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Abstract

This research was aimed to investigate evaporation of water from cement pastes with and
without paint. The effect of paint on evaporation of water was experimentally investigated by a
drying test. The results showed that paint could substantially retard vapor diffusion from
cement pastes. Different types of paint provided different degrees of retarding vapor diffusion
out of the tested cement paste samples. A mathematical model for simulating drying of
cement pastes with and without paint was proposed based on the results obtained from the
authors’ test. The diffusion of vapor was calculated following Fick’s law of diffusion and mass
balance equations. The time-dependent model of hydration and pozzolanic reaction was also
used to calculate the amount of free water content in a specimen at any time. The effect of
paint on vapor diffusion was subsequently incorporated. The model was finally verified by
using the results of relative water content of both un-painted and painted specimens. The
verifications showed that the proposed model provided satisfactory results in predicting
evaporation of water from the cement pastes with and without paint.
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1. Introduction Most RC residential buildings in many
countries were built with paints applied as
Movement of water in concrete highly coating material mainly for an aesthetic
affects many deterioration processes of  point of view. The paints surely have some
concrete such as drying shrinkage, effects on diffusion of vapor and drying rate
carbonation, chloride penetration, sulfate of concrete. However, there have not been
attack, and leaching. Water movement in many reports on the effect of paint on the
concrete includes permeability caused by the rate of drying of the painted RC buildings.
hydraulic pressure gradient, sorptivity due to Objectives of this study are therefore to
capillary suction, and vapor diffusion due to evaluate effects of paints on the drying of
differential relative humidity [1]. When cement pastes with and without fly ash and
concrete is in a drying environment, the propose a mathematical model for
vapor diffusion mainly controls the simulating the drying of both bare and
movement of water from concrete [2, 3]. painted cement paste.
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2. Experimental Program - Effect of
Paint on Vapor Diffusion

2.1. Materials and Preparation Procedure
of Specimens

An ordinary Portland cement type I and
lignite fly ash from Mae Moh were used as
the binders. Chemical composition and
physical properties of the cement and fly ash
are shown in Table 1. Mix proportions of the
tested cement pastes are shown in Table 2.
The water-to-binder ratio was 0.4 while the
percentages of fly ash replacement were 0%,
30% and 50%. Two types of acrylic paints
were used; paint HP with 35-40pm dry film
thickness and paint LP with 30-35um dry
film thickness. A base paint was also applied
before each painting on cement paste in
order to reproduce the real practical painting
process.

Table 1 Chemical compositions and
physical properties of binders

Chemical composition (%) Cement Fly ash
Silicon dioxide (SiO;) 20.20 36.1
Aluminum Oxide (Al,O;) 470 194
Iron Oxide (Fe,05) 3.73 151
Calcium Oxide (CaO) 63.40 174
Magnesium Oxide (MgO) 1.37 297
Sulfur Trioxide (S,0;) .22 0.77
Sodium Oxide (Na,0) 0.04 0.55
Potassium Oxide (K,0;) 0.28 2.17
Free lime 0.75 0.18
Gypsum content 5.60 -
Physical Properties Cement Fly ash
Specific gravity 3.15 2.08
Loss Ignition (%) 2.72 2.81
Blaine fineness (cm’/g) 3430 3460

Table 2 Mix proportions of the tested
cement pastes for drying test

Code C FA W  wb %FA
P0.4FA0 1379.88 0.00 5519504 0
P0.4FA30 901.68 386.44 515.25 0.4 30

P0.4FAS0 616.73 616.73 493.38 0.4 50
Note: C is cement, FA is fly ash, W is water, wb is
water to binder ratio, %FA is fly ash replacement
percentage, respectively.
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Cement paste cylinder specimens with
diameter of 11.5 mm and length of 100 mm
were cast by using plastic tubes as the
molds. Only the top surface of each
specimen was exposed to the environment.
The other surfaces were coated by acrylic
polymer so that the evaporation occurred
only on the exposed surface. The specimens
were kept in the plastic tubes and cured
under moist conditions.

