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Abstract

With the advancement in cement technology, it is now possible to produce concrete of high strength with increased water/cement ratio. While
this may satisfy the strength requirement, it is possible that the durability of such concrete is despaired. Though international organizations specify
minimum cementititous materials content and maximum water/cementititous materials ratio, the quality assessment parameter is still the
compressive strength. There is, however, a need to switch to permeability or chloride diffusion indices to ascertain the quality concrete. At the same
time, compliance criteria for the present-day concrete need to be developed. In the reported study, an extensive experimental work was carried out to
assess the compressive strength development, depth of water penetration and chloride permeability of plain, silica fume and fly ash cement concretes
prepared with varying mixture proportions. The experimental data were utilized to develop statistical relationship between the mixture design
parameters and the strength and durability indices. These data were also utilized to develop quality compliance criteria for concrete prepared with

the crushed limestone aggregates.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete is considered to be a maintenance-free material and sound
enough to resist all weather and exposure conditions. Unfortunately,
this presumption has been proven to be untrue when durability
problems were reported from many parts of the world [1].

Concrete mix design, including the selection of appropriate
constituent materials, significantly influences the performance of both
fresh and hardened concrete. A significant re-orientation in the normal
mix design concepts and techniques is essential for the production of
dense and impermeable concrete. Concrete mixes should, therefore, be
designed using optimum coarse aggregate/total aggregate ratio, rather
than using arbitrary grading. The optimum coarse aggregate/total
aggregate ratio is reported to be between 0.55 and 0.70 [2,3]. The
water/cement ratio
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should be less than 0.45, and preferably around 0.40, to obtain a
durable concrete [4]. In addition, concrete mixes should bc designed for
minimum cement content. For severe freeze-thaw, deicer salt, and
sulfate exposures, the cement content should not be less than 335 kg/m?
[5]. The use of supplementary cementing materials, such as fly ash,
silica fume and blast furnace slag, should be encouraged. Concrete with
20% cement replaced by fly ash is found to be better in resisting
reinforcement corrosion compared to plain cement concrete [6]. Silica
fume in the range of 6.5-8% is usually blended with cement for the
production of quality concrete [7].

While the concrete quality is being improved through technological
developments and increased knowledge, there is an urge to develop
criteria to assess its compliance with the specifications. The compliance
criteria provide helpful guidelines for assessing whether the specified
concrete has actually been produced.

Considerable research [2,8-15] has been conducted on the effect of
cement content, water/cement ratio, and con-
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struction practices on the strength and durability of con-
crete. While these data are helpful in specifying guidelines
for producing durable concrete, the criteria for judging
the quality of hardened concrete are not specified. Further-
more, there have been significant changes in the cement
technology that have significantly affected the properties
of concrete. For example, it is now possible to produce
concrete of high strength with relatively high water to
cementitious materials ratio due to the use of supplemen-
tary cementing materials and/or chemical admixtures.
While the use of a high water/cement ratio may satisfy
the strength criterion, it may not fulfill the durability
requirements. Therefore, compliance criteria need to be
developed to guide the end users on what properties to
expect from the mix composition utilized. These also need
to be revised from time to time in order to be in pace with
the developments in the cement/concrete technology.

This paper presents the results of a study conducted to:
(i) develop data on strength and durability of concrete pro-
duced using the normally utilized concrete design parame-
ters., and (i) formulate compliance criteria for quality
concrete. The compliance criteria reported in this paper
are developed for plain, silica fume and fly ash cement con-
cretes produced using crushed limestone aggregates.

