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Abstract

The effect of fly ash addition on moisture and chloride transport and storage
properties of high performance concrete is studied. For comparative reasons, the
samples of reference Portland cement concrete without fly ash are analyzed as
well. A basic characterization of investigated materials is performed using
determination of bulk density, matrix density and total open porosity. Chloride
binding isotherms are measured by modified adsorption method. For the
determination of chloride transport properties, two different experiments are
performed. At first, the chloride transport is characterized by the water and
chloride solution absorption coefficients resulting from the standard sorption
test. In the second experiment, and moisture diffusivity as function of moisture
content, and chloride diffusion coefficient as function of chloride concentration
are calculated by inverse analysis. On the basis of obtained material parameters
describing the moisture and salt transport and storage, the durability of fly ash
modified high performance concrete is assessed and compared to reference
material.

Keywords: high performance concrete, fly ash, chloride transport and storage.

1 Introduction

Portland cement based concrete is considered to be versatile material having high
durability and utility properties. However, in severe climatic conditions, concrete
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structures show degradation of structural performance. Among the most
aggressive environmental deteriorations that negatively affect the long-term
durability and service life of concrete structures belong moisture and salts attack
[1]. Negative effects of salt action can be basically divided into the following six
mechanisms: chemical reaction of salts with concrete components, salt
crystallization, enhanced hygroscopic water absorption, salt hydration,
efflorescence and salt leaching, differential thermal expansion between salts and
solid material of concrete matrix [2].

High performance concretes (HPC) are expected to possess better durability
properties than common concrete, and their composition is based not only on
Portland cement binder, but also supplementary cementitious materials (SCM)
such as blast-furnace slag, fly ash, silica fume, metakaolin, and different types of
natural pozzolana as a partial replacement of ordinary cement are admixed.
These materials are currently highly attractive for concrete industry, because of
environmental regulations for CO, production that is in clear relation to cement
production. The CO, emissions from cement plants represent no less than 5% of
total anthropogenic emissions [3, 4] despite the efforts of cement industry to
reduce emissions. Recent studies on the life cycle assessment of concrete
structures proved that 85% of the CO, emissions are related to cement
production [5].

Fly ash is probably the most often used SCM in concrete production
worldwide, especially because it is available in large amounts for low price as by
product of coal-burning thermal power stations. On that account, an intensive
research on its application in concrete production and effect its admixture on
concrete performance and properties was done. Many studies were devoted to the
maximization of the amount of fly ash which could be safely used as SCM,
aiming at the lower overall cost of concrete production (e.g. [6-8]). In spite of
intensive research of fly-ash concrete, the attention was paid mainly to its
mechanical performance, whereas the other material parameters were studied
less frequently. In case of application of fly ash in lower-grade concretes, the
complexity of studying material properties is often not necessary. On the other
hand, for high performance concretes also the other material properties have to
be investigated, among them for instance frost resistance, toughness, fire
resistance, permeability, corrosion resistance, etc.

In this paper we have focused on the evaluation of the effect of fly ash
addition on moisture and chloride transport and storage properties of high
performance concrete as they represent important information for the evaluation
of concrete resistivity against possible moisture and salt induced damage.

2 Studied materials

The HPC mixtures were prepared with Portland cement CEM 1 42.5 R (Mokra,
Czech Republic) as the main binder having the specific surface area 341 m¥/kg
[9]. Its chemical composition is presented in Table 1. A part of Portland cement
was replaced by fly ash produced by burning bituminous coal in thermal power
plant Détmarovice, Czech Republic. The chemical composition of applied fly
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ash is given in Table 2. The phase analysis showed the presence of quartz,
mullite 3A1,05-2Si0,, hematite Fe,03, CaSO, anhydrite, anatase TiO,, and albite
NaAlSi;Og. Details on grain size distribution of investigated fly ash can be found
in [9].