After 28 days under curing conditions,
the specimens were separated into three
groups. The first group of specimens was
painted with the paint HP on the exposed
surfaces. The second group of specimens
was painted with the paint LP on the
exposed surfaces. The exposed surfaces of
specimens in the last group were not
painted. Base paint was also applied before
each painting on the specimen in order to
reproduce the traditional painting process.
After that, all specimens, including bare
cement pastes and painted cement pastes,
were kept at a room temperature (30 °C) and
relative humidity (RH) of 75% for 4 days to
ensure that the paints were set before
exposure to subsequent drying.

2.2. Drying Test

After 4 days in the controlled
conditions, the specimens were subsequently
placed in a drying environment (40 °C and
55% RH). Moisture distribution of each
specimen was measured after 7 and 28 days
of drying. At the time of measurement, each
specimen was split to obtain four 10 mm
thick discs (see Figure 1) and the discs were
then dried in an oven at 105 °C for 24 hours
to find the weight loss. This weight loss
represents the amount of evaporable water
(W,). The oven-dried discs were soaked in
water for 24 hours to determine the weight
gain at the saturated condition (W,t). The
relative water content of each disc can be
computed from Equation 1.

_ We
C,, = 100 x Wor

(1)



Where, C,, is the relative water content
(%). W, is the amount of evaporable water
in the air-dried concrete at the considered
disc position after being subjected to drying
and before being split (kg). Wy, is the
amount of evaporable water in the water
saturated disc (kg).

o0 Y | I

Figure 1 Cement paste discs for drying test

2.3. Results and Discussions

Figure 2 shows the distribution of
relative water content of cement pastes with
different percentages of fly ash replacement
(0%, 30% and 50%) with wb=0.4 after
drying for 7 days in an accelerated condition
(RH=55%, t=40°C), while Figure 3 presents
the same distribution of relative water
content of cement pastes for the case of 28
days of drying.

It is clear that the drying rate increases
with increased percentages of fly ash
replacement. This is considered the
consequence of larger total porosity at an
early age due to the retardation of hydration
reaction and the incomplete pozzolanic
reaction in the specimens with larger
percentages of fly ash replacement [4].

Different types of paint retarded vapor
diffusion of concrete to different extents.
Paint HP demonstrated better performance
than paint LP in retarding the evaporation
during both after 7-day and 28-day drying.

3. Mathematical Model

3.1. Overall Outline

A model for simulating vapor diffusion
was developed by taking into consideration
mass balance and the Fick’s law of diffusion
of gas (vapor). Free water content of
concrete is dependent on unit water content,
degree of hydration reaction, and degree of
pozzolanic reaction.
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Figure 3 Relative water content in cement
pastes after drying for 28 days

Finally, the influence of paint on vapor
diffusion was incorporated into the model by
simply modifying the diffusion coefficient
of the exposed surface element. Figure 4
demonstrates the flow chart for processing
of the model.

Environmental Condition
-Curing Condition
- Drying Condition, RHepy

)

Hydration Reaction

Pore Characteristics [14]

|

Eree Water: Topic 3.2
- Water utilized by hydrationand
pozzolanic reaction
- Gel water
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Relative Water Content, Cw(x,t)
Topic3.3

-Totalporosity
- Average pore size
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L - *At the exposed surface, DHy(t)
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Figure 4 Flow chart of model for simulating carbonation process of painted concrete
Note: *indicates where the effect of paint is incorporated, RH,,, is the environmental relative humidity
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3.2. Water in Cement Paste or Concrete

Water in cement paste or concrete
includes chemically bound water (non-
evaporable water), gel water (physically
bound water) and free water (capillary
water) [5]. Chemically bound water is water
that reacts with cement during the hydration.
As an integrated part of the structure of the
hydration gel solid, 1 g of cement
approximately needs about 0.21 g of
chemically bound water. Gel water is water
absorbed on the surface or captured in the
structure of the gel solid. It is approximately
0.19 g per 1 g of cement reacted if the water
to cement ratio is higher than 0.4. Free water
is water present in the coarse capillary pores
and unbound in the cement paste. Free water
is timely consumed by the hydration
reaction and pozzolanic reaction as well as
entrapped in the products of these reactions.
From above, it is clear that the evaporation
of water, in fact is the evaporation of free
water in the cement paste and concrete.

