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Synopsis: Durability is one of the primary considerations in designing concrete structures, especially
when used in aggressive environment. Various supplementary cementitious materials (SCM) can be used
to improve durability properties of concrete. However, the degree of improvement is dependent on the
type of SCM and the mixture proportions of the concrete. In this study, Class F fly ash sourced from
Western Australia was used as 30% and 40% of the total binder. The chloride diffusion properties of
concrete containing fly ash were compared with those of control concrete. Fly ash concretes that were
designed with adjusted water to binder ratio and total binder content to achieve similar 28-day
compressive strength of the control concrete showed less chloride diffusion as compared to the control
concrete. Simple deterministic service life estimation technique using the well known Fick’s law was
applied to assess the service life of concrete mixes against the corrosion due to chloride diffusion. Early
age properties were used along with certain selected parameters to predict the service life of concrete. Fly
ash concretes resulted in higher service life than the control concrete when chloride diffusion was
considered as the dominant form of attack.
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1. Introduction

Being a non-homogeneous material, concrete is vulnerable to various forms of aggressive attack that
affects its durability and service life. Inclusion of supplementary cementitious materials such as fly ash,
blast furnace slag and silica fume as partial replacement of cement can enhance the durability properties
of concrete. These materials can produce additional binder and act as microfiller; hence improve the
microstructure of concrete (1). It also promotes the sustainability in concrete production by using by-
product materials in place of cement which in turn reduce green house gas contribution from cement
production. Yet, huge amount of cementitious by-product material remains unused worldwide. In
Australasia, only 12% of total coal combustion product (CCP) was used in cementitiuos application in
2008 while approximately 69% CCP was waiting for future potential use (2). These materials can be
effectively used to improve sustainability of concrete production.

Chloride-induced corrosion of reinforcement is one of the major causes of deterioration that affects the
service life of reinforced concrete structures. Concrete exposed to marine environment is susceptible to
chloride attack. Chloride ion finds its way through concrete by slowly absorbing capillary water and then
starts to diffuse in the deeper zone. It attacks the protective passive layer on the reinforcement even at
high pH level and initiates corrosion. Once corrosion is initiated in reinforcement, its volume expands and
causes cracking and spalling of concrete cover which affects the serviceability of concrete structure. Since
the acceptable service life after corrosion initiation is uncertain and shorter than the initiation period, age
at corrosion initiation may be conservatively taken as the service life (3). The chloride diffusion in concrete
depends on many factors: the mix proportions, curing period, maturity, w/b ratio, presence of
supplementary cementitious materials etc (4). Fly ash concretes, due to its dense pore structure, possess
high resistance to chloride penetration (4, 5). Despite the numerous reports on the effects of fly ash on
concrete durability (4-6), no common design approach is available to achieve optimum performance in the
corrosive environment. It is mostly due to variation of materials, geographic location and climatic factors.

In this study, the performance of concrete incorporating local fly ash (Class F) was evaluated for exposure
to chloride environment. Fly ash was included as 30% and 40% replacement of the total binder. The
service life of the concrete mixtures was estimated using 28-day properties. As the service life of concrete
structure is stochastic in nature, estimation with respect to all likely variables leads to random results (7).
Hence a simple deterministic approach was applied to assess the service life taking some variables as
constant. It was assumed that, concrete was subjected to only chloride attack.



2. Experimental details

2.1 Materials

Concrete mixtures were prepared using locally available materials in Western Australia. A General
Purpose (GP) Portland cement conforming to Australian standard (8) and Class F fly ash (9) available in
Western Australia were used. The compositions of these materials are shown in Table 1. Aggregates
included natural sand with a nominal maximum size of 1.18 mm and crushed granite with nominal
maximum size of 7, 10 and 20 mm that met the Australian standard (10). A high range water reducer
(superplasticiser) was used to enhance workability and it was added to the normal tap water during
mixing.

