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Abstract

High performance concrete (HPC) is that concrete which meets special performance and uniformity requirements that cannot
always be achieved by conventional materials, normal mixing, placing and curing practices. Special performance requirements using
conventional materials can be achieved only by adopting low w/c, which necessitates use of high cement content. But judicious
choice of chemical and mineral admixtures can reduce the cement content and this results in economical HPC. However, the effect of
a mineral admixture on the strength of concrete varies significantly with its properties and replacement levels. Mix proportioning
methods of normal concrete cannot adequately account for the large variations in the properties of ingredients. This paper presents
a modified mix design procedure, which utilises optimum water content and the efficiency factor of mineral admixture. Results of the
experimental investigations on mixes using the modified mix design are presented. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

High performance concrete (HPC) is that which is
designed to give optimised performance characteristics
for the given set of materials, usage and exposure condi-
tions, consistent with requirements of cost, service life and
durability [1]. Architects, engineers and constructors all
over the world are finding that using HPC allows them to
build more durable structures at comparable cost. HPC is
being used for buildings in aggressive environments,
marine structures, highway bridges and pavements, nu-
clear structures, tunnels, precast units, etc. [2,3].

The major difference between conventional concrete
and HPC is essentially the use of chemical and mineral
admixtures. Use of chemical admixtures reduces the
water content, thereby reducing the porosity within the
hydrated cement paste [4]. The reduction in water con-
tent to a very low value with high dosage of chemical
admixtures is undesirable and the effectiveness of
chemical admixtures such as superplasticiser (SP) prin-
cipally depends on the ambient temperature, cement
chemistry and fineness. Mineral admixtures, also called
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as cement replacement materials (CRM), act as po-
zzolanic materials as well as fine fillers, thereby the mi-
crostructure of hardened cement matrix becomes denser
and stronger [5]. At ambient temperature their chemical
reaction with calcium hydroxide is generally slow.
However, the finer and more vitreous the pozzolana is,
the faster will be this reaction. If durability is of primary
interest, then the slow rate of setting and hardening
associated with the incorporation of fly ash or slag in
concrete is advantageous [6]. Also, the mineral admix-
tures are generally industrial by-products and their use
can provide a major economic benefit. Thus, the com-
bined use of SP and CRM can lead to economical high-
performance concrete with enhanced durability [7]. It is
also reported that the concrete containing CRM typi-
cally provides lower permeability, reduced heat of hy-
dration, reduced alkali-aggregate reaction, higher
strength at later ages and increased resistance to attack
from sulfates [8]. However, the effect of a CRM on the
strength of concrete varies markedly with their proper-
ties. Fly ashes are the most variable and least reactive of
all CRMs and should be used with care and not on basis
of any generalisation [9]. It is also not known at present
what factor can maximise the fly ash contribution [10].

There have been several attempts to develop a
method for the proportioning of mixes with CRM,
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which could be classified as addition, replacement or
rational methods. Existing methods of mix proportion-
ing require large number of trial mixes to select the
desired combination of materials. However, a good mix
proportioning procedure has to minimise the number of
trial mixes and achieve an economical and satisfactory
mixture with desired properties. Therefore, a modified
mix design procedure based on the ACI method for
normal concrete mix design [11] has been proposed in
this paper. Experimental investigations were carried out
at the Structural Engineering Research Centre, Madras,
to verify the proposed mix proportioning method. The
mechanical and durability characteristics of a number of
concrete mixes based on the proposed mix proportion-
ing method are presented in this paper.

2. Review of literature

The general philosophy of different concrete mix
proportioning methods proposed in the literature [11-
18] is as follows:

e Select the w/c ratio for the required strength from
chart.

e Arrive at the water content based on the required
workability and the aggregate characteristics.

e If SP is used reduce the water content by 5-10%.

e Obtain cement content based on water content and
w/c ratio.

e Arrive at the coarse aggregate content based on either
fineness modulus of sand or aggregate grading.

e The optimum CRM content is assumed and the wa-
ter/binder ratio is modified to obtain the required
strength.

e Finally proportions are adjusted for unit volume to
obtain the fine aggregate content.

