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SUMMARY

Novel composite material durability is mainly af-
fected by the transport of fluids and ions through the
pore system which are potentially able to produce
damage. Then, a key indicator of long-term durability
of the structures can be the ease with which aggres-
sive agents are transported through the pore system,
i.e. composite material permeability. The purpose of
this paper is to broaden our knowledge of air perme-
ability testing conditions and, in particular, how it is
affected by the preconditioning temperature and test-
ing pressure. Optimization of variables to determinate
the air permeability coefficient was done by using a 2°
full factorial design. Air permeability results are re-
corded in &150x70 mm? concrete specimens. The air
permeability determination procedure gives reliable
information about the quality of concrete with regard
to its durability.

Keywords: Concrete; durability; full factorial de-
sign; Non-destructive testing.

RESUMEN

La durabilidad de los nuevos materiales compuestos
viene influenciada, principalmente, por el transporte
de fluidos y de iones a través del sistema de la red de
poros, los cuales son potencialmente capaces de pro-
ducir danos. Por tanto, un indicador clave para esta-
blecer la durabilidad de las estructuras a largo plazo
puede ser la facilidad con la que los agentes agresivos
son transportados a través del sistema de poros, es de-
cir, la permeabilidad del material compuesto.

El objeto de este articulo es la ampliacién de nuestro
conocimiento sobre las condiciones de ensayo de la
permeabilidad al aire y, en particular, cémo la tem-
peratura de pre-acondicionameinto y la presién de

ensayo influyen en él. La optimizacién de las variables
para obtener el coeficiente de permeabilidad al aire
se realizé con un diseno factorial de experimentos
completo 2°. Los resultados de permeabilidad al aire
se obtuvieron en probetas de hormigén cilindricas
de dimensiones &150x70 mm?. El procedimiento de
la determinacién de la permeabilidad al aire da una
informacioén fiable de la calidad del hormigén con re-
lacién a su durabilidad.

Palabras clave: Hormigén; durabilidad; disefo fac-
torial completo; ensayos no destructivos.

RESUM

La durabilitat dels nous materials compostos ve in-
fluenciada, principalment, pel transport de fluids i de
ions a través del sistema de la xarxa de porus, els quals
son potencialment capagos de produir danys. Per tant,
un indicador clau per establir la durabilitat de les es-
tructures a llarg termini pot ser la facilitat amb que
els agents agressius sén transportats a través del sis-
tema de porus, és a dir, la permeabilitat del material
compost.

L'objecte d’aquest article és 'ampliacié del nostre co-
neixement sobre les condicions d’assaig de la permea-
bilitat a l'aire i, en particular, com la temperatura de
pre-condicionament i la pressié d’assaig hi influeixen.
Loptimitzacié de les variables per obtenir el coeficient
de permeabilitat a l'aire es va realitzar amb un dis-
seny factorial d’experiments complet 2°. Els resultats
de permeabilitat a I'aire es van obtenir en provetes de
formig¢ cilindriques de dimensions &150x70 mm? EI
procediment de la determinacié de la permeabilitat
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a l'aire déna una informacié fiable de la qualitat del
formigd amb relacié a la seva durabilitat.

Paraules clau: Formigé; durabilitat; disseny factori-
al complet; assajos no destructius.

INTRODUCTION

Currently, a performance criterion to get a reliable
durability estimation of new composite materials
based on concrete is one of the main topics regarding
the concrete research field'. Several years ago, com-
pressive strength was considered as the only indicator
for concrete durability. Recently, durability control
was guaranty by fixing lower limits of compressive
strength, cover thickness and curing time. Also, up-
per limits of some constituents and mix proportions
(water-cement ratio) were established?. Nevertheless,
the durability of the new concrete composite materi-
als is governed mainly by resistance to be penetrated
by aggressive agents'. Such resistance is related to the
moisture degree and pore structure of the composite.
As a consequence, permeability can be estimated by
means of the air permeability coefficient which might
be taken as a reliable estimator of durability. Gas
permeability stands as a critical material parameter,
which characterizes the structure and the durability
of novel composite materials®.

The air permeability coefficient is not only influ-
enced by the quality of the material, but also by the
preconditioning of the sample before testing. Then, it
is essential to establish the preconditioning and test-
ing conditions in order to get a good relationship be-
tween permeability and durability.