Table 1: Composition of cement and fly ash

Parameter | SiO, | Al,Oz | Fe;03| SiO2+Al03 | CaO | MgO | SOz | K»O | NaxO | P,Os |Chloride| Loss on
+Fe,03 ignition
Cement (%) | 21.10 | 4.70 2.70 28.50 63.60 | 2.60 2.50 - 0.50 - 0.01 2.00
Fly ash (%) | 50.50 | 26.57 | 13.77 90.84 213 | 1.54 | 0.41 | 0.77 | 0.45 | 1.00 - 0.60
Class F fly ] ] ] 70.00 1000 [ 500 [ ] ] ] 6.00
ash (%) (9) min max max max

2.2 Mix design and casting of specimens

The mix design was done using the ACI 211.4R-08 guidelines (11). Two series of concrete mixes were
designed, each series comprising of one control mixture and two mixtures with fly ash as 30% and 40% of
the total binder (cement + fly ash). The mixture series A was designed with varying total binder content
and varying water-binder ratio (w/b) to achieve similar 28-day compressive strength of the control
concrete. The other mixture series B was designed with a constant w/b ratio and a total binder content.
Superplasticiser was added to the mixture and its amount was adjusted to achieve sufficient workability
with slump around 150 mm.

The concrete mixtures were proportioned and mixed in a laboratory pan mixer. The mixture proportions
and the measured slumps of the different batches of concrete are shown in Table 2. It can be seen from
the slump values that inclusion of fly ash improved the workability of concrete. Increase in fly ash content
generally allowed reducing w/b ratio to achieve the similar workability. Concrete cylinders of 100 mm
diameter and 200 mm height were cast for compressive strength and chloride diffusion test. Moulds were
filled in two equal layers and compacted on a vibrating table. The cylinders were demoulded after 24
hours of casting and then cured in water at 23°C for up to 28 days.

Table 2: Concrete mixture proportions

Binder Aggregate

Series | MixID | Fly ash | Flyash | Cement | Granite | Sand Water | Superplasticiser| w/b Slump
%) | (kg/m?) | (kg/m’) | (kg/m?) | (kg/m’) | (kg/m’) (kg/m’) (mm)

A-00 0 0 355 1185 740 145.5 5.11 0.41 140

A A-30 30 132 308 1185 661 141.0 4.77 0.32 170
A-40 40 176 264 1185 665 136.5 4.75 0.31 185

B-00 0 0 517 1185 594 150 6.77 0.29 150

B B-30 30 155 362 1185 570 150 4.80 0.29 175
B-40 40 207 311 1185 561 150 4.24 0.29 160




2.3

3.

A deterministic approach based on Fick’s 2" law of diffusion was used for calculation of service life
against chloride attack. A practical procedure described by Cao and Bucea (13) for service life estimation
of marine structures was followed. All the concrete specimens were subjected to submersed condition and
this exposure condition was assumed constant. The estimation requires the value of D, and C; at any time
t. The value of D, decreases with time (4) and the value of Cs tend to increase up to a maximum value
(13). Equations 3 to 5 (14, 15) were applied in this study to predict D, at time t using D, at 28 days from

Test methods

2.3.1 Compressive strength test

The compressive strength was evaluated by tests performed on cylindrical specimens (100 X
200 mm) with a Controls MCC8 machine at a loading rate of 0.33 MPa/sec at the ages of 3,
7, 28, 56, 91 and 210 days.

2.3.2 Chloride diffusion test

Chloride diffusion test was carried out in accordance with the NT Build 443 (12). Three slices
of the 28 days cured sample were used for the test and one other slice was used to
determine the initial chloride content. The samples were about 50 mm thick and 100 mm in
diameter. The test specimens were epoxy-coated on every face leaving only one surface
open to be exposed to the sodium chloride solution (165 + 1 gm/L). The exposure period was
extended up to 56 days considering the presence of fly ash, low water to binder ratio and the
maturity of the mix. After that, eight layers were grinded from each sample at an interval of 2
mm from the exposed surface and dried in the oven. A potentiometric titration method was
used to determine the acid soluble chloride content of oven-dried ground samples. The
chloride content in each layer was calculated as the average of test results of three samples.
The values of surface chloride concentration (C;) and apparent chloride diffusion coefficient
(D,) were determined by fitting Eq. 1 to the measured chloride contents by means of a non-
linear regression analysis in accordance with the method of least squares fit.

