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Abstract: Minor-destructive (MDT) and non-destructive (NDT) techniques are not commonly used
for masonry as they are complex and difficult to perform. This paper describes validation of the
following methods: semi-non-destructive, non-destructive, and ultrasonic technique for autoclaved
aerated concrete (AAC). The subject of this study covers the compressive strength of AAC test
elements with declared various density classes of: 400, 500, 600, and 700 (kg/ m3), at various moisture
levels. Empirical data including the shape and size of specimens, were established from tests on 494
cylindrical and cuboid specimens, and standard cube specimens 100 mm x 100 mm x 100 mm using
the general relationship for ordinary concrete (Neville’s curve). The effect of moisture on AAC was
taken into account while determining the strength fp,, for 127 standard specimens tested at different
levels of water content (w = 100%, 67%, 33%, 23%, and 10%). Defined empirical relations were suitable
to correct the compressive strength of dry specimens. For 91 specimens 100 mm x 100 mm x 100 mm,
the P-wave velocity ¢, was tested with the transmission method using the ultrasonic pulse velocity
method with exponential transducers. The curve (fgw—cp) for determining the compressive strength
of AAC elements with any moisture level (fg,,) was established. The developed methods turned out
to be statistically significant and can be successfully applied during in-situ tests. Semi-non-destructive
testing can be used independently, whereas the non-destructive technique can be only applied when
the developed curve fy,,,—cp is scaled.

Keywords: autoclaved aerated concrete (AAC); compressive strength; shape and size of specimen;
moisture of AAC; ultrasonic testing

1. Introduction

Significant variations in materials, technology, and performance cause that masonry structures are
much more difficult to be diagnosed than concrete or reinforced concrete, for which the standard EN
13791:2011 [1] specifies both the methodology of tests and conclusions. Regarding masonry structures,
there are no standards that classify testing methods. Methods which directly determine compressive
or shear strength of a wall, are commonly assumed as destructive testing (DT). Those studies consist
in testing fragments of a masonry wall [2,3]. Destructive (direct) techniques use fragments of walls
or flat jacks in bed joints, and deliver test results in the form of compressive strength of the wall f.
These methods cause quite a significant damage to the wall. Consequently, the number of tests to be
performed becomes sharply limited.

Non-destructive testing (NDT) conducted on masonry walls, which is per analogiam to
reinforced concrete structure, include the following methods: sclerometric method, ultrasound
method, and pull-out method, which are not commonly used and have not been normalized so
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far [4-7]. There are some recommendations [8] and general guidelines, but they are not regarded as
the European document. Tests can be performed to evaluate compressive strength providing that the
appropriate standard curve will be scaled taking into account destructive tests conducted on cores
from the structure (or on masonry units, or the mortar). The number of tests conducted with these
techniques is significantly high, the damage of masonry structures is not severe and can be easily
repaired. Unfortunately, there are no standard curves for adequate scaling except for original solutions.

Minor-destructive testing (MDT) is most commonly applied for masonry structures.
This technique consists of taking small cores from such a structure or applying flat-jack. As it is
in the case of NDT, there are no uniform regulations at the European level. The practical application
of flatjack technique involves American standards [9-12]. For small cores from the wall structure,
some recommendations [13], which specify conversion factors for solid brick wall to determine its
compressive strength. Besides, compressive strength can be determined on the basis of tests conducted
on wall components (masonry units and the mortar). This technique consists of converting compressive
strength of small specimens into the strength of standard specimens (f}, into 1), and using standard
equations in their exponential form f} = Kf,%fmP (K—coefficient specified in EC-6). There are not
many tests in this field, and the performed ones are rather single cases [14-16] and usually refer to solid
brick and traditional mortar. Non-destructive and semi-non-destructive tests are indirect techniques
because they do not determine compressive strength of the wall, but the strength of its component
(masonry unit or mortar). Neither NDT nor MDT techniques can be used to determine compressive
strength of the wall without performing destructive tests to scale the suitable correlation curve to
convert obtained strength values into the requested value fy [17].

Determining the compressive strength of modern masonry walls with thin joints, where mortar
levels any irregularities of support areas and head joints are unfilled, requires only the properly
determined compressive strength of the masonry unit fg and calculated (with empirical factors 77,
and ¢ expressing the specimen moisture and shape) an average normalized compressive strength.
This procedure involves the relationship according to Eurocode 6 [18], and is used to calculate the
specific compressive strength of the masonry wall:

fie =K = Ko fo)"™ = K(fow)"™ M

where K = 0.75 or 0.8, f,—average normalized compressive strength of masonry unit determined for
specimens 100 mm x 100 mm x 100 mm, fg—average compressive strength of the whole masonry
unit or a specimen with moisture content w = 0, fg,,—compressive strength of the specimen from the
masonry with real moisture content.