Permeability and porosity relationship in hardened ce-
ment paste is well-known*”. Porosity sizes ranges from
30 to 40 percent by volume in hardened cement paste®
with either gel or capillary pores which have diameters
about 2 nm and 1000 nm, respectively. Particularly,
pores greater than 132 nm have a strong influence on
cement paste permeability” as well as their shape and
interconnection. Permeability of concrete can be about
100 times greater than cement paste permeability®. The
reason of this huge difference can be found in the effect
of the aggregates and the cement paste-aggregate tran-
sition zone on the material. Novel composites exhibit
much lower permeability is required for especial ap-
plications’. Concrete gas permeability testing methods
have been developed to check the quality of the con-
crete. In all the cases is of great importance the sample
preconditioning'®"'? and testing conditions' to reach
a good testing reproducibility™.

Some fluids have been proposed to measure perme-
ability of cement-based composites: water, solutions,
oil, air, oxygen, nitrogen, water vapor, and so on'**°.
Aqueous solutions have as a disadvantage the poten-
tial reaction with the cement phases modifying the
real permeability. On the other hand, gas permeabil-
ity testing methods depend on the sample moisture
content, and therefore, testing samples must be pre-
conditioned usually by drying the specimen. The way
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in which preconditioning process is performed has a
direct effect on the outcome of tests".

Microcracking will form in the cement matrix in re-
inforced concrete induced by drying when the struc-
tures are kept in an environment not immersed in
water. Also, microcracks can be formed by the action
of external forces and heating gradients'. Thus, civil
engineers need to get a preliminary knowledge about
how novel composite materials used in structures will
behave under real conditions, i.e. its ability to crack.
The aim of this study is to investigate the best use of
a preconditioning temperature and testing pressure
taken into account the water-cement ratio of the con-
crete. In this study, the experimental system was mod-
eled using a 2 full factorial experimental design®.

EXPERIMENTAL SECTION

Materials and testing specimens

A common Portland cement CEM 1 32.5 N according
to the European standard EN 197-1:2011?° and siliceous
aggregates with a maximum size of 30 mm were used.

Cylindrical concrete specimens of @15 x 30 cm with
two water/cement ratios of 0.42 and 0.52 were made.
Table 1 shows the concrete dosage. The casting was
done in two layers and the mass was consolidated by
vibration. Then, the specimens were cured at 100%
of relative humidity for 24 hours. Later, the speci-
mens were kept at 25°C or oven-dried at 40°C up to
a constant weight before testing. Cylindrical concrete
specimens were cut into @15 x 7 cm discs. The 28-day
compressive strength was 30 MPa tested in @15 x 30
c¢m cylindrical specimens.

Table 1. Concrete mixes (kg per cubic meter).

Concrete A B
Water/cement 0.42 0.52
Gravel 372 372
Pebble 842 842
Sand 628 628
Cement 382 307
Water 160 160

Testing procedure

Gas permeability testing was performed following
the RILEM recommendations®. Concrete air perme-
ability experimental testing system is shown in Fig.
1, which is composed of two metallic cells placed at
each side of the concrete specimen. Both of them were
designed to stand for pressure of 50 MPa. In the first
one, inlet air is held at the chosen pressure by means
of a compressor controlled by a precision pressure
regulator. In the second one, the passing air is col-
lected in a cylinder and the outflow is measured at
atmospheric pressure. The air flow rate is measured in
steady-state conditions. The two cells were screwed to
the concrete specimens leaving a circular passing area
of 0.005 m? in both sides.

Air flow, Q (m®s?), at the environmental tempera-
ture, T, and pressure, P, under steady-state conditions
was recorded. It was them transformed to normal con-
ditions by using equation (1), where Q, P and T are



the air flow, pressure and temperature at normal condi-

tions, respectively. This transformation leads to remove

the air kinematic viscosity increase and air volume ex-

pansion effects when the temperature increases.

Qo= &E Q @
T P,

The Hagen-Poiseuille equation was used to determi-
nate the air permeability coefficient, D _(m?) in steady-
state conditions (equation (2)). This equation can be
used for a compressible fluid with laminar flow passing
through a porous material composed of a network of
small capillary pores from air flow data, Q (m?s?).

Dair = ZLU%(PZP%Ef) 2)

Air dynamic viscosity, n, is 1.8 10° N.s.m™ at 20°C.
The absolute inlet pressures in the test method, P, have
been 200 mmHg (26,665 N'm?) and 400 mmHg (53,329
N'm?); whereas the outlet and measuring pressures, P,
and P, respectively, were equal to the atmospheric
pressure. The specimen cross-sectional area, A, was
0.005 m? and the thickness, L, was 0.07 m.