However, the water content depends on the desired
workability of fresh concrete and type, shape and
grading of aggregates. With the use of SP, it is possible
to reduce the water content and yet produce same
workability without affecting the strength of concrete if
the w/c ratio is kept constant [4,19]. But the effectiveness
of the SP depends on the dosage used, ambient tem-
perature, cement chemistry, fineness and other charac-
teristics of the binder. When the water content decreases
in a concrete mix of a given w/c ratio, the amount of
cement correspondingly decreases, but at the same time,
the amount of superplasticiser needed to achieve the
desired workability is increased. Thus the saving in
the cost of cement can compensate for the extra cost of
the superplasticiser [18]. Hence, it is necessary to obtain
required water content after establishing a relationship
between water content and cost of superplasticiser plus
cement for a given set of ingredients and for the same
workability.

When CRM is used, its effect on the strength of
concrete varies significantly depending on the properties
of CRM and with the characteristics of concrete mix-
ture. Smith [12] proposed a factor known as the ce-
menting efficiency k such that a mass f of fly ash would
be equivalent to a mass kf of cement in terms of strength
development. He found that the strength and work-
ability of the fly ash concrete with effective w/b ratio
[w/(c + kf)], is comparable to that of the conventional
concrete without fly ash having same water content and
w/b ratio. Based on his experimental results, the value of
the cementing efficiency factor & was reported to be 0.25
upto 25% fly ash as CRM. The German standard [20]
proposes a value of 0.3 for replacement of 10-25% fly
ash. The British code recommends a value of 0.3 for fly
ash replacement upto 50%. The CEB-FIP model code
proposes an efficiency value as 0.4 for replacements
between 15% and 40% fly ash. Munday et al. [15] ob-
served that this method was insensitive to the type of
cement, curing conditions etc., and hence not suitable
for rich mixes. Schiessl and Hardtle [21] pointed out
some variation in efficiency factor with percentage re-
placement and age. Ganesh Babu and Siva Nageswara
Rao [22] reported that the contribution of the fly ash is
not a constant determined solely by its physical and
chemical characteristics but also varies depending on the
type of cement, w/c ratio etc. Siva Nageswara Rao [23]
proposed two efficiency factors, first, a general efficiency
factor and the second factor, corresponding to the per-
centage replacement. If the efficiency factor is known,
the strength of CRM mixes can be determined by
modifying the Bolomey equation as [24]

S =A4,[e/w]+4, for no CRM mix, (1)

S =A4[(c+kf)/w] +A4, for CRM mix, (2)

where S is the compressive strength in MPa, ¢ the ce-
ment content in kg/m?, fthe CRM content in kg/m?, w
the water content in kg/m?, k the efficiency factor and
Ay, A, are arbitrary constants. These arbitrary constants
are reported to be influenced by type, size and grading of
aggregate, type of cement, period of curing etc. [25-27].
Hence, it is necessary to obtain strength to effective w/b
ratio relation for a given set of materials and for the
same workability.

3. Proposed mix proportioning method

A modified mixture design procedure based on the
ACI method of normal concrete mix design [11] has
been proposed utilising the efficiency factor of the
mineral admixture. This procedure also assumes that the
strength is related to effective w/b ratio [w/(c + kf))] and
constant water content gives the constant workability of
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fresh concrete irrespective of w/b ratio. The steps to be

followed for proportioning HPC, which is obtained by

combined use of SP and CRM are:

1. Obtain reference mix: The reference mix proportion
having w/b ratio of 0.50 and slump of 25-50 mm
without any superplasticiser or CRM is arrived at us-
ing the ACI method [11]. ACI method is adopted in
the present study since this method reported to yield
the required workability for the specified coarse ag-
gregates, fine aggregates and water content with the
presently available cements in India [28,29]. If the
workability obtained is not satisfactory, then coarse
and fine aggregate contents may be modified, keeping
the w/b and total aggregate/binder ratio same. This
ensures that the sufficient water for workability is
used in the concrete accounting for variability in
the characteristics of the coarse and fine aggregates.