Free water (Wg¢e(t)) in cement paste
and concrete can be calculated by employing
the formulas proposed by Tangtermsirikul et
al. [6] which are given as follows:

Wipee (B) = W (D) — Whpr(t) - Wgel(t) (2)
In which,
oy (t) 0z (t)
Whpr(t) = ehpc - W ];}(;0 + ehpf - We - uplT (3)
Bupe = 0.21 @)
0.984
Onpr = 3.688+exp (2.112°1) )
And,
Wgel(t)
apy () apoz(t)
= Phywp " Ve© l11}(])0 + Pozr " Ppzwp " VET p100 (6)
(phy,wb
0.0026
~0.0126 + )

—0.009+exp(0.1414-wb)
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(ppz,r
=11.6638 -3 — 27.7457 - r? + 15953 - r

®)
)

Py = 0-005169 - Exp(wb) + 0.118379

Where, Wiree(t), Whpr(t), Wgei(t) are
the weights of free water, water consumed
by the hydration and the pozzolanic
reactions and gel water, respectively
(kg/m’). W,(t) is the unit water content
(kg/m’ of cement paste or concrete) of
cement paste or concrete. Oppc is the
minimum ratio of water to cement for
completing the hydration reaction (Oppc =
0.21 is used in this study), Oppr is the
minimum ratio of water to fly ash for
achieving the maximum pozzolanic reaction.
W,., Wg are the unit weights of cement and
fly ash in the mixture, respectively (kg/m’ of
cement paste or concrete). r is the
replacement ratio by weight of fly ash in
total binder. wb is the water to binder ratio.
Opoz(t) is the degree of pozzolanic reaction
of fly ash (%), apy(t) is the degree of
hydration of cement (%). t is the age of
cement paste or concrete. ¢y, is the

effect of wb on gel water trapped in the
hydration products. Ppzr 1 the effect of

percentage of fly ash replacement on the gel
water trapped in the pozzolanic products.

Ppzwb is the effect of wb on gel water

trapped in the pozzolanic products.

The comparison between the test results
of Saengsoy [7] and the analytical results of
the free water content of cement pastes and
mortars with different water-to-binder ratios
(0.25 and 0.4 for cement pastes, 0.5 and 0.6
for mortars) and different fly ash
replacement percentages (0%, 30% and
50%) are shown in Figure 5, Figure 6 and
Figure 7. The comparisons show that the
proposed equations can be wused to
quantitatively predict the free water content
of cement-based materials with satisfactory
accuracy.
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Figure 5 Test results [6, 7] and analytical results of weight ratio of free water per total binder
of pastes and mortars without fly ash and wb=0.25, 0.40, 0.50, 0.60 (P: paste specimen, M:
mortar specimen)
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Figure 6 Test results [6, 7] and analytical results of weight ratio of free water per total binder
of pastes and mortars with 30% fly ash replacement and wb=0.25, 0.40, 0.50, 0.60 (P: paste
specimen, M: mortar specimen)
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Figure 7 Test results [6, 7] and analytical results of weight ratio of free water per total binder
of pastes and mortars with 50% fly ash replacement and wb=0.25, 0.40, 0.50, 0.60 (P: paste

specimen, M: mortar specimen)

3.3. Relative Water Content

The rate of vapor diffusion can be
described by the Fick’s Law of diffusion as
follows [8, 9]:

FH(x, t) = —DH(x, t) 220 "R“(""

(10)

Where FH is the flux of water diffusing
across a unit cross-sectional area of paste or
concrete (kg/m*/day), DH is the diffusion
coefficient of water (kg/m/day), RH is the
relative humidity in paste or concrete pores
(%), x is the distance from exposed surface
to the center of the considered element
(mm), t is the time of exposure. It is very
difficult to directly measure relative humility
in the pore of specimen. This paper assumed
that there is an equilibrium condition
between vapor and liquid pore water
throughout the vapor diffusion process [10,
11].