Taking into account the inlet, outlet and measur-
ing pressures, P, P, and P, respectively, the specimen
thickness, L, and the cross-sectional area, A in equa-
tion (2), the air permeability coefficient can be calcu-
lated for each pressure directly from the air flow data,
Q (m3s™), by means of equations (3) and (4).
Dai’lzoommyg) =5.34*10" QZOOmmHg [mz] 3)

Dair(400mm[lg) =6.88%107 Q400mm11g [mz] “)
Determination of the experimental error

In order to calculate the experimental error of the
gas permeability method, the ideal gas equation
shown in equation (5) was differentiated, and then,
the finite increments equation (6) was obtained.

P ;V =1 xR = CONSTANT )
T

AV AT AP

v T P (©)

Considering the testing air permeability conditions,
a volume of 0.01 m?, a pressure of 710 mmHg and a
temperature of 293 K, were used.

To calculate the error (¢) of non-considering the
pressure and temperature variations, values of tem-
perature and pressure of 1°C and 1 Torr were taken as
shown in equation (7).
8:IOOXM:(LiLJXIOO:O.Z%fO.S% (7)

V 293 710

The experimental error, €, ranges from 0.2% to 0.5%.
For testing volumes between 50 and 500 c¢cm?, pres-
sure and temperature variations of one unit leads to
an error equal to the same order of magnitude than
the measured value (equation (8).

%xlOO:O.S%—S% ®)

Given that, non-corrected pressure and temperature
values provide an error range from 0.5% to 5% of vol-

ume. Summing up, parameter correction is of great
importance.

25 23 21 20 22 14 15

Figure 1. Air permeability testing system: (1) Compressor
with a maximum pressure of 7355 mmHg; (2) and (3)
Stainless steel manometers of 5884 mmHg; (4) Compres-
sed air reservoir; (5) Pressure gauge “Billman” PD38 type
(AP from 3 to 8 kg/cm?); (6) Safety valve set at 4 kg/cm?* (7)
1/2” in-take valve; (8) relief valve; (9) Iron manometer of 5
Kg/cm? (10) 1/2” in-take valves; (11) 3/8” SAE connecting
nuts; (12) 1/2” SAE connecting nut; (13) Solenoid check
valve “DANFOSS” EV] 10 - 220V type; (14) inlet pressuri-
zed air cell; (15) outlet air cell; (16) 3/8” SAE connecting
nut; (17) Mercury thermometer; (18) Cylinder containing a
piston which collects the outflow (12 cm diameter and 50
cm height); (19) Manometer U-type; (20) Safety valve (set
at 2.5 Kg/cm?); (21) relief valve; (22) Metallic manometer
of 3 Kg/cm?; (23) 3/8” SAE connecting nuts; (24) Manome-
ter U-type; (25) Inlet air pressure electrical control system.
Units: ImmHg (1 Torr) = 133.32236 N.m? (Pa)

RESULTS AND DISCUSSION

Modeling approach

In order to compare the experimental results with
the theoretical calculations and optimize the testing
conditions, a full factorial design was used. In this
method, once the experimental design was deter-
mined and the trials were carried out, the measured
performance characteristic from each trial was used
to analyze the relative effect of the different param-
eters. Then, the factorial design is used to evaluate
three factors simultaneously. The treatments are
combinations of levels for each factor. The advantages
of factorial designs over one factor at a time experi-
ments are that they are more efficient and, also, they
allow interactions to be detected®.

Full factorial experimental design

A design structure was determined which is called
full factorial design. In this design, three factors and
two levels were chosen (2° design). Then, it requires
a total of 8 experiments which is found adequate to
determine the effects of water/cement (w/c), pre-con-
ditioning temperature and testing pressure on air
permeability coefficient, D_, . The selected levels were
0.42 and 0.52 for w/c, 25 and 40°C for pre-condition-
ing temperature and, finally, 200 and 400 mmHg for
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testing pressure. The experimental set up is given in
Table 2. The resulting outcome is the air permeability
coefficient of the concrete, D_ . The complete design
matrix together with the response values obtained
from the experimental work is given in Table 2.

Table 2. Experimental setup.

Table 3. A, B and C averages, main effects and main
effects squared at low and high levels (D ,, m*) and sum of
squares (SS).