2. Obtain operating water: For the same w/b ratio and
fine aggregate content, mix proportions without
CRM for three or four different water contents less
than that obtained in step 1 may be arrived (cement
content will reduce and the coarse aggregate content
will increase). The desired workability of these mixes
can be obtained by adding superplasticiser. The dos-
age of superplasticiser for each mix is noted and the
relationship between the total cost of superplasticiser
and cement vs water content is established. Operating
water content can be obtained from this relationship.

3. Obtain the efficiency factor: The mix proportions with
and without CRM for two extreme w/c ratios (say
0.50 and 0.35) may be arrived at while keeping the
operating water and the coarse aggregate contents
constant. Specimens may be cast using these mixes
and the strengths evaluated after the required curing
period. From the strength results of concrete mix
without CRM the constants 4, and 4, in Eq. (1)
can be calculated adopting linear regression. Finally
the efficiency factor of CRM is evaluated from the
strength results of concrete mixes with CRM using
Eq. (2). Thus the strength vs effective w/b ratio rela-
tionship is established for the set of ingredients used.

4. Obtain the ingredient quantities of final mix: Once the
effective w/b ratio is known for the required strength
from the above relationship, the proportion of ce-
ment, CRM and fine aggregates can be arrived, keep-
ing the operating water and coarse aggregate contents
constant.

4. Experimental investigations
4.1. Material used

Cement: The main characteristics of cement used (53
grade) are given in Table 1.

Table 1
Chemical composition of cementitious materials

Properties Cement Flyash Slag
SiO; (%) 19.11 58.8-59.1 33.67
ALO; (%) 6.43 {39.9-40.3} 20.56
Fe,0; (%) 5.22 1.01
MgO (%) 0.71 0.22-0.34 9.63
CaO (%) 63.78 0.86-1.02 3245
SO; (%) 1.29 - 0.10
Na,0, K,0 (%) 0.97 0.59-1.25 1.24
LOI (%) 1.34 1.05-1.08 -
Free lime (%) 0.20 - 0.27
Specific gravity 3.14 2.15 2.95

Coarse aggregate: Crushed granite aggregates (<12.5
mm) were used. The characteristics of coarse aggregates
are:

Specific gravity = 2.71.

Dry rodded unit weight = 1550 kg/m?.

Water absorption = 0.5% of the weight of the aggre-

gates.

Fine aggregate: River sand passing 4.75 mm IS sieve is
used. The specific gravity and the fineness modulus were
2.62 and 2.48, respectively.

Superplasticiser: A sulphonated napthalene formal-
dehyde type superplasticiser (CERAPLAST 300) was
used.

Fly ash: Fly ash (Type F) from the thermal power
plant near Chennai, India was used. Main characteris-
tics of this fly ash are given in Table 1. Investigations
were carried out with 15% and 25% of cement replace-
ment by mass of fly ash.

Slag: Ground granulated blast furnace slag supplied
by the Andhra Cements, Visakhapatnam, India
was used. The main characteristics of slag are given in
Table 1. Investigations were carried out with 15%, 30%
and 50% of cement replacement by mass of slag.

4.2. Mix proportions

The ACI method [11] was adopted for obtaining
reference concrete mix proportion having slump of 25—
50 mm with w/c = 0.5. The water content for reference
mix was found to be 196 kg/m?. To obtain the operating
water content, the mix proportions for various water
contents (190-150 kg/m?) were established by keeping
the fine aggregate and w/c ratio same. Mix proportions
for two extreme w/b ratios (0.50 and 0.35) with and
without fly ash or slag as CRM were obtained (having
the operating water and coarse aggregate content con-
stant) and test specimens were cast. The fine aggregate
(sand) content was adjusted to obtain the same total
volume of concrete per unit mass by considering the low
specific gravity of fly ash. No volume adjustment was
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made for use of slag as CRM, since the specific gravity
of slag is close to that of cement.