Table 1: Chemical compositions of cement CEM 142.5 R.
Component | Amount [% by mass]
SiO, 58.7
AlLO; 38.5
F6203 0.72
CaO 0.20
MgO 0.38
K,0 0.85
TiO, 0.50
Table 2: Chemical composition of fly ash.
Component Amount [% by mass]
Si0, 49.82
ALO; 24.67
FGQO_?, 7.05
CaO 391
MgO 2.68
K,0 2.78
Na202 0.70
Sulphur — total as SO; 0.91
Sulphates as SO3 0.34
Table 3: Composition of studied HPCs.
Component CR I CFA
Amount [kg/m’]
CEM142.5R 484 440
Siliceous sand 0 — 4 mm 812 812
Siliceous aggregates 8 — 16 mm 910 910
Superplasticizer Mapei Dynamon 53 53
SX
Fly ash - 44
Batch water 148 137

The composition of studied HPCs is given in Table 3. In both materials, the
superplasticizer Mapei Dynamon SX originally developed for high-quality
transport concrete was applied for reduction of water/binder ratio. The used total
mass of binder in the reference mix CR was the same as in CFA. The amount of
water in the mixtures was chosen in such a way that the consistence of fresh
mixtures would be the same. The consistence was analyzed using the slump test
according to Czech European standard CSN EN 12350-2 [9, 10], using a conical
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mould. The result of the slump test (in mm) was the difference between the
height of the mould and the uppermost point of the specimen after the test. For
both investigated concretes, the measured slump was 130 mm.

The samples of tested mixtures were cast into the steel moulds having specific
dimensions according to the planned experiments. After one day, the samples
were unmoulded, and cured at high humidity environment for 28 days. Then,
samples for measurement moisture and chloride transport properties of studied
HPCs using two different suction experiments were cut from the cast beams. The
dimensions of these samples were 40 x 40 x 20 mm for standard sorption
experiment, and 20 x 40 x 200 mm for moisture and chloride concentration
profiles measurement in 1-D arrangement of the uptake experiment. Samples for
measurement of chloride binding isotherms with the dimensions of 20 x 20 x 10
mm were also prepared using the same procedure. For measurement of basic
material properties, the specimens of dimensions 40 x 40 x 20 mm were used.

3 Experimental methods

For the basic characterisation of studied materials, bulk density and matrix
density were measured at first. Bulk density was determined from the
measurement of sample sizes using digital length meter and its dry mass. The
matrix density was accessed by helium pycnometry using apparatus Pycnomatic
ATC. The accuracy of the gas volume measurement using this device was +
0.01% from the measured value, whereas the accuracy of used analytical
balances was + 0.0001 g. On the basis of these measurements, the total open
porosity was calculated. The accuracy of basic material properties measurement
was + 10%.

For determination of material characteristics describing the coupled moisture
and chloride transport, two different experiments were performed. In the first
experiment, the moisture and chloride ions transport was analyzed using the free
water or NaCl water solution of chosen concentration intake experiment. In this
way, the transport of liquid water and chloride ions was described by sorptivity
and water absorption coefficient. The sorptivity S (m/s"?), according to original
work by Hall [11], is defined as

I1=S-¢"72, (1)

where I (m) is the cumulative absorption of water (resp. salt solution) and  (s)
the corresponding time.

The water absorption coefficient A, (kg/m’s"?) can be calculated by
multiplying the sorptivity by the density of water p, (kg/m’). In an analogous
way, the chloride water solution absorption coefficient 4., (kg/m*s"?) is obtained
as a product of sorptivity and density of NaCl water solution of specific
concentration p,; (kg/m’).

The experimental setup for the absorption experiment performed in this paper
consisted of tank with liquid, and the specimen, water and vapour-proof
insulated on four lateral sides, hanged on the automatic digital balances and
immersed 1-2 mm in the penetrating liquid. Using automatic balances allows
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recording the increase of mass. The constant liquid level in tank is maintained by
Mariotte’s bottle. In this way, continuous intake of penetrating liquid is ensured.
Liquid absorption coefficient 4 is calculated from the linear part of the
dependence of the increase of tested sample mass (kg/m”) on the square root of
time (s"?). The original procedure of the absorption experiment is described in
more detail in [12, 13].

Within the absorption experiments performed in this work, the samples were
insulated using epoxy resin and dried at 60°C. As penetrating medium, NaCl
water solutions having concentration 5% (density 1034 kg/m®) and 15% (density
1109 kg/m®) were used. Also the penetration of pure distilled water was
investigated (density 998 kg/m’). The measurements were performed on five
samples for each penetrating medium. The accuracy of obtained results was
approximately + 20% from measured values, especially taking into account the
inhomogeneity of studied HPC samples.