Aavg. | B C |AEf-|BEf-|CEf-| Aeffect | B effect | C effect
avg. | avg. | fect | fect | fect | squared |squared | squared

low | 1.44x | 1.25 | 1.09 |1.26 x| -1.84 | -3.36 | 1.59x 3.37x 1.13x
107 X x | 107 ] x X 103 10% 103
1075 | 10715 107° | 10710

Run | Experi- |Experimen- Experimental Plan Response
mental | tal Matrix
Point
x1 | x2 |x3|Pressure [Tempera-| water/ce- D,
(mmHg) [ ture (°C) | ment (x 10 m?)
1 yl - - 1- 200 25 0.42 9.228
2 y2 + | - 400 25 0.42 9.032
3 y3 + 200 40 0.42 12.82
4 y4 + [+ |- 400 40 0.42 12.64
5 y5 - |+ 200 25 0.52 16.01
6 y6 + - |+ 400 25 0.52 15.55
7 y7 R 200 40 0.52 19.61
8 y8 + [+ |+ 400 40 0.52 19.44
Grand 14.29
Mean

Summarizing up, a total of 8 tests were performed to
obtain the effects of w/c, pre-conditioning temperature
and testing pressure on air permeability coefficient,
D, . The materials designer can control these three
variables during the testing process (each at two levels):

« Factor A: Pressure with levels 200 and 400

mmHg.

«  Factor B: Preconditioning temperature with lev-

els 25 and 40°C.

+ Factor C: Water-cement ratio with levels 0.42

and 0.52.

o Unit:D_.

+  Response variable: Deviation from the actual D , .

Thus, six hypotheses will be simultaneously tested.
In Table 2, minus symbol (-) represents factors A, B
and C at the low level whereas plus symbol (+) rep-
resents factors A, B and C at the high level. The min-
imum value of air permeability coefficient recorded
was 9.032 x 10%° m?, this value corresponds to 0.42,
25°C and 400 mmHg testing parameters; whereas
the maximum one was 19.61 x 10"° m? and this val-
ue corresponds to 0.52, 40°C and 200 mmHg testing
parameters. According to the experimental data, air
permeability coefficient, D, increases by oven-dry-
ing the concrete specimens up to 40°C (D, = 19.61
x 10® m?). On the contrary, the value of air permea-
bility coefficient, D_, decreases when the pressure of
gas injection increases due to the slip phenomenon®.

Whilethe overallaverage of theresults ((i.e. the Grand
Mean) is 14.29 x 107, the average of the results for A-
(factor A run atlow level) is ((9.228+12.82+16.01+19.61)
x 101%)) /4 = 1.44154 x 107*% whereas 1.41635 x 10 is
the average value of the test results for A+ (factor A
run at a high level). The B and C averages at low and
high levels are also calculated (Table 3).

A main effect is the difference between the factor
average and the Grand Mean (Table 3). These main ef-
fects or effect sizes determine which factors have the
most significant impact on the results. Finally, Table 3
also shows the sum of squares (SS). Then, calculations
in ANOVA determine the significance of each factor
based on these effect calculations.
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high| 1.42x | 1.61 | 1.77 | -1.26 [1.84x|3.36 x| 1.59x 3.37x 1.13x
107 X

X X 1076 | 10°'° 103 10 103
10% | 10"° | 107
Sum of Squares SS, SS, SS,
(SS)
SS 1.2692x 10% | 2.69527 x 10! 9.04x 10

Main Effects are a quick and efficient way to visual-
ize effect size. Fig.2 shows that C+ has a higher mean
D, than C-. B+ also has a higher mean value than B-.
On the contrary, A- has a higher mean D than A+
In addition, the size effect of factor C, water-cement
ratio, is larger than the other two factor effects.

nEe— 2 2
——Aavg ——Bavg /m,g ——Cavg.

100 300 500 2 30 40 040 045 050 055 060
Presssure (mmHg) Temperature (C) wic

Figure 2. Main effects for results (D, x 107° m°).

Interaction Effects

With the aim of determining the main effects for
each factor, it is often significant to identify how mul-
tiple factors interact in effecting the results. An inter-
action occurs when one factor effects the results dif-
ferently depending on a second factor. For instance, to
find the AB interaction effect, first, the average result
for each of the four level combinations of A and B was
calculated. Given that, the average value when factors
A and B are both at the low level, (9.228 x 10 + 16.01
x 101%) / 2 = 12.62 x 107, was calculated. And then,
the mean when factors A and B are both at the high
level, (12.64 x 10 + 19.44 x 10)/2 = 16.04 x 107,
was also calculated. Following the same procedure,
the average result for each of the remaining levels, AC
and BC, was also calculated. Then, in this work, there
are 8 runs (observations) and 8 ABC interaction levels
(Tables 4 and 5).