A tilting drum type mixer machine was used for
preparing the concrete. The following sequence of
mixing was arrived at based on a few trials: First adding
50% of total quantity of water, then adding the aggre-
gate, sand and cementitious material. The remaining
water is added in steps with SP. Slump test and wet
density measurements were carried out on fresh concrete
to evaluate its workability. Slight variation in SP dosage
was effected to account for changes in ambient tem-
perature and humidity at the mixing and casting time.
To validate the proposed method, specimens were also
cast having w/b = 0.42 with and without CRM. Totally
16 different mixes were made. The concrete mix pro-
portion and the fresh concrete properties are given in
Table 2.

Table 2

Experimental investigations — mix proportion and fresh concrete properties®

4.3. Preparation of test specimens

All the test specimens such as standard cubes, cylin-
ders and prism were cast using steel moulds and care
was taken to see that the moulds were filled with con-
crete in three layers and each layer was compacted well
using a table vibrator. The specimens were demoulded
after 24 h and cured in water.

4.4. Testing of specimens

The mechanical properties of hardened concrete, such
as compressive strength, split tensile strength, flexural
strength and elastic modulus were evaluated in accor-
dance with IS:516 [30]. The water absorption test was
performed according to the ASTM C-642 [31]. Coefi-

Mix designation (w/b = 0.50) A AF15 AF25 ASI15 AS30 AS50
Binder
Cement (kg/m?) 340 289 255 289 238 170
Flyash (kg/m?) - 51 85 - - -
Slag (kg/m?) - - - 51 102 170
Fine aggregates (kg/m?) 819 800 787 819 819 819
SP (Ceraplast 300), % by 0.5 0.6 0.7 0.60 0.650 0.65
weight of binder
Slump (mm) 20 35 40 15 25 20
Wet density (kg/m?) 2340 2338 2342 2338 2330 2333
Mix designation B BF15 BF25 BS15 BS30 BS50
(w/b =0.42)
Binder
Cement (kg/m?) 405 345 304 345 283 203
Flyash (kg/m?) - 60 101 - - -
Slag (kg/m?) - - - 60 122 202
Fine aggregates (kg/m?) 765 742 726 765 765 765
SP (Ceraplast 300), % by 0.5 0.65 0.85 0.60 0.750 0.85
weight of binder
Slump (mm) 15 25 35 15 25 20
Wet density (kg/m?) 2365 2371 2376 2369 2360 2360
Mix designation C CF15 CF25 CS15 CS30 CS50
(w/b =0.35)
Binder
Cement (kg/m?) 486 413 365 413 340 243
Flyash (kg/m®) - 73 121 - - -
Slag (kg/m?) - - - 73 146 243
Fine aggregates (kg/m®) 684 652 631 684 684 684
SP (Ceraplast 300), % by 0.5 0.60 0.75 0.70 0.75 0.50
weight of binder
Slump (mm) 25 15 25 20 15 40
Wet density (kg/m?) 2417 2393 2397 2411 2402 2415

* Note: Coarse aggregate content is 1054 kg/m? and water content is 170 kg/m? for all mixes.
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cient of absorption and the sorptivity were also calcu-
lated based on the water absorption test.

5. Analysis of results
5.1. Operating water content

With the use of superplasticiser, the water content in
a mix can be reduced which in turn reduces the cement
content. The extent of reduction in water content de-
pends on various factors as discussed earlier. Hence, it is
necessary to study the effectiveness of the SP with the set
of ingredients to be used. Trial mixes with w/c ratio of
0.5 were studied to estimate the amount of SP required
to obtain the same workability when water content is
reduced. The SP dosages were 0.2%, 0.4%, 0.6%, 1.25%,
and 2.5% by weight of binder when water was reduced
from 190 to 150 kg/m? in decrements of 10 kg/m?, re-
spectively. It was also noticed that the quantity of water
required for a given consistency was the same regardless
of w/c ratio, and thus same dosage can be used to
evaluate the cost of SP+cement for different w/c ratios.