In the second experiment, the measurement of moisture and chloride ions’
concentration profiles was performed. The experiments were done in the
conditions of one-sided 1.0 M NacCl solution vertical uptake into the samples of
investigated HPCs. At first, the lateral sides of the samples were water and
vapour-proof insulated by epoxy resin and dried at 60°C. Then the samples were
put in contact with 5% NaCl water solution and after chosen time interval (24
hours, 24 days, 71 days) cut into several pieces 20 mm thick. From the particular
pieces was at first removed the insulating layer of epoxy resin and in each piece,
the moisture content and chloride concentration were measured. In this way, the
moisture and chloride concentration profiles for specific times of liquids
penetration were obtained. The moisture content was accessed on gravimetric
principle using the drying of the samples’ fragments at 110°C to constant weight.
For determination of chloride concentration, the dried samples were placed into
the plastic vessels and overflowed by 200 ml of hot distilled water. The samples
in water-proof vessels were leached for two weeks at laboratory temperature
25+ 2°C. The chloride concentration in leaches was then measured using liquid
chromatography. The measuring apparatus consisted of CHROM SDS
containing vacuum pump and Injection Kit MIK 010 with valve Rheodyne 775i
for accurate and reproducible dosing of liquid samples. The studied sample
leaches were dosed using 10ul hypo Hamilton through the filter disk. WATREX
detecting column was used for chloride ions monitoring. The liquid
chromatography is considered one of the most precise methods for the ions’
concentration measurement in water solutions, its absolute error is 2% from
measured value.

The chloride binding capacity of tested materials was characterised using
measurement of chloride binding isotherms that express dependence of the
amount of bound chloride ions Cp¢; (kg/m3) in the material on the free chloride
ion concentration Cyy (kg/m’) in the pore solution in equilibrium conditions.
These measurements were done using modified absorption method proposed by
Jitickova and Cerny [14]. Within the measurements, the dry samples were placed
into the cups with 200 ml chloride solution. Then they were stored in laboratory
at the temperature of 22+2°C to reach equilibrium. The inside solutions were
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analyzed after 4 months, the concentration of chlorides was measured using
chloride selective electrodes and measuring device pH/ION. From the obtained
data the bound chloride content was calculated and chloride binding isotherms
were plotted.

4 Computational identification of moisture diffusivity and
chloride diffusion coefficient

For calculation of moisture dependent moisture diffusivity and concentration
dependent chloride diffusion coefficient of studied HPCs, inverse analysis of
experimentally measured moisture and chloride concentration profiles was done.
There is fundamental for inverse analysis to formulate the mathematical model
of coupled moisture and salt transport. In this paper we have used for description
of NaCl water solution transport a modified diffusion-advection model originally
formulated by Bear and Bachmat [15]. In this model, the transport of salt
solution was described by the salt mass balance

owC fc )
ot

and water mass balance

oC
= div(wD gradC )+ div(C ;. k gradw)— % . (@
t

aa—v: = div(x gradw) - (3)

where Cyy (kg/m’) is the concentration of free chlorides in water, Cye; (kg/m®)
the concentration of bonded salts in the whole porous body, D (m%s) the salt
diffusion coefficient, k (m?/s) the moisture diffusivity, w (m*/m?) the volumetric
moisture content.

System of equations (2) — (3) can be subjected to an inverse analysis in a
similar way as for one parabolic equation, provided the initial and boundary
conditions are simple enough, and the material parameters D and x can be
identified as functions of water content and salt concentration. About the details
of inverse analysis procedure and mathematical operations we have already
reported in several publications (e.g. in [16—18]). Therefore we here introduce
only final formulas for calculation concentration dependent chloride diffusion

coefficient
T [ dwC dcC,
Cf (z9)x(z,) dl jz ( f) + 46 = dz
dz dz dC, dz
D(z)=— _— / “)
RS 2y w(z) |
w(z,)| — w(z,)| —+
N dz . 0 0 dz .
and moisture dependent moisture diffusivity
3 1 T dw ®)
K'(ZO ) = T J(z jdz,

zfo(dz(zo )) 2\ dz
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where z = the space variable, ¢, = the time corresponding to the chosen moisture
and concentration profiles w = w(z,t), Cr = Cfz1ty), the chosen values of
moisture and concentration are wy = w(zy, ty), Cp = C((zy, ty), the corresponding
moisture diffusivity and chloride diffusion coefficient x(zy) = x(wy, Cp), D(zy) =
D(wy, Cp) and C,, = f{(C) is the chloride binding isotherm. These equations were
derived using Boltzmann-Matano treatment applying two Boltzmann
transformations.

5 Results and discussion

The measured basic material properties are given in Table 4. We can see that the
measured material characteristics were for both studied materials very similar.
Their differences practically lied in the range of accuracy of applied measuring

techniques.