Fig. 3 shows the interaction (or 2-way effects) of all
three factors. When the lines are parallel, interaction
effects are null. The more different the slopes, the
more influence the interaction effect has on the re-
sults. To visualize these effects, the Y axis is always
the same for each combination of factors. According
to Fig. 3, the BC interaction effect is the largest (Tem-
perature and water-cement ratio).

The size effect is the difference between the average
and the partial fit; whereas the partial fit is the effect
of all the influencing factors. For main effects, the
partial fit is the Grand Mean. For instance, the effect
of AB is calculated according to equation (9).




Effect of AB = ABAvg.——[effect of A + effect of B +
the Grand Mean] 9)
The effect size for 3-way interactions is calculated by
finding the appropriate average and subtracting the
partial fit. Then, to calculate the ABC effect when A
and B are high and C is low (A+B+C-), equation (10)
is applied.
Effect of (A+B+C-) = A+B+C-average —[A+effect +
B+effect + C-effect + A+B+effect + A+C-effect +
B+C-effect + Grand Mean] (10)
It is quite convenient to notice that each effect col-
umn sums to zero (Table 3). This will always be true
whenever calculating effects. This is not surprising
since effects measure the unit deviation from the ob-
served value and the mean.

Table 4. Interaction effects setup.

Run Effect Matrix
Average| x1 x2 x3 | xI1"™x2 | x1"x3 | x2"x3 |x1*x2*x3
1 + - - - + + + -
2 + + - - + +
3 + - + + - +
4 + + + + - - -
5 + - - + + - - +
6 + + - + - + - -
7 + + + - - + -
8 + + + + + + + +

Table 5. Interaction effects results.

Parameter Interaction effects D, (x10'°m?)
0 (Average)| (+yl+y2+y3+y4d+y5+y6+y7 +y8)/8 14.2895
A (-yl+y2-y3+y4-y5+y6-y7+y8)/4 -0.251908
B (-yl-y2+y3+y4d-y5-y6+y7+y8)/4 3.67101
C (-yl-y2-y3-y4+y5+y6+y7 +y8)/4 6.7214
AxB (+yl-y2-y3+y4+y5-y6-y7+y8)/4 0.0736998
AxC (+yl-y2+y3-y4-y5+y6-y7+y8)/4 -0.0620141
BxC (+yl+y2-y3-y4-y5-y6+y7+y8)/4 0.0735081
AxBxC (-yl+y2+y3-y4+y5-y6-y7+y8)/4 0.0680099
Parameter Interaction effects D_ (x107°m?)
20 20 20
19 19 19 /.
18 18 18
o e—— — =
s 15 . = =40
E 4 14 14
8 :; ¥ :422 :i // :422 :2 ~
n n of n
|: l: |§ /
20 25 30 35 40 45 0,40 0,45 0,50 0,55 0,40 0,50
Temperature (°C) water-cement water-cement

Figure 3. Interaction plots for results (D, x 107° m?).

Analysis of variance (ANOVA)

Although effect plots help to visualize the impact
of each factor combination, and also, they are quite
useful to identify which factors are most influential, a
statistical hypotheses test is needed in order to deter-
mine if any of these effects are significant. ANOVA is
a statistical technique that subdivides the total vari-
ation, in a set of data, into element items relating to
specific sources of variation for the purpose of testing
hypotheses on the parameters of the model. There-
fore, the statistical significance of the ratio of mean
square variation due to regression and mean square
residual error was checked using ANOVA method*.

Analysis of variance (ANOVA) consists of simul-
taneous hypothesis tests to determine if any of the
effects are significant (Table 6). When “factor effects
are zero” this means that “the means for all levels of
a factor are equal”. Thus, for each factor combination
ANOVA tests the null hypothesis that the population
means of each level are equal, versus them not all be-
ing equal. Several calculations have been made for
each main factor and interaction term as shown in
Table 6. Results in Table 6 show that there are only
two significant parameters: Temperature and water/
cement ratio. These results support that the concrete
permeability is determined not only by concrete dos-
age, but also by the percentage and distribution of
macro-pores.

Table 6. Analysis of variance (ANOVA).