2600

T e wic=050 |
2400

—e—wic =0.42
—a—wic =0.35

2200

Fig. 1 shows how the cost of SP+cement varies with
reduction in water content. For the set of ingredients
used in present study, the operating water content was
fixed as 170 kg/m? with SP dosage about 0.6% by weight
of binder (without CRM).

5.2. Evaluation of efficiency factor of CRM

The results of the compressive strengths (100 mm
cube) are given in Table 3. Based on the compressive
strength results of mixes without any CRM having w/c
ratio of 0.35 and 0.50, the constants in Bolomey equa-
tion (Eq. (1)) were evaluated by linear regression. It was
seen that the constant 4, which is slope of the com-
pressive strength vs ¢/w plot (Eq. (1)) was almost the
same at different ages (=240) in the range of ¢/w ratios
considered. However, the constant 4,, which is the in-
tercept appears to vary quite considerably with age
(—=51.22,—-41.69,—36.05, and —34.07 at 7,28, 56 and 90
days, respectively). Therefore, a relationship between 4,
and the age in days (¢) was obtained by linear regression
as follows:

Ay = By (1/28)%, (3)

where ¢ is the age of curing in days, B; and B, are ar-
bitrary constants, (for present study B; and B, are
evaluated as —41.69 and —0.17, respectively). It is rea-

§ 20 sonable to assume that the constants 4, B, and B, may
8 depend on the type of aggregate, sand and cement used,
[ .
2 1800 although the same has not been verified.
& 1600 ' These relationships were used to obtain the efficiency
+ .
5 o factor k for cement replacement materials as:
_
2 S = Ai(c+kf)/w+ Bi(1/28)™, (4)
1000
150 160 170 180 190 — _ By
WATER CONTENT (kg/cu.m) c+kf W[S B (t/ 28) ]/ A, (5)
Fig. 1. Cost of SP+ cement vs water content. k= (1/f)Y{—c+w[S—B (t/28)32]/141}. (6)
Table 3
Compressive strength results for w/b = 0.50 and w/b = 0.35
Mix designation A AF15 AF25 ASI15 AS30 AS50
Compressive strength (MPa) at
3 days 23.86 17.33 16.11 23.24 17.31 14.41
7 days 29.20 26.34 24.71 30.05 27.41 23.30
28 days 40.93 35.28 33.53 35.61 38.28 40.03
56 days 44.84 43.52 44.18 44.35 46.17 46.44
90 days 45.52 45.97 45.46 46.09 47.57 48.85
C CF15 CF25 CS15 CS30 CS50
3 days 57.10 48.87 45.24 45.57 43.58 39.60
7 days 63.67 59.95 51.56 60.54 59.60 53.95
28 days 75.07 72.06 65.58 70.08 72.93 75.46
56 days 79.51 76.96 73.00 74.78 71.72 79.36
90 days 79.64 79.01 76.57 80.71 79.91 81.28
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Table 4
Efficiency factor k at various age for CRM (present investigations)

Age Efficiency factor k for CRM

Flyash Slag

15% 25% 15% 30% 50%
7 days 0.90 0.76 0.98 0.97 0.88
28 days 0.86 0.78 0.81 1.00 1.04
56 days 0.98 0.94 0.97 1.05 1.06
90 days 0.98 0.95 1.05 1.04 1.05

Value of k was obtained from the strength results for
0.35 and 0.50 w/b ratio of fly ash and slag. It was seen
that the curing period and the percentage replacement
influences the efficiency factor. The variation in the
value of k is assumed constant for the range of w/b in-
vestigated (0.35-0.50). The average values of efficiency
factor obtained from the strength values for 0.35 and 0.5
w/b ratios, are given in Table 4.