—C —(C_—C)erf| - X __ 1)
C(x,t)=C, —(C, C,)erf{m}

Where, C(x, t) = chloride concentration measured at depth x and exposure time t (mass %),
Cs = projected chloride concentration at the interface between the exposure liquid and test
surface (mass %), C; = initial chloride concentration in concrete prior to submersion in the
exposure solution (mass %), x = depth below the exposed surface (m), D, = apparent
chloride diffusion coefficient (m2/s), t = the exposure time (seconds) and erf = error function.

The chlorlde penetration parameter (k.) was calculated using the Eq. 2 with the measured D,
(mm?/yr), C,, C; and the reference chloride concentration (C,) which is taken as 0.05 (% mass
of concrete).

ky, =2./D, erf ‘{C -G ] 2
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Service life estimation

the experiment.
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Where, D, (t) = chloride diffusion coefficient (m2/s) at time t gdays), Dyg = chloride diffusion coefficient at 28
days (m?/s), Dy = ultimate chloride diffusion coefficient (m“/s) (Eq. 4), m = diffusion decay constant (Eq.
5), FA = percent cement replacement with fly ash and SG = percent cement replacement with slag.

The value of m varies in the range of 0.26 - 0.60 depending on the presence of supplementary
cementitious materials in the mix (15). Thomas et al. (15) applied this service life model on 25 year old
concrete containing slag up to 65% as cement replacement and found good results. Hence the value of m
was taken as 0.26 for control concrete using Eq. 5. However, due to inadequate reliable information about
fly ash concretes in literature, a conservative value of m = 0.40 was used considering the variations of
cementitious mixes of this study from the original mixes used to develop equations 3 to 5. The value of C,
was used as 0.8% for both fly ash concrete and control concrete which is suggested by Cao and Bucea
(13) for the grade 60 concretes. These values of D, (t) and Cs as well as C; that obtained from experiments,
were put in Eqg. 1 to calculate chloride concentration at the cover depth of reinforcement (x). Corrosion of
the reinforcing steel is considered to be initiated by the chloride concentration reaching a threshold level
(C.) at the cover depth of reinforcement. There is no universally accepted single value of C, for corrosion
initiation. The value of C, equal to 0.1% and 0.2% w/w of concrete (13) were used in this study. The
calculation was repeated with different set of D, (t) and t until the concentration at cover depth became
equal to the assumed critical chloride level (C(cover, t) = C). The time at this point is the estimated service
life of the concrete. In this study, age at initiation of corrosion of the reinforcing steel is assumed as the
service life of the concrete, considering the uncertainty of subsequent corrosion rate and serviceability of
structure. Service life was calculated for varying cover depths ranging from 10 to 100 mm.

4, Results and discussions

4.1 Compressive strength

The developments of compressive strength of all the concrete mixes with age are plotted in Fig. 1. The
compressive strengths at 28 days are given in Table 3. Fly ash concretes of series A (A-30 and A-40), that
were designed with variable w/b ratio and total binder content, gained similar strength which is within 6%
of the control concrete (A-00) at 28 days. Hence, incorporation of fly ash with adjusted w/b helped gain of
strength to the similar level of the control concrete at 28 days. The strength of fly ash concretes developed
at a higher rate than that of the control concrete until 56 days, when both the fly ash concretes gained
more than 110% strength of the control concrete. On the other hand, in the concretes of series B, with
constant w/b ratio and total binder content, inclusion of fly ash reduced the strength at early age.
Nevertheless, fly ash concretes (B-30 and B-40) achieved more than 80% of the control concrete’s (B-00)
strength at 28 days. The strength further increased to 96% and 92% of the control concrete’s strength at
56 days for 30% and 40% fly ash content respectively.
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Figure 1. Compressive strength development of concretes of series A (left) and series B (right).