If tests are performed on specimens having different dimensions than a cube with a 10 mm side,
the normalized strength is determined using ¢ factors specified in the standard PN-EN 772-1 [19].
However, the standard does not specify conversion factors for non-standard specimens, such as cores
or micro-cores. Consequently, the conversion of results is burdened with a default error that is difficult
to be estimated. The literature [20-22] describes conversion factors obtained from tests on other
materials, such as concrete, ceramics, or masonry units [23]. No relations to AAC have been presented
so far.

Autoclaved aerated concrete (AAC) contains cement, calcium, and lime as binding material,
sand used as a filler and tiny quantities of aluminium powder (or paste), which is used as a blowing
agent. Density of this type of concrete ranges from 300 to 1000 kg/m?, and its compressive strength
varies from 1.5 to 10 N/mm?2. Taking into account all construction materials, AAC is characterized
by the highest thermal insulation power (thermal conductivity coefficient A is 8-10 times lower
compared to brick or reinforced concrete). AAC has been commonly used since the middle of the 1950s.
This material (>40% of the construction segment in Europe) is used for masonry structures, precast
wall or floor elements, and lintels [24]. The open-pore structure explains why AAC is sensitive to direct
exposure to moisture, which results in worse insulating and strength properties. The available articles,



Materials 2019, 12, 389 3of 21

apart from general relations specified in standards, do not contain detailed references expressed as
empirical relations.

There are no procedures for determining specific compressive strength of the existing masonry
wall with the actual density and moisture content. However, in some situations, drilling micro-cores,
and even performing sclerometic tests is impossible. Therefore, only ultrasonic non-destructive
techniques can be used to determine compressive strength.

The main aim of this article was to present the complex analysis of strength issues, which included
developing empirical relations to determine compressive strength f1, on the basis of tests performed on
specimens of any shape and real moisture content, and to develop the universal curve representing
ultrasound velocity ¢, and compressive strength, taking into account moisture content.

This article describes an attempt to establish the empirical curve for determining the normalized
compressive strength of the AAC masonry unit, with unspecified density and moisture content fg,,
using semi-non-destructive techniques. Neville’s curve [20], in the commonly known form from
diagnosing ordinary concrete, was used and calibrated to nominal density classes of AAC (400, 500,
600, and 700). Knowing that, apart from the effect of rising and hardening [25,26], also moisture content
in AAC influences the compressive strength, tests were performed and additional empirical relations
were defined. The analysis included test results [27] from 494 + 127 cylindrical and cuboid specimens
used to develop empirical curves. Results obtained from destructive tests on standard cube specimens
100 mm x 100 mm x 100 mm at different moisture content were correlated with results from testing
velocity of P-wave generated by point transducers with the transmission method. Developed curves
and the test procedure can be employed in a widely understood diagnostic of masonry structures to
evaluate the safety of AAC structures.

2. Minor-Destructive Testing

2.1. Specimens, Technique of Tests, and Analysis

Tests included four series of masonry units with thickness within the range of 180-240 mm
and different classes of density: 400, 500, 600, and 700, from each 20 masonry units were randomly
selected. Six series of cores with varying diameters were taken from each masonry unit. Six series of
square specimens having different side length and height were drilled from masonry units using a
diamond saw. Cuboid specimens included blocks with dimensions of 100 mm x 100 mm x 100 mm,
which were used as basic specimens for determining the strength f (in accordance with Appendix B to
the standard EN 771-4 [16]). Drilled core and cube specimens are illustrated in Figure 1. All specimens
drilled from blocks were dried until constant weight at a temperature of 105 °C £ 5 °C (for at least
36 h).

Depending on the specimen size, loading rate was 2400 N/s or 100 N/s. Due to the size of
specimens, two types of machines having an operating range of 100 kN and 3000 kN, and the
class of accuracy of 0.5, were used (according to EN 772-1 [28]; Figure 2). Compressive strength
fB was determined for cube specimens 100 mm x 100 mm x 100 mm (dried until constant weight).
The summary of our test results for core and cube specimens is shown in Tables 1 and 2. Tables show
dimensions and strength of each tested specimen, average strength and coefficient of variation for
each tested series. Arrows indicate the direction of AAC growth. When dried until constant weight,
each cuboid specimen was weighed and its apparent density was calculated (Table 3).
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Figure 2. Testing compressive strength of AAC specimens [27]: (a) tests on cores using a strength
testing machine with an operating range of 100 kN, and (b) tests on cuboid specimens using a strength
testing machine with an operating range of 3000 kN.
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Table 1. Results from compressive tests performed on core (cylindrical) specimens.