The relative humidity is therefore
proportionally related to the relative water
content (Cy) as presented in Figure 8§
(Khunthongkeaw et al [9]). The value of C,,
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can be defined as the percentage of the
evaporable water in paste or concrete at a
considered time when compared with
evaporable water in saturated concrete
(evaporable water capacity) at that time and
can be written as follows:

We x,t)

Cu(x,8) = 100 x 2% (11)
In which
W, (%, t)

(%) — [[[FH(x,t) — FH(x + 1,0)]Adt (12)

Where C,, is the relative water content
(%), W, is the amount of evaporable water
in paste or concrete at a considered time
(kg), W, is an evaporable water capacity
which represents amount of evaporable
water in saturated paste or concrete at that
time (kg), A is the cross-sectional area of the
element (m?), FH(x,t) is the flux of water
diffusing from element x to next element (x-
1), and FH(x + 1,t) is the flux of water
diffusing from element (x+1) to element x
(Figure 9). The evaporable water is free



water (Wyeee) present in pores and unbound
in hydrated products. It is also time-
dependent because the free water is
continuously consumed by the hydration and
pozzolanic reactions and entrapped in the
products of the reaction, and can be
calculated by using Equations (2) to (9) in
the previous section.
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Figure 8 Relationship between relative
water content and relative humidity
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Figure 9 Diagram for demonstrating the
flux of vapor diffusion in concrete

3.4. Diffusion Coefficient of Vapor

The amount of water in pores gradually
decreases by the diffusion of vapor through
interconnected pore system of the cement
paste or concrete. The vapor diffusion
coefficient mainly depends on relative water
content (Cy) in the pores and the pore
characteristics. The diffusion coefficients of
vapor of cement paste or concrete were
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formulated from the results of water content

distribution of the previous work [13] as
follows:
DH, (t)

= 2.91 x 1076d(t)*3n(t)(>18-0.05wb) C°35(xt) (13)
DH;(t)

= 2.67 x 1076d(t)%3n(t)%18-0.05wb) (14)

o 35(x 5

Where DH,, is the diffusion coefficient
at the exposed surface element, DH; is the
diffusion coefficient of the inner paste or
concrete (kg/m/day), wb is the water-to-
binder ratio, C,, is the relative water content
(%), m is the volumetric ratio of cement
paste (including voids) in the concrete and
n=1 for cement pastes in this study, andd is
the average pore size (nm), n is the total
porosity (%) and can be calculated as
follows (Sumranwanich et al [14]):

d(®) = exp [7 5(wb — 0.195)%985 — 2.9(wb —

—0.06
0.195)01% x “2x0] [:;f,?,f +0. 57] [ e
0.14] x Bgs (15)
M ifr = 0%
Bar = {1 —1(2.15 — 1.4r) x (1.03 — 0.0033 X %Ca0y) ifr > 0%
(16)
n(t) = [23.9 x In(wb) + 77.4]
27.6
x -143 *av(t)
26.5 + exp [(o 86 x wb +1.2) x W]
1602 c A 065
[Fm +0.57] x [ 130 - 0.15] X Bot (17)
ifr=0%
Bur = {(1 —0.25r%5) x (1.03 — 0.0033 X %Ca0y) if r > 0%
(18)
Where, d(t) is the average pore

diameter (nm) and n(t) is the total porosity
(% by volume) of cement-fly ash paste at the
considered time, wb is the water to binder
ratio, r is the ratio of fly ash replacement, F,
is the Blaine fineness of cement (cm’/g),
C;A is the C;A content in cement (% by
weight of cement), % CaOr is the calcium
oxide content in fly ash (% by weight of fly
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ash), t is the age of paste (days), o, (t) is the
average degree of reaction at the considered
time (%) and can be calculated as follows:

Vg M
o= (1—-1)X f—n;n] +1 Ko, (18)

i=1 "1

Where, i indicates each of main mineral
compounds of cement (C;S, C,S, C;A,
C4AF), m; is the percentage by weight of
each compound in cement (%), Xy, Xpoz, X
are average degree of hydration, degree of
pozzolanic reaction, and degree of hydration
of each compound in cement (%),
respectively, and r is the ratio of fly ash to
total binder in mass.