()

. Experimental program
2.1. Muaterials

ASTM C 150 Type I cement, silica fume and fly ash were
used in the production of concrete mixtures. In the silica
fume cement concrete, 7.3% Type I cement (by mass) was
replaced with silica fume while 20% Type 1 cement (by
mass) was replaced with fly ash in the fly ash cement con-
crete. Crushed limestone was used as coarse aggregates
while desert sand was used as fine aggregate. The coarse
aggregate grading conformed to ASTM C 33 (#7) limits.
The specific gravity and water absorption of the coarse
aggregates were 2.55% and 2.5%, respectively. These values
for the fine aggregates were 2.65% and 0.5%, respectively.
2.2 Mix parameters

In order to develop strength and durability data over a
wide range, the following design parameters were utilized
in the preparation of the concrete mixtures:

Cementitious materials 350 and 400 kgfn13

content:
Water/cementitious 0.35, 0.40, 0.45, and
materials ratio 0.50

(wicm):
Coarse aggregate/total
aggregate ratio:

0.68 {constant for all
mixtures)

The above combinations resulted in the preparation of
24 concrete mixtures. Table 1 shows the weights of the con-
stituent materials utilized in the preparation of the 24 con-
crete mixtures.

2.3 Tests

The concrete specimens were tested to determine the
compressive strength development, depth of water penetra-
tion and chloride permeability. The details of the test dura-
tion, specimen geometry and test procedures are provided
in Table 2.

3. Results and discussion
3.1, Plain cement concrete specimens

The compressive strength development and the durabil-
ity indices, measured in terms of depth of water penetration
and chloride permeauviiity, of plamn cement concrete speci-
mens are presented in Table 3.

As expected, the compressive strength of all the concrete
specimens increased with increasing age and decreasing
w/cm ratio. For a similar w/cm ratio, the compressive
strength of concrete specimens with a cementitious materi-
als content of 400 kg/m” was marginally more than that of
concrete specimens with a cementitious materials content
of 350 kg/m”.

The 28-day compressive strength of all the concrete
specimens was slightly less than the values obtained from
the w/cm ratio versus 28-day compressive strength curve
developed by ACI 211.1 [16]. This behavior could be attrib-
uted to the marginal quality of indigenous coarse aggre-
gates available in eastern Saudi Arabia [2]. These
aggregates are of recent limestone/dolomite type that are
of low strength, dusty upon crushing and have high
absorption. The depth of water penetration in the concrete
specimens with w/em ratios of 0.35, 0.40, and 0.45 corre-
sponded to “moderate water permeability”, while the
depth of water penetration in the concrete specimens with
a w/cm ratio of 0.50 corresponded to “high water perme-
ability” [17). The chloride permeability of concrete speci-
mens with w/em ratios of 0.35, 0.40 and 045 was
“moderate”, while that of concrete specimens with a
w/em ratio of 0.50 was “high”, as per AASHTO T 277
criteria.

The depth of water penetration and chloride permeabil-
ity of concrete specimens prepared with a similar w/cm
ratio decreased significantly with an increase in the cement
content. The reduction in the chloride permeability with an
increase in the cement content is more significant than on
the water permeability. This could be attributed to the fact
that the high cement content has higher impact on the chlo-
ride diffusivity than on water penetration due to the prob-
able interaction of the CyA content of the cement with the
chloride ions.
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Table 1