Table 4: Basic material properties of investigated HPCs.
Concrete | Bulk density | Matrix density | Total open porosity
(kg/m®) (kg/m’) (%)
CR 2380 2715 12.3
CFA 2356 2717 12.5

Measured values of liquid absorption coefficient and sorptivity are presented

in Tables 5-7.

Table 5: Results of absorption experiment I.
Mixture Absorption coefficient of Sorptivity of
distilled water distilled water
[kg/mz S1/2] [m/SI/Z]
CR 0.0125 1.252-10”
CFA 0.0115 1.152-107
Table 6: Results of absorption experiment II.
Mixture Absorption coefficient of Sorptivity of 5%
5% NaCl solution NaCl solution
[kg/mz SI/Z] [m/sl/Z]
CR 0.0072 6.963-10°
CFA 0.0072 6.963-10°
Table 7: Results of absorption experiment I1I.
Mixture Absorption coefficient of | Sorptivity of 15%
15% NaCl solution NaCl solution
[kg/mz SI/Z] [m/SI/Z]
CR 0.0066 5.951-10°
CFA 0.0071 6.402-10°
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The absorption coefficients and sorptivities revealed the differences in the
rate of pure water and salt solutions transport. The transport parameters were for
water imbibition systematically higher than the values measured for transport of
5% and 15% NaCl water solutions. This feature is probably the consequence of
higher viscosity and density of salt solutions in comparison with pure distilled
water. From the measured data, there is no evident and remarkable effect of fly
ash addition on the moisture and salt solution propagation in studied HPC. Only
in case of penetration of 15% NaCl solution, the transport parameters of CFA
were slightly higher than the values measured for reference HPC. However,
taking into account the assumed error of applied measuring technique (£ 20%),
and inhomogeneity of studied materials, the differences between the values of
transport parameters determined for both studied HPCs were more or less
negligible.
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Figure 1: Chloride binding isotherms of studied HPCs.

Chloride binding isotherms are presented in Figure 1. Also in this experiment
was the performance of both studied concretes similar, especially taking into
account the accuracy of modified absorption method of binding isotherms
measurement that was + 10%.

The moisture and corresponding salt concentration profiles measured for
penetration of 5% NaCl water solution are presented in Figures 2, 3. Looking at
these data we can see that the moisture transport was in the case of concrete with
fly ash faster than in the reference material. These results are contrary to the data
measured for liquid absorption coefficient and sorptivity. On the other hand, the
time of the absorption experiment was much shorter than the time of experiments
for measurement of moisture and chloride concentration profiles. Therefore, the
effect of fly ash addition on moisture and solution transport was not revealed
within the simple absorption experiment. Since the moisture transport was in the
both studied HPCs rather slow, long time duration of absorption experiment was
necessary for a reliable assessment of their moisture and salt transport properties.
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Figure 3: Total chloride concentration profiles.

Transport of chloride ions was for both studied materials similar and also very
slow.

Moisture dependent moisture diffusivity of studied materials is presented in
Figure 4. The values of moisture diffusivity were very low, what clearly
documents the good resistivity of both materials against moisture and salt
solution penetration. The chloride diffusion coefficients are given in Figure 5.
These data indicate slightly slower chloride transport in CFA in comparison to
reference HPC.
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Figure 4: Moisture dependent moisture diffusivity of studied HPCs.
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Figure 5: Chloride diffusion coefficient of studied HPCs.

6 Conclusions

Experimental and computational analysis of the effect of fly ash addition on
moisture and chloride transport and storage properties of HPC was done in the
paper. We have found out that the addition of fly ash had not significant effect
on concrete ability to transport moisture and salt solutions in chosen
concentrations. This finding corresponds to the results of total open porosity
measurement, which remained more or less the same as in the case of reference
concrete. The moisture transport was slightly faster in HPC with fly ash but in
absolute numbers its moisture and chloride transport properties were very low.
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On this account, one can assume the sufficient durability of fly ash modified
HPC concrete. In [9] we referred about mechanical properties of fly ash HPC.
The compressive and bending strength of fly ash concrete after 28 days were
slightly worse as compared with reference Portland cement concrete but the
secondary pozzolanic reaction might lead to improvements in long-term view.
Therefore, the fly ash has proved its applicability in concrete mix design. From
the practical point of view, application of fly ash as partial replacement of
Portland cement represents economical benefits for concrete producers.
Indispensable is also the environmental impact of partial Portland cement
replacement on CO, production.
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