The efficiency factor for CRM shows increasing trend
as the curing period is increased indicating slower po-
zzolanic reaction at early age. Thus, it is essential that
the concrete containing CRM requires prolonged cur-
ing. Fly ash mixes showed decreasing trend as the re-
placement level is increased, whereas, slag mixes showed
increasing trend as the replacement level is increased
(except at higher replacement level) with age for the
replacement levels investigated. However, if the effective
w/b ratio is kept constant, the higher replacement is
economical and will also have advantage of having
lower w/b.

The compressive strengths predicted using Eq. (4) for
w/b of 0.42 were found to be within +10% of experi-
mental values (Table 5). Thus, the constants 4,, By, B,
and efficiency factors (for each replacement level) can be
obtained from the compressive strength values for the
two extreme w/b ratios. These values can be used for
arriving at mix proportion for any strength in between,

Table 5

Experimental and predicted compressive strength results for w/b = 0.42*

with slight adjustment in fine aggregate and binder
content without changing coarse aggregate and operat-
ing water content.

The wvalidation of the proposed procedure was
checked with some of the data available in literature.
Using data of Siva Nageswara Rao [23], the values of
constants evaluated using the strength results of two
extreme w/b were found to be 4; = 28.3, B, = —-9.12
and B, = —0.62 and the efficiency factors for fly ash
were obtained at different ages. The predicted strengths
were within £5.0% as seen from Fig. 2(a). Similarly for
the data of Malhotra [32], the values of 4, = 23.5,
By =—-13.3, B, = —0.32, and efficiency factors for slag
were obtained at different ages. The predicted strengths
were within £10% as seen from Fig. 2(b). However, it is
to be noted that the water content reported in the above
investigations was not constant as adopted in the pre-
sent investigations.

5.3. Effective w/b ratio

Based on the efficiency factor of the CRM, one can
estimate the effective w/b ratio (w/[c + kf]). For var-
ious levels of CRM, the relationship between strength
and the effective w/b ratio remains the same, however,
the total binder content will be different depending
on the CRM Ilevel and its efficiency. For a constant
water content of 170 kg/m?® the binder and cement
contents per unit strength were calculated for various
effective w/b ratios and for various replacement levels
using Eq. (4). The variation of cement content per
unit compressive strength vs effective w/b ratio for
various percentages of CRM is shown in Fig. 3. It is
seen that as the effective w/b ratio reduces or CRM
content increases, there is a reduction in cement re-
quired per unit compressive strength of the concrete.
Thus, it is possible to effectively utilise the cement by
adopting lower effective w/b ratio with higher CRM
content.

Mix designation B BF15 BF25 BS15 BS30 BS50
Compressive strength
(MPa) at
7 days 46.00 43.67 38.77 45.14 43.32 33.23
(42.72) (41.30) (37.00) (42.43) (41.85) (37.00)
28 days 53.47 54.80 53.39 54.10 52.84 52.62
(53.79) (51.81) (48.56) (51.11) (53.79) (55.70)
56 days 60.33 61.15 61.42 62.95 63.37 64.97
(58.43) (58.15) (57.00) (58.00) (59.87) (61.29)
90 days 64.17 66.90 65.87 65.90 68.82 68.89
(61.30) (61.02) (60.11) (62.01) (62.45) (63.68)

# Note: Values given in parenthesis are predicted based on Eq. (4).
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5.4. Mechanical properties

5.4.1. Compressive strength

The compressive strength for various mixes are pre-
sented in Tables 3 and 5. The 28 day strengths obtained
vary from 33 to 75 MPa depending upon the w/b ratio
and the CRM content. It is seen that the compressive
strength of the CRM mixes were less than the com-
panion mixes at early stages but as the age increases it is
equal to the companion mixes, with proper curing. Thus
curing is an important factor for achieving HPC with
higher level of CRM.