Weight of constituents in the various concrete mixtures

22 {2008 ) H029-1036 1031

Mixture no. Cementitious materials (kgfm'} wiem ratio Water (kgfm®) Coarse aggregale Fine aggregate
Type | cement Silica fume Fly ash (kg/m’) (kg/m’)
1 350.0 0.0 0.0 0.35 1225 1378.7 6458
2 400.0 0.0 0.0 0,35 140 13328 627.1
3 3500 o0 0.0 0.40 140 13668 643.0
4 400.0 0.0 0.0 0.40 160 1319.2 620.7
5 3800 0.0 0. 045 157.5 13549 637.0
6 400.0 0.0 0.0 0.45 180 1305.6 614.4
7 3500 0.0 0.0 0.50 175 1343.0 632.0
8 400.0 0.0 0.0 (.50 200 12920 G08.0
9 3238 263 0.0 0.35 122.5 1490.5 FO1.4
10 370.0 30.0 0.0 0.35 140 14409 678.0
11 3238 263 0.0 0.40 140 1477.6 695.1
12 3700 300 0.0 0.40 160 14258 671.0
13 3238 263 0.0 0.45 157.5 1464.8 689.3
14 3700 30.0 0.0 0,45 180 1411.5 6641
15 3238 26.3 0.0 0.50 175 1451.9 6829
16 370.0 30.0 0.0 0.50 200 1396.8 657.2
17 280.0 0.0 70.0 (.35 122.5 17234 5110
s 3200 0n 500 0.35 140 16660 7839
10 280,00 0.0 70.0 .40 140 170%,8 w040
2u 32410 0o £0.0 0.40 160 16420 7759
21 25000 0.0 700 045 157.5 1693.6 796.9
22 3200 0.0 &0.0 045 180 1632.0 768.0
23 280L0 0.0 0.0 0.50 175 1678.5 F90.0
24 2000 0.0 §0.0 0.50 200 1615.0 F60.0

Table 2

Details of tests, specimens and test standards

Test and testing period (s)

Specimen Lype Test standard

Compressive strength: after 7, 14, 28, and 90 days of water curing
Depth of water penetration: after 28 days of water curing
Chloride permeability: after 28 days of water curing

ASTM C 39
DIN 10458
AASHTO T 277

75 mm diameter and 150 mm high cylinder
150 mm cube
75 mm dizmeter and 150 mm high cylinder

Table 3
Summary of test results for plain cement concretle specimens

Mixture no. Cemenlitious malterials wiem ratio

Compressive strength (MPa) after

Depth of water Chloride

content (kg/m’)

penetration (mm) permeability (Ch

7 days 14 days 28 days 90 days
1 350 0.35 321 357 43.1 4579 41 2875
2 400 0.35 337 379 453 in 2445
3 350 0,40 27.0 42 9.5 47 363y
4 400 0.40 281 35.0 41.0 & 3271
s 350 0,45 243 313 34.9 S0 3820
6 400 0.45 256 324 359 48 593
7 350 0.50 220 27.1 31.6 89 5614
8 400 (.50 235 28.5 339 82 4150

3.2, Silica fume cement concrele specimens

The strength development. depth of water penetration
and chloride permeability of silica fume cement concrete
specimens is summarized in Table 4. As expected, the com-
pressive strength increased with increasing curing period

and decreasing w/em ratio, The compressive strength of

the concrete specimens prepared with a cementititous mate-
rials content of 400 k,gfm3 was more than that of the con-
crete specimens prepared with a cementitious materials
content of 350 kg/m’.

The 28-day compressive strength was either equal or
slightly more than the strength obtained from the w/cm
ratio versus 28-day compressive strength curve developed
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Table 4

Summary of test results for silica fume cement concrete specimens

Mixsture no. Cementitious materials wfem ratio Compressive strength (MPa) after Depth of water Chloride

content (kg/m') 7 days 14 days 28 days 90 days penetration {mm) permeability (C)

9 350 0.35 364 403 46.2 49.7 23 §20

10 400 0.35 378 428 48.1 512 21 782

11 350 0.40 IR 37.0 428 47.5 35 995

12 400 .40 332 384 442 48.1 31 866

13 350 0.45 29.2 3ss 391 449 1 1329

14 400 045 302 36.0 41.2 46.2 35 1149

15 350 0.50 26.5 326 359 8.7 50 2591

16 400 .50 285 337 36.2 419 44 2019

by ACT 211.1 [16]. The depth of water penetration in the
concrete specimens with a w/cm ratio of 0.35 corresponded
to “low water permeability”, while the depth of water pen-
etration in the concrete specimens with w/cm ratios of 0.40,
0.45 and 0.50 corresponded to “moderate water permeabil-
ity [17].