SOURCE|DF| SS MS F |p-value| F- Remark
critical
value
A 1 (1.27E-| 1.27E- | 13.72 | 0.105 161 No significant
33 33
B 1 |2.70E-| 2.70E- [2913.59| 0.139 161 Significant
31 31
C 1 [9.04E-| 9.04E- |9767.33| 0.177 161 Significant
31 31
AxB 1 [1.09E-| 1.09E- 117 | 0.374 161 No significant
34 34
AxC |1 |7.69E-| 7.69E- | 0.83 | 0.705 161 | No significant
35 35
BxC 1 [1.08E-| 1.08E- | 1.17 | 0.500 161 |No significant
34 34
Error 1 |9.25E-| 9.25E-
35 35
Sum of Squares (SS)= sum of all the squared effects for each factor,
Degrees of Freedom (df))= number of free units of information, Mean
Square (MS)= SS/dffor each factorMean Square Error (MSE), Mean
Square Error (MSE)= pooled variance of samples within each level, FF-
statistic = MS for each factor/MSE.

Modeling approach

A polynomial regression equation was obtained by
using a central composite design to analyze the fac-
tor interactions by identifying the significant factors
contributing to the regression model. The ANOVA for
the fitted equation shown in Table 7 shows the perfor-
mance of the full factorial design. The ANOVA results
showed that the equations adequately represented the
real relationship between the significant variables
and response. This design is generally used for fitting
the second order model by the regression method as
shown in equation (11).

n n 2 n— n
D, (x10"°m?*) =8, +) Bx, +[z/);x‘) +(zl > ﬂ,jx,,xj] (11)
i=1 i=1 i=l j=i+l
where B is the constant term, B, is the slope or linear
effect of the input factor x,, B, is the linear by linear
interaction effect between the input factor x, and X,
The final empirical model in terms of coded factors
after excluding the insignificant terms for testing
pressure is shown in equation (12) and Fig. 4.

D (x 10" m? = -4.986 + 48406 T - 0.786 WC +

air

16.678 T2 + 0.015 WC? + 0.097 T*WC (12)

Generally, adjusted R? value is used for the accura-
cy of the modeled system. In this case, adjusted R? is
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calculated as 0.9907 and it means that the accuracy of
the equation (12) is 99.07%. This model provides rea-
sonable predictions as some concrete air permeability
models generated elsewhere'.

Positive sign in front of the terms indicates synergis-
tic effect, whereas negative sign indicates antagonistic
effect. The quality of the model developed was evalu-
ated based on the correlation coefficient value. The R?
value for equation (12) was 0.9987. This indicated that
99.87% of the total variation in the D ,_was attributed
to the experimental variables studied. The closer the
R*value to unity, the better the model will be as it will
give predicted values which are closer to the actual
values for the response. The R? of 0.9987 for equation
(12) is considered relatively high, indicating that there
was a good agreement between the experimental and
the predicted D, .

Analysis of variance (ANOVA) was further carried
out to justify the adequacy of the model. The ANO-
VA for the quadratic model for D is listed in Table
7. From the ANOVA for response surface quadratic
model for D_ , the Model F-value of 301.61 and Prob
> F of 0.0033 implied that the model was significant.

Table 7. Analysis of variance (ANOVA).
Source Sum of DF | Mean Square | F Statis- P>F
Squares tic
Regression 117.36904 5 23.473808 301.607 | 0.00331
Error 0.155658 2 0.077829
Total 117.5247 7

Air permeability coefficient (Dair x 10-16 m2)
>
>

Air permeability coefficient (Dair x 1016 m2)

2
o!
09‘5“ NS o 3%
g, T ok e 352 K2
“eng 0% 270

<]
0 9 <6 \)
eng "t ok s w2 29 e

Figure 4. Three-dimensional response surface plot of air
permeability coefficient (D, x 107° m?) (effect of precondi-
tioning temperature and water-cement ratio).

CONCLUSIONS

A quadratic model was developed to correlate the
significant variables to the D_ . Interaction between
the most important preconditioning parameter (tem-
perature), testing variable (pressure) and concrete
characteristic (water-cement ratio) with regard to the
air permeability coefficient (D, ) have been evaluated.
The main conclusions are summarized as follow:

+  Testing pressure is not a significant variable.

+  Preconditioning temperature and concrete
quality (water-cement ratio) were found to have
the greatest effect on concrete air permeability
coefficient (D, ).

air’
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+ Analyzing the measured responses, the fit sum-
mary of the output indicates that the model is
statistically highly significant on the air perme-
ability coefficient (D, ).

+ Air permeability test is a reliable method to as-
sess the concrete quality.
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