5.4.2. Tensile strength

The most commonly used tests for estimating the
indirect tensile strength of concrete are the split tensile
strength and flexural strength or modulus of rupture.

5
45
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Fig. 4. Split tensile strength vs compressive strength.

The variation in the split tensile strength (using cylin-
drical specimens of size 100 mm diameter and 200 mm
height) and flexural strength (using 100 x 100 x 500 mm
prism) with the cube compressive strength of a 100 mm
cube is shown in Figs. 4 and 5. It is seen that the use of
fly ash and slag did not alter the split and flexural tensile
strengths significantly. It is also seen that the relation-
ship of 100 mm cube compressive mean strength (fiy,)
with the split tensile strength (f;) or flexural strength (f;)
compares well with the relationships given in various
codes of practices.

5.4.3. Modulus of elasticity

The modulus of elasticity for various mixes (using
cylindrical specimens of size 150 mm diameter and 300
mm height) is shown in Fig. 6. It is varying between 35
and 45 GPa depending on the w/b ratio and the CRM,
which shows that addition of CRM did not alter the
modulus of elasticity significantly.
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Fig. 5. Flexural strength vs compressive strength.

5.5. Durability characteristics

5.5.1. Water absorption

The results of the durability studies using 100 mm
cube specimens are given in Table 6. The water ab-
sorption for the mixes investigated after 28 days curing
is found to be in the range of 2.90-4.78%. Results show
that the water absorption reduces as the w/b ratio re-
duces and also with the addition of CRM. Siva
Nageswara Rao [23] obtained water absorption of the
order of 2.46-6.80% for concrete mixes containing fly
ash, which compares well with the present results. It is
also noticed that replacement level of 50% slag is more
efficient than that of 25% fly ash in reducing the water
absorption.