The chloride permeability of the concrete specimens
with w/cm ratios of 0.35 and 0.40 was “very low™, while
that of the concrete specimens with w/cm ratios of 0.45
and 0.5 was “low” and “moderate”, respectively, as per
AASHTO T 277 criteria. The depth of water penetration
and chloride permeability decreased with an increase in
the cementitious materials content. The decrease in the
chloride permeability, with an increase in the cementitious
materials content, was more significant than the depth of
water penetration.

3.3 Fly ash cement concrete specimens

The compressive strength development, depth of water
penetration and chloride permeability in the fly ash cement
concrete specimens is summarized in Table 5. A normal
trend of variation of strength with w/cm ratio and curing
period could be noted from the data in Table 5. The com-
pressive strength of concrete specimens with a cementitious
materials content of 400 kg/m” was slightly more than that
of concrete specimens with a cementitious materials con-
tent of 350 kg/m’.

The 28-day compressive strength was significantly lower
than the strength obtained from the w/em ratio versus 28-
day compressive strength curve developed by ACI 2111
[16]. Further, the 28-day compressive strength of fly ash
cement concrete was less than that of plain cement concrete
{Table 3). However, the 90-day compressive strength of fly
ash cement concrete specimens was slightly more than that
of plain cement concrete specimens. The lower strength of
fly ash cement concrete specimens after 28 days of curing
may be attributed to the slow pozzolanic reaction of the
fly ash utilized in the preparation of the concrete
specimens.

The depth of water peneuadon was “moderate” for all the
concrete specimens [17]. The chloride permeability for con-
crete specimens with wy/em ratios of 0.35 and 0.40 was
“low”, while for the concrete specimens with w/em ratios
of 0.45 and 0.50. it was “moderate”, as per AASHTO T
277 criteria. The depth of water penetration and chloride
permeability decreased with an increase in the quantity of
the cementitious materials. The reduction in the chloride per-
meability with an increase in the cementitious materials con-
tent is more significant than the depth of water penetration.

4. Correlations between test results and concrete mix
parameters

The results of compressive strength, chloride permeabil-
ity and depth of water penetration were utilized to establish

Table 5
Summary of test results for fly ash cement concrete specimens
Mixture no. Cementitious materials w/em ratio Compressive strength (MPa) after Depth of water Chloride
3 - 1=
content (kg/m*) 7 days 14 days 28 days 90 days penetration (mm) permeability (C)
17 350 0.35 248 27.5 6.7 47.5 a2 1603
1§ 400 0.35 26.1 28.6 376 48.8 R} 1477
19 350 0.40 228 250 362 42 44 1769
20 400 0.40 237 26.5 36.5 ERR a5 1630
21 350 045 202 225 ile 392 46 2510
n 400 045 210 239 329 40.7 45 2220
23 350 0.50 16.1 18.1 237 351 57 354K
4 400 0.50 16.6 19.0 25.0 369 51 2750
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the best possible correlations between the mix parameters
and the concrete properties. Minitab 13 — a statistical pack-
age was used to analyze the data and to develop the regres-
sion models for plain, silica fume and fly ash cement
concretes.

4.1, Correlation between compressive strength and concrete
mix parameters

Based on the analysis of variance (ANOVA), the signif-
icance of each mix design factor on the compressive
strength was evaluated. Both w/cm ratio and cementitious
materials content were found to have a significant effect on
compressive strength. However, w/em ratio had major
effect on strength. Table 6 shows all the regression models
correlating the compressive strength with concrete mix
parameters; such as w/cm ratio and cementitious materials
content, for different curing periods.

4.2, Correlation between chloride permeability and concrete
mix paramelers

Based on the analysis of variance of the test data, it was
noted that both the cementitious materials content and the
w/em ratio had a significant effect on the chloride permeabil-
ity. The following models best represent the relationships
between the concrete parameters and chloride permeability:

P. = 10467 w/cm — 6.83 cm + 1649; R* = 0.95

for plain cement concrete (4.1)
P, = 9641 w/cm — 4.59 ¢em — 1055; R* =082

for silica fume cement concrete (42)
P = 10980 w/cm — 6.74 cm + 50; R* = 0.90

for fly ash cement concrete (4.3)

P, is the chloride permeability in Coulombs,
w/cm is the water-cementitious materials ratio; and,

em is the cementitious materials content, kg/m’.

