete A, and B,
respectively as tenperature was increased from 73 to 120°F.
The concrete A, exhibited better performance at all test
tenperatures (73, 95 and 120°F) and ages 7, 28, and 90 days)
conpared to the concrete A,. Simlar results were also

obtai ned fromthe concrete B, conpared to B,.

6. The fly ash concrete (A, , designed as per recomendation of
Lovewel | and Washa {1}, generally showed increasing
conpressive strength with age and tenperature in the tested

range.

7. Under the adverse hot weather conditions, concretes proportioned
in accordance with the nmethod suggested by Lovewell and Washa

{2} appears to performwell.
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Table 1 - Physi cal

Properties and Chem ca
Conposi tion of Cenent

Physi cal Tests

Bal i ne fineness, cni/gm
Nor mal consi stency, %

Setting time, hrs.
-Initial
- Fi nal

Aut ocl ave expansion, %

Tensil e strength, psi
- 3 day
- 7 day
- 28 day
-90 day

Conpr essi ve strength, psi
- 3 day
- 7 day
- 28 day
-90 day

Chem cal conposition, %

Silicon dioxide (SiQ)
Cal ci um oxi de (CaO

Al um num oxi de (A1,0)
Ferric oxide (Fe,Q)
Sul phur trioxide (SQ)
Loss on ignition (LA)
| nsol ubl e residue

Bogue potential conpounds, %
-CS

-CS

-CA
- CAF

7.

3345

24.

310
400
525
475

1900
2955
4965
6365

15

cow

. 25
. 094




Table 2 - Physical Properties and Chem cal

Conposition of Fly Ash

Physi cal Tests

Fi neness

-Mean particle diameter, mcrons
Specific gravity
Aut ocl ave expansion, %

Drying shrinkage of nortar bars

M x dat a
-Portland cenent, gm
-Fly ash, gm
-G aded Otawa sand, gm
-Water, gm

-Fl ow (consi stency), %
Change of drying shrinkage of nortar
bars at 28 days, %

Pozzol anic activity index with l[ine

M x dat a
-Fly ash, gm
-Lime, gm
-Qtawa sand, gm
-Water, gm
-Fl ow (consi stency), %
Activity index

Chem cal Analysis, %

Silicon dioxide (SiQ)

Al um num oxi de (A1,0)
Ferric oxide (Fe,Q)

Cal ci um oxi de (CaO
Magnesi um oxi de (MyO

Sul phur trioxide (SQ)
Avai |l abl e al kalies as NO
Loss on ignition (LA)
Mosi ture cont ent

500
1
12

270
1

3
1
15
350
1
9

25
50

12.

50
75
75

12.

25

ono

. 87
.01

psi
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Table 3 - Trial Batch Concrete M x Proportions

Weight of Material: Ibs. per cu. vd.

Batch Net w' c

No. Rati o by Wight Cenent s.s.d. Sand s.s.d. Gavel
1 0.434 722 888 2220
2 0.478 575 1085 2200
3 0. 600 444 1211 2150
4 0. 750 365 1330 2060

Table 4 - Selected Concrete M x Proportions

M x Proportions in Ib./cu. ft.

Design Strength at 28
days and 73°F in psi Cenent Sand G avel Net wc ratio

2500 13. 4249. 25 76 0.76
4500 17.2544. 00 80.5 0. 57




Table 5 - Notations Used in Concrete Designations

The concretes designated by the Letters A and B were desi gned
for 2500 psi and 4500 psi at 28 days and 73°F respectively. The
subscripts subscripts 0, 10, 20, and 30 designate percentage fly
ash replacenent by weight of cenent. Subscript LW designates
concrete designed according to procedure suggested by Lovewel|l and
Washa [1]. Subscript Ex designates concrete designed with |ess

water required for a link Kellyball reading.




Table 6 - Properties of Fresh and Hardened Concretes

Vi ght Wi ght of
of fresh har dened
Concrete % Kel l'y concrete in concrete in
Tenp. Desi gnati on Air Ball in. |Ib/cu ft. | b/ cu. ft.
73 A, 1.3 1 150. 0
A, 1.0 1 151. 6
A, 0.8 11/2 150.0
A, 1.3 11/2 150. 8
AL, 1.3 1 150. 4
A 1.0 1 151. 6
B, 0.6 1 152. 3
B, 0.5 11/4 152.9
B,, 0.9 1 151.9
B,, 1.1 1 1/4 152.0
B, 1.1 1 151.6
95 A 1.4 1 148. 4 147. 1
A, 1.0 1 149. 6 147.5
A, 0.8 11/2 149. 6 147.0
A, 0.8 13/4 149. 6 147. 2
A, 1.4 1 149. 2 148. 5
A, 0.6 1 149. 6 147. 4
B, 1.2 1 150. 4 148. 6
B, 0.8 1 150. 0 149. 3
B,, 0.4 11/4 150. 8 149.0
B,, 0.5 1 3/4 150.0 148. 5
B, 0.4 1 151. 2 149.5
120 A 1.8 1 149. 6 147.7
A, 1.4 1 148. 4 146. 5
A, 1.3 11/4 149. 6 146. 3
0 2.0 134 149. 6 146. 5
A, 1.4 3/ 4 150. 4 147. 6
A, 1.2 1 150. 0 147.5
B, 1.7 1 150. 0 147. 8
B, 1.2 1 151.0 147.5
B,, 1.1 1 150. 6 147.7
B,, 1 147. 7

*The notations used in concrete designation are described in Table
5.



Table 7 - Conpressive Strength Data

Concr et e Conpr essi ve Strength psi
Tenp. Desi gnati on 7- day 28- day 90- day
73 A, 1805 2309 3450
A, 1460 2580 2970
. 1180 2000 2665
0 1170 2285 2745
A 1380 2250 2900
A 1855 3240 3450
B, 2780 4675 4830
B, 2895 4820 5310
B,, 2475 3815 4785
B,, 1935 3125 3685
B, 2290 3765 4435
95 A, 1680 2400
o 1660 2460
. 1490 2315
. 1315 2405
A 1360 2485
A 2280 3810
B, 3115 4355
B, 2555 3945
B,, 2535 3950
B,, 2110 3435
B., 2340 3785
120 A, 1860 2420 2795
A, 1830 2530 2785
. 1470 2630 2450
. 1615 2500 2620
A, 1770 2630 2740
A 3325 3565 3990
B, 2900 3975 3840
B, 2760 3865 4045
B,, 2890 3875 3940
B,, 2375 3340 3685

*The notations used in concrete designation are described in Table
5.



Table 9 - Abrasion Resistance of Concrete at an Age of 28 days

Concrete Wi ght | oss due
Tenp. Desi gnati on to abrasi on percent
73 A, 8.9
A, 7.3
. 4.4
, -
95 A, 8.1
Ay 6.4
0 9.3
0 11.0
120 A 7.5
A, 8.8
Azo -
10.0

*The notations for concrete designations are described in Table 5.