The results indicate that incorporation of fly ash in concrete have different effects on strength development
depending on the mix proportions. The compressive strength development at the early age tends to be
relatively slow in fly ash concrete as compared to the control concrete (16); however fly ash concrete
continues to gain strength and reaches the controls concrete’s strength at a later age. It is due to



continuing pozzolanic reaction of fly ash after 28 days. The rate of strength development between 28 and
56 days of age is higher for fly ash concretes than the corresponding control concretes, in both series A
and B. Concretes with 30% fly ash have shown higher strength gain than that with 40% fly ash.

Table 3: Results of test conducted after 28 days of age

Mixture Strength Chloride diffusion
28-day Apparent Surface Penetration
Series | Mix ID compressive diffusion chloride, C parameter,
strength coefficient, D, (mass % of Ker
(MPa) (X102 m?s) concrete) (mm/yr*?)
A-00 69.0 4.68 0.57 29.7
A A-30 73.0 3.51 0.37 26.6
A-40 65.5 3.42 0.40 26.0
B-00 85.5 1.97 0.55 195
B B-30 73.5 2.52 0.42 22.3
B-40 69.0 2.37 0.47 21.3

4.2 Chloride diffusion

Concrete samples were exposed to NaCl solution after 28 days of curing. The results of chloride diffusion
after 56 days of exposure in submerged condition are shown in Table 3. The variation of diffusion
coefficients and surface chloride concentrations of concretes samples of series A and B are shown in Fig.
2. It can be seen from the results that, fly ash concretes of series A (A-30 and A-40) have shown
enhanced resistance to chloride diffusion as compared to the control concrete (A-00). The diffusion
coefficient of the fly ash concretes reduced by about 25% of the control concrete’s value. The diffusion
coefficient did not vary significantly with the increase of fly ash from 30% to 40%. Nonetheless, mix A-40
has shown slightly lower diffusion coefficient than mix A-30 during 56 days of exposure.

In series B, the concretes incorporating fly ash (B-30 and B-40) have shown higher chloride diffusion than
the control concrete (B-00) in 28-day test. This is due to the early age of the Class F fly ash. Hence,
replacement of cement with fly ash without adjusting w/b ratio affected concrete’s resistance to chloride
penetration to some extent in early days. It is usually observed that chloride diffusion depends on the
binder type and w/b ratio in the concrete (17). Since the concretes of series B had same w/b ratio in each
mix, the fly ash concretes had relatively less hydration product as compared to the control concrete at 28
days.
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Figure 2. Results of chloride diffusion test after 28 days (a) D, (b) Cs

Concretes of series B have shown better resistance to chloride diffusion than that of series A. It is
because the concretes of series B had higher binder content and lower w/b ratio than the concretes of
series A. The values of penetration parameter (k) followed the similar trend as chloride diffusion.



The surface chloride concentration (C) over the period of exposure is important in explaining chloride
diffusion. Usually at maturity, fly ash concretes accrue higher surface chloride concentration than control
concrete due to their higher resistance to chloride diffusion (17). From Fig. 2(b), it can be seen that, fly
ash concretes in both series A and B have shown less amount of surface chloride concentration as
compared to the corresponding control concretes. This is because of the early age effect of Class F fly
ash. The test was conducted at 28 days when fly ash concretes continue to develop its mechanical
properties through pozzolanic reactions, as also seen in the compressive strength results. However, the
surface chloride concentration of the 40% fly ash concrete was higher than that of the 30% fly ash
concrete in both series. This may be because of the increased resistance to chloride penetration resulted
by the increase of fly ash content in the mixture.

4.3 Service life estimation results

The service lives of the concrete mixtures were estimated as examples to understand the effect of fly ash
on service life. The estimation was based on the 28-day chloride diffusion test results and some other
typical parameters. Despite the fact that, the hydration of fly ash concrete would continue beyond 28 days,
it is conservatively assumed that fly ash concretes of series A reached the similar maturity of the
corresponding control concrete at 28 days, as it achieved similar 28-day strength. Conversely, the fly ash
concretes of series B resulted in reduced compressive strength and higher chloride diffusion as compared
to the control concrete at 28 days. These results may not represent the actual behaviour due to the
incomplete hydration of fly ash concrete at 28 days. Hence, the service life calculation was kept limited to
concretes of series A.
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Figure 3: Variation of service life with cover depth when (a) C¢; = 0.1% (b) C; = 0.2%