Table 6
Relationships between compressive strength and concrete mix parameters

1033

4.3, Correlation bevween depth of water penetration and
concrele Mix pardaineters

The depth of water penetration in plain and blended
cement concretes, atter 28 days of water curing. was ana-
lyzed to develop best-fit models correlating it with the con-
crete mix parameters, such as w/cm ratio and cementitious
materials content. The analysis of variance of the results
indicated that the w/cm ratio mainly affected the depth of
water penetration for all the three types of concrete and
the following relationships were noted:

d =295 w/em — 0.095 cm — 34.4; R* = 0.84

for plain cement concrete (4.4)
d = 186 w/cm — 0.08 em — 12.8; R* = 0.98

for silica fume cement concrete {4.5)
d = 144 w/em — 0.07 e + 8.1; R® = 0.96

for fly ash cement concrete (4.6}

d is the depth of water penetration{mm},
w/em is the water-ceientitious materials ratio; and,

cm is the cementitious materials content (kg/m’).

4.4. Relationship between compressive strength and chloride
permeability

Table 7 summarizes the relationship between the 28-day
compressive strength and the chloride permeability in plain
and blended cement concretes after 28 days of water cur-
ing. From these data, it could be noted that for a similar
compressive strength, the chloride permeability in blended
cement concretes was less than that of plain cement con-
crete. For compressive strength of less than 35 MPa, the
chloride permeability in plain cement concrete was “high”,
while it was “moderate” in the silica fume and fly ash
cement concretes. For compressive strength in the range
of 35-40 MPa, the chloride permeability in plain cement
concrete was “moderate”, while it was “low’ in silica fume
and fly ash cement concretes. Further, the chloride perme-
ability of silica fume cement concrete decreased from

Curing time Plain cement conerete Silica fume cement conerete Fly ash cement concrete

{days)

7 fer = 44.8 +0.027 cm — 66.1 w/em fer =457+ 0.02cm — 624 wicm ez =393+ 0019 cm — 59 wiem
(R*=095) (R =093) (R =097

14 feys = 47.7 + 0,028 cm — 59.5 wiem fera =498 +0.025 cm — 54.3 w/em fops =411+ 0024 cm — 62.1 w/iem
(R* =094 [R* = 0.96) (R =0.97)

28 feas = 8.3+ 0.035 cm — T8.4 wfem Seag =622+ 0.022cm — 733 wiem fesg = 61.5+ 0,019 cm — 85 w/em
(R* =0.98) (R°=097) (R = 0.85)

90 feon = 616+ 0028 cm — 732 wiem fogy =614+ 003 cm - 654 wiem fegn =658 +0.03 cm - 82 w/em
LR = 0.99) (R° =093 (R =049

S Sy fose, and foe Strength of conerete (MPay after 7. 14, 28, and 90 days of water curing, respecuvely, wiem: Water to cementitious materials ratio,

em: Cementitious materials content (kg/m'), B°: Cocfficient of determination.
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Tuble 7
Relationship between 28-day compressive strength and chloride perme-
ability

Compressive strength (MPa) Chloride permeability (C)

Plain Silica fume Fly ash
<35 High Moderate Moderate
3540 Maoderate Low Low
40-50 Moderate Very low =

* Fly ash cement concrete could not attain strength higher than 40 MPa
at 28 day.

“low™ to “very low™ (i.e. less than 1000 C) for compressive
strength of more than 40 MPa. However, such a reduction
in the chloride permeability was not noted in the fly ash
and plain cement concretes, even though the compressive
strength was high.