5.5.2. Coefficient of absorption
Powers [33] suggested the use of coefficient of ab-

. sorption as a measure of the permeability to water for a
00 hardened concrete. This is measured by the rate of up-
2 take (capillary absorption) of water by dry concrete in a
§“°m period of 60 min. The values of the coefficient of ab-
§ 42000 sorption obtained are given in Table 6. It is in the range
g oo of 0.63 x 1071° to0 3.01 x 101 m?/s. It is seen that there
538000‘ is reduction in the value of coefficient of absorption as
§ssooo R R ASH the w/b ratio decreases and further improved with the
" oo E=3182 sqnemy + 17855 x rewsady addition of CRM. Slag showed better performance than
R*=089 | x 30% SLAG | ﬂ h
32000 __'_:‘Z".IS‘LAG 1 ‘ y ash.
30000 - . . . . — |
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 5 53 Sorptivlty
COMPRESSIVE STRENGTH (em) (WP Sorptivity measures the rate of penetration of water
Fig. 6. Young’s modulus vs compressive strength. into the pores of concrete by capillary suction. When the
Table 6
Durability test results
Mix designation Water absorption(%o) Bulk specific gravity (gm/cm?) % Void Coefficient of Sorptivity
absorption (m/+/s)
Wet Boil Dry Wet K, (m?/s)
A 491 5.10 2.35 2.46 11.98 3.01 x 10710 1.14 x 10~
AF15 4.70 4.78 2.29 2.40 10.95 2.82 x 10710 1.47 x 1073
AF25 4.60 4.70 2.27 2.38 10.68 2.69 x 1010 1.38 x 10°?
AS15 4.65 4.74 2.31 2.42 10.95 2.46 x 10710 1.04 x 103
AS30 4.52 4.71 2.35 2.46 11.07 242 x 10710 1.09 x 103
ASS0 4.39 4.54 2.25 2.35 10.20 2.38 x 10710 0.99 x 10-°
B 3.64 3.79 2.37 2.46 8.99 1.36 x 10710 1.00 x 10°°
BF15 3.57 3.68 2.37 2.45 8.70 1.31 x 10710 0.76 x 103
BF25 3.49 3.59 2.40 2.48 8.62 1.27 x 10710 0.71 x 103
BS15 3.51 3.72 2.36 2.44 8.77 0.90 x 1010 1.01 x 107
BS30 3.62 3.75 2.36 2.43 8.54 1.00 x 1010 0.99 x 10°?
BS50 2.90 3.09 2.38 2.45 7.33 0.72 x 10710 0.71 x 1073
C 3.64 3.74 2.39 2.48 8.95 1.20 x 1010 0.95 x 10°°
CF15 3.55 3.65 2.37 2.45 8.65 0.95 x 1010 0.85x 107
CF25 3.51 3.60 2.35 2.44 8.47 0.89 x 1010 0.81 x 10°°
CS15 3.68 3.75 2.29 2.37 8.60 0.74 x 10710 0.85x 107
CS30 3.49 3.57 2.38 2.46 8.50 0.74 x 1010 0.71 x 103
CS50 3.49 3.53 2.32 2.40 8.40 0.63 x 10710 0.62 x 107>
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cumulative volume of water penetrated per unit surface
area of exposure is plotted against the square root of
time of exposure, the resulting graph could be approx-
imated by a straight line passing through the origin [34].
The slope of this straight line is considered as a measure
of rate of movement of water through the capillary
pores and is called sorptivity. The sorptivity values for
various mixes are given in Table 6 and are in the range
of 0.62 x 107> to 1.47 x 10> m/4/s. Slag mixes gave
lower sorptivity values than the fly ash mixes. It is also
seen that the sorptivity values for CRM mix were less
than that of mix without CRM except for mixes with fly
ash with w/b = 0.50. Charles Allen [35] reported that
sorptivity value is 2.1 x 107 m/y/s and 1.92 x
107> m/4/s, respectively for fly ash concrete (w/b=
0.50) with 30% and 40% replacement, at 28 days as
compared to 1.5x 107> m//s for concrete without
CRM. He concluded that although the sorptivity is
slightly higher for fly ash concrete at 28 days, it could be
expected to improve with age. Slag mixes gave lower
sorptivity values than fly ash mixes.

6. Conclusions

1. Proposed mix proportioning method combines the
use of superplasticiser and cement replacing material
in obtaining economical HPC mix.

2. The early age strength of CRM mixes shows lower
value for the same w/b because of slower pozzolanic
reaction. However, the same early strength can be
achieved by increasing the binder content keeping
the effective w/b ratio (w/[c + kf]) and the water con-
tent constant (i.e. increase in binder based on the ef-
ficiency of the CRM)

3. The efficiency factor for CRM, evaluated from the re-
sults of two extreme w/b ratios, shows increasing
trend with the curing period. Therefore, it is essential
that the concrete containing CRM may require pro-
longed curing.

4. The efficiency factor for fly ash mixes showed de-
creasing trend as the replacement level is increased,
whereas, slag mixes showed increasing trend (except
for high replacement level). However, the higher
CRM replacement is economical and will also have
advantage of having lower w/b if the effective w/b ra-
tio is kept constant.

5. There is an increase in total binder content as the ef-
fective w/b ratio decreases. However, as the CRM
content increases, the cement required per unit
strength reduces. Thus, it is possible to effectively uti-
lise the cement by adopting the lower effective w/b ra-
tio with higher CRM content.

6. Predicted values of the compressive strength for inter-
mediate w/b compares well with the experimental

results (+5-10%) obtained in the present investigation
and for data from some of the published literature.

7. The limited durability properties investigated (after
28 days curing) are found to improve by reduction
of w/b ratio and further improved by addition of
CRM. However, there is a need to investigate all oth-
er durability properties to arrive at specific conclu-
sions.

8. Slag mixes upto 50% replacement level showed better
performance in terms of mechanical properties and
durability characteristics when compared with fly
ash mixes.
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