The comparison between the test results
of Khunthongkeaw [13] and the analytical
results by the model are shown in Figure 10,
Figure 11 and Figure 12. It is noted here that
Equation (13) and Equation (14) were
improved from vapor diffusion coefficients
which were proposed by Khunthongkeaw et
al [12]. Figure 13 presents the verification of
relative water content of un-painted
specimens. The verification showed that the
result has very high correlation coefficient
(higher than 95%). This illustrates that this
model is sufficiently good for predicting the
water content distribution of paste, mortar
and concrete without paint.
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Figure 10 Test and analytical results of
relative water content of cement pastes with
wb=0.4 (drying for 28 days)
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3.5. Effect of Paint on Diffusion
Coefficient of Vapor

Since the layer of paint is usually very
thin (30-40pum), the thickness of the paint
layer was assumed to be negligible. The
difference of the paint HP and paint LP is
included in the simulation by modifying the
diffusion coefficient of vapor in surface
concrete element. It is assumed that when
paint is being applied on the surface of
specimen, the diffusion coefficient of vapor
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near an exposed surface is reduced due to
the effect of painting resulting in lower
evaporation of water out of the specimen
(Figure 14).
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Figure 14 Illustration of the effect of paint
on rate of vapor diffusion

New equations of the diffusion
coefficient of vapor at the surface element
were formulated back from the experimental
results of relative water content test as:

DH,_pp(t) = 0.2784 X DH,(t) (20)
Where DHy(t) is the diffusion

coefficient of vapor at the exposed surface
element of un-painted cement paste: (see
Equation (13)). DHy_1p(t), DHy_gp(t) are
the diffusion coefficients of vapor at the
exposed surface element of cement paste
with paint LP and paint HP, respectively.
The  comparisons  between  the
experimental results and the analytical
results of relative water content of pastes
with and without fly ash with wb=0.4 after
drying for 7 days in an accelerated condition
(RH=55%, t=40°C) are shown in Figure 15,



while the same comparisons for the case of
28 days of drying are shown in Figure 16.
Figure 17 and Figure 18 present verification
of relative water contents of paste with and
without paint after 7 days of drying and after
28 days of drying, respectively. The
verifications show satisfactory accuracy
with the correlation coefficient higher than
0.95. The comparisons and verifications
indicate that the model is good for predicting
the relative water content distribution of the
tested pastes with different types of paint.
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Figure 15 Relative water content in cement
pastes after drying for 7 days
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Figure 16 Relative water content in cement
pastes after drying for 28 days
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Figure 17 Verification of relative water
content after 7 days of drying
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Figure 18 Verification of relative water
content after 28 days of drying
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4. Conclusions

Based on the results on this study, the
following conclusions can be made:

- Paint could substantially retard
evaporation of water from cement paste.
Different types of paint, paint HP and paint
LP, provided different degrees in retarding
evaporation from the cement paste. Paint HP
showed a better performance.

- The rate of vapor diffusion was time
dependent and was governed by pore
characteristics, relative water content, and
concentration gradient of vapor.

- A mathematical model for predicting
evaporation of water from cement paste was
proposed based on the wvapor diffusion,
chemical reaction involving hydration, and
pozzolanic reactions within the cement
paste, as well as considering the effect of
paint.

- The proposed model provided
satisfactory prediction of free water content,
water content distribution of the tested
cement pastes with and without paint and
therefore can be used for predicting drying
of cement paste.
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