4.5 Relationship between compressive strength and depth of
water penetralion

The relationships between the compressive strength and
depth of water penetration in plain and silica fume cement
concretes after 28 days of water curing are summarized in
Tuable 8. From these data, it could be observed that for
compressive strength of less than 35 MPa, the water perme-
ability in the plain cement concrete was “high™, while it
was “moderate” in both the silica fume and fly ash cement
concretes. Further, for compressive strength in the range of
35-40 MPa. the depth of water penetration was moderate
in both plain and blended cement concretes. However,
the depth of water penetration of silica fume cement con-
crete decreased from “moderate” to “low™ (i.e. less than
30 mm) for compressive strength of more than 40 MPa.
Such a reduction in the depth of water penetration was
not noted in plain cement concretes, even though the com-
pressive strength was “high™.

From these results, it could be observed that the effect of
blended cements on the depth of water penetration in con-
crete could not be detected in concrete with compressive
strength of less than 40 MPa. while the superior perfor-
mance of silica fume cement concrete in decreasing the
depth of water penetration could be noticed for concrete
with compressive strength of more than 40 MPa. The per-
formance of fly ash cement concrete was not very clear. For
different levels of compressive strength, the depth of water
of penctration in this type of concrete was moderate. This

Table 8
Relationship between 28-day compressive strength and depth of water
penetration

Compressive strength (MPa) Depth of water penetration (mmj}

Plain Silica fume Fly ash
<35 High Moderate Moderate
3540 Moderate Moderate Moderate
40- 50 Moderate Low -

* Fly ash cement conerete could not attain strength higher than 40 MPa
at 28 day.

could be explained by the fact that the depth of water pen-
etration was determined only after 28 days of water curing
and fly ash cement concrete needs further curing to pro-
duce very low permeability [15].

5. Compliance criteria

Based on the data developed in this study, compliance
criteria were developed for the three properties investi-
gated, namely compressive strength, depth of water pene-
tration and chloride permeability. Tables 9-11 show the
compliance criteria for the compressive strength. It should
be mentioned that these compliance criteria are for con-
crete produced using crushed limestone aggregate available
in eastern Saudi Arabia and may not be valid for other
types of aggregates. The developed compliance criteria rep-
resent the variation in the concrete mixture composition,
namely the w/cm ratio and the cementitious materials con-
tent. Higher sticngths have been ascribed to the silica fume
cement concretes as it is generally known that silica fume,
being a highly reactive supplementary cementing material,
does not hamper the compressive strength development.

Table 9 _
Compliance criteria for compressive strength for plain cement concrete

wiem Ratio Cement content  Compressive strength (MPa)

3

(kg/m) 7days 14 days 28 days 90 days
0.35 350 30-35 3540 4045 45-50

400 30-35 3540 4045 45-50
0.40 350 25-300 0 30-35 3540 4045

400 25-30 30-35 3540 40-45
0.45 300 20-25  25-30 30-35 35-40

350 20-25  30-35 30-35 3540

400 2530 30-35 3540 35-40
0.50 350 20-25 2530 30-35 30-35

400 20-25  25-30 30-35 30-35

Table 10
Compliance criteria for compressive strength for silica fume cement
conerete

Cementitious Compressive strength (MPa)

materials

wicm Ratio

7 da 14 days 28 days 90 day
content, kg/m' ¥ ays 28 days days
0.35 350 3540 40-45 45-50 45-50
400 . 3540 40-45 45-50 50-55
0.40 as0 3035 3540 40-45 45-50
400 30-35 3540 4045 45-50
045 300 25-30 30-35 30-40 40-45
350 25-30 30-35 3540 40-45
400 25-30 30-35 3540 40-45
0.50 350 2530 30-35 30-35 35-40
400 2530 30-35 30-35 35-40
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Table 11
Compliance criteria for compressive strength for fly ash cement conerete

wiem Ratio Cementitious Compressive strength (MPa)
materials .t 7days  1d4days 28 days 90 days
content (kg/m”)