The service life for various cover depths were estimated and plotted in Fig. 3. The graphs represent the
variation of service life of similar grade of concretes having different mixture proportions with the
assumptions outlined in section 3. It can be seen from the figures that, fly ash concretes required less
cover depth to reach similar service life of control (A-00) concrete. Incorporation of fly ash increased the
service life at a higher rate as compared to the control concrete. There is no significant difference between



the results of the concretes with 30% and 40% fly ash (A-30 and A-40). This is because the difference
between the experimental values of the 28-day diffusion coefficients of the two fly ash concretes was very
small and the same value of diffusion decay constant m was used in calculation for both 30% and 40% fly
ash concrete.

The effect of critical chloride level (C,,) on the cover depth requirement is compared in Fig. 3 and in Table
4. 1t is observed that, for any given cover depth, the service life is longer for higher value of C. It is
predictable; because chloride concentration has to exceed the higher C. before initiating corrosion. In
other words, concrete with higher C,, requires less cover depth for a given service life. When the value of
C. is raised from 0.1% to 0.2% w/w of concrete (100% increase), the required cover depth decreased by
25%. Since there is no universal value of C,, the lower value can be suggested for design conservatively.

Table 4: Cover depth requirement for the service life of 50 and 100 years

Mixture o Required cover depth (mm) Required cover depth (mm)
%’OZ)Sh when C., =0.1 when C,, =0.2
Series Mix ID 50 years 100 years 50 years 100 years
A A-00 0 110 150 82 110
A-30/ A-40 30/40 60 78 44 58

The cover depth requirement for fly ash concretes to achieve expected service life of 50 years and 100
years were estimated and are shown in Table 4. For the assumed conditions, the fly ash concretes
required only 52 - 55% of cover depth of control concrete for service life up to 100 years. This indicates
that, fly ash concretes having similar 28-day strength of control concrete required less (at least 45%)
cover depth to achieve similar service life of control concrete. As illustrated in Table 4, service life can be
increased from 50 years to 100 years by adding more cover as much as 30-32% for fly ash concrete and
34-36% for control concretes.

According to the Australian Standard AS 3600-2009 (18), for a design life of 50 years * 20%, the required
cover depth is 35 mm for permanently submerged condition (exposure classification B2) where standard
formwork and compaction are used. This value is significantly less than that estimated for 50 years
service life of both the fly ash concretes and the control concrete. In this regard, it should be noted that in
this study the variation of diffusion coefficient for the presence of fly ash in concrete was considered in
terms of diffusion coefficient at 28 days and the diffusion decay constant (m). The variation of service life
due to the variation of other variables, such as C,, C,, and cover depth, over the age (19) was not
considered in this estimation. Moreover, the critical chloride content is assumed constant for all the
concretes, which can be different for fly ash concretes (20). However, the estimates presented here show
the effects of fly ash on service life of reinforced concrete based on the 28-days chloride diffusion values.

5. Conclusions

Concrete samples prepared with 30% and 40% Class F fly ash were tested to evaluate chloride diffusion
and compared with control mixtures. Service life of the concrete mixtures was estimated as an example
using 28 days properties in a simple deterministic method. The following conclusions are drawn from the
test results and the service life estimation:

e Inclusion of fly ash improved the workability of concrete and thus allowed reducing w/b ratio to
achieve similar workability. The 28-day strength of more than 60 MPa could be achieved by
inclusion of up to 40% local Class F fly ash. Strength development of fly ash concretes continued
noticeably up to 56 days.

e The partial replacement of cement by fly ash keeping the same w/b ratio and the total binder
content reduced the compressive strength of concrete and its resistance to chloride penetration at
28 days. Adjustments of the w/b ratio and the total binder content to take into account the
inclusion of fly ash in concrete resulted in increased strength development and reduced chloride
diffusion at 28 days.

e Fly ash concretes of similar 28-day strength as control concrete subjected to chloride attack
showed longer service life than the control concrete for any given cover depth.
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