0.35 350 20-25  25-30 35-40 40-50
400 20-25 25230 3540 40-50

0.40 350 20-25  25-30 30-40 40-45
400 20-25  25-30 30-40 4045

(145 300 15-20  20-25 25-30 3040
350 1520 20-25 25-30 3040
4003 15-20 20-25 2530 A0-40

.50 350 1520 20-25 25-30 30-35
400 15-20  20-25 25-30 30-35

Table 12
Compliance criteria for ¢hloride permeability for plain and blended
cement coneretes

wiem  Cementitious Chloride permeability (C)

Ratio

mm“'"l“k , .. Plain Silica fume Fly ash
content (Kg/M')  cement cement cement
conerete concrete concrete
(135 350 2500-3000 7001000 1300-2000
400 2000-2300 6001000 13001600
(.40 350 3000-4000 KO0-1200 1 GOO-2000

400 2500-3500 S00-1000 16001800

.48 300 35004500 10001 5010 200830010

350 35004000 10001300 200030000
400 35004000 G-1 500 200025001
0150 350 SO00-60O00 25003000 2500-4 500

400 4000-4500 [ 5002500 22003500

Table 13
Compliance eriteria for depth of water penetration for plain and blended

cement coneretes

wiem Cementitious Water penetration depth (mm)

Ratio r'“"‘l”‘lll P Plain Silica fume Fly ash
content{Kg/m’) et cement cement
concrete congrele concrete
035 350 35-45 20-30 20-35
400 35-40 20-25 20-35
040 350 40-50 300 40-45
400 40-45 30-35 3540
045 300 50-60 40-50 45-50
150 45-80 3545 45-50
400 4045 30-35 3545
{150 350 75-90 40-50 50-60
ETE] T0-85 35-45 40-55

However, in the case of fly ash cement concrete, a lower
strength is expected than the plain and silica fume cement
concretes for similar mixture design parameters. This

may be ascribed to the fact that the fly ash used in the prep-
aration of concrete specimens apparently yielded a lower
compressive sirength compared to plain and silica fume
cement concrete specimens. However, fly ash from other
sources may contribute to compressive strength at a much
rapid rate due to the significant variation in the pozzolanic
activity of fly ash.

Table 12 presents the range of chloride permeability val-
ues to be expected from the plain, silica fume and fly ash
cement concrete specimens tested in this study, while Table
13 shows the depth of water penetration. These data are use-
ful for assessing the quality of concrete prepared with the mix
design parameters utilized in this study. Again, a cautionary
note, these values are for crushed limestone aggregates and
may not be valid for other types of aggregates.

6. Conclusions

The effect of mix design parameters on the compressive
strength, depth of water penctration and chloride perme-
ability was investigated with a view to develop possible
relationships between these parameters and to suggest
compliance criteria.

As expected, the compressive strength, depth of water
penetration and chloride permeability were significantly
influenced by the type of cementitious materials and
w/em ratio. The quantity of the cementitious materials con-
tent did not significantly influence the aforesaid propertics,
probably due to the narrow difference between the two val-
ues investigated, namely 350 and 400 kg,/m?‘.

The compressive strength and durability characteristics,
measured in terms of depth of water penetration and chlo-
ride permeability, of silica [uine cement concretes were bet-
ter than those of plain cement concrete specimens. A delay
in strength gain was noted in the fly ash cement concrete
specimens.

Statistical analyses of the data indicated a significant
effect of the w/cm ratio for all types of concretes up to a
curing period of 28 days. At about 90 days, this effect
tended to decrease. Relationships between the mix design
parameters and compressive strength, depth of water pen-
etration and chloride permeability were developed. A high
coefficient of corrclation (R?) of 0.8 indicates a good corre-
lation between the experimental and theoretical values.

Compliance criteria for compressive strength, depth of
water penetration and chloride permeability are presented
in Tables 9-13. These guidelines are strictly related to
crushed limestone aggregates and similar guidelines may
need to be developed for other types of aggicgate.
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