Dimensions, mm No. of Average Standard C.o.v
No. DenCsliatsskof/ 3 Specimen Type Diameter, Height Specimens Compressive Deviation %,
Yy Kg/m o ! hg . n Strength f;, N/mm? s=\/@’ Nmm2 %
1 2 3 4 5 6 7 8 9
1 150 6 2.84 0.40 14
2 150 301 3 2.33 0.13 6
3 76 3 2.70 0.06 2
4 97.8 4 2.61 0.29 11
5 97.6 195 3 2.16 0.21 10
6 49 4 2.81 0.39 14
7 79.2 3 253 0.25 10
8 400 79.4 159 3 226 0.26 12
9 40.6 3 2.85 0.17 6
10 61 4 2.77 0.17 6
11 61 121.8 3 2.65 0.12 5
12 31.8 5 2,51 0.39 15
13 40 5 2.82 0.42 15
14 39.5 79 4 228 0.34 15
15 20.5 4 2.60 0.35 14
16 244 3 233 0.30 13
17 Y 25 49.2 3 2.69 0.42 16
18 5 125 3 3.56 0.33 9
1 150 6 2.94 0.25 9
2 150 301 3 328 018 6
3 [ 76 3 3.01 0.12 4
4 97.8 4 2.88 0.16 6
5 97.6 195 3 3.09 0.06 2
6 49 4 3.15 0.29 9
7 79.2 3 3.30 0.12 4
8 500 79.4 159 3 2.90 0.21 7
9 40.6 4 327 0.45 14
10 61 4 321 0.23 7
11 61 121.8 3 317 0.26 8
12 31.8 5 3.19 0.18 6
13 40 4 294 0.30 10
14 39.5 79 4 2.89 0.32 11
15 20.5 4 3.63 0.36 10
16 24.4 4 291 0.27 9
17 25 492 3 3.16 0.18 6
18 125 4 4.06 0.25 6
1 150 5 5.06 0.36 7
2 150 301 3 423 0.21 5
3 76 3 5.11 0.68 13
4 97.8 4 4.49 0.22 5
5 97.6 195 3 4.26 0.18 4
6 49 4 5.01 0.61 12
7 79.2 4 4.43 0.09 2
8 t 79.4 159 3 473 0.25 5
9 600 40.6 4 5.14 0.52 10
10 h 61 4 4.65 0.47 10
1 61 121.8 3 4.54 0.16 3
12 . 31.8 5 5.19 0.66 13
13 ? 40 4 4.87 0.53 1
14 39.5 79 3 418 0.31 8
15 20.5 4 6.00 0.81 14
16 24.4 4 517 0.27 5
17 25 492 3 479 0.64 13
18 125 4 6.88 0.76 11
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Table 1. Cont.

°  Density kg/m? pecimen Type Diameter,  Helght PECIMENS remgth f., N/mm? o=/ 5t Nimme 5
1 2 3 4 5 6 7 8 9
1 150 5 712 0.96 14
2 150 301 3 7.25 0.56 8
3 76 4 7.69 0.63 8
4 97.8 4 7.37 076 10
5 97.6 195 3 7.22 0.42 6
6 49 4 7.93 0.28 4
7 79.2 3 6.77 0.35 5
8 700 79.4 159 3 7.5 057 8
9 40.6 4 8.87 036 4
10 61 4 7.25 1.04 14
11 61 1218 3 7.05 051 7
12 31.8 5 8.57 035 4
13 40 3 7.55 032 4
14 395 79 3 721 1.08 15
15 205 4 9.18 0.77 8
16 244 3 7.66 0.77 10
17 25 49.2 3 7.73 0.40 5
18 12,5 4 13.42 0.95 7

Table 2. Results from compressive tests performed on cuboid specimens.
. Dimensions, mm No. of Average Standard Deviation Cc.ov
No. Classkogf/:gnslfy Specimen Type Wi;lth, Thicll:ness, Heihght, Specimens Stre(f\;ltr;llzei,siil‘llzlmz o= \/@, N/mm? Cf;l
1 2 3 4 5 6 7 8 9 10
1 143 3 2.80 0.18 6

T2 143 143 72 3 291 0.14 5

N 285 3 247 0.05 2

1 100 * 6 2.88 036 12

5 100 100 50 3 2.59 0.24 9

6 200 3 3.16 0.13 4

7 80 3 312 023 7

s 100 80 80 39 3 3.60 0.4 12

9 158 3 271 0.15 5

10 59 3 2.99 0.11 4

BT 59 59 30 3 3.16 017 5

12 121 3 2.98 0.08 3

13 40 3 2.85 0.07 3

BT 40 40 196 3 3.02 0.07 2

15 785 3 277 0.41 15

16 3 f 21 3 2.80 0.20 7

17 u 24 125 3 3.23 0.56 17

18 P 19 3 243 0.26 1

1 5 143 3 233 028 12

T2 2 143 143 72 3 3.74 0.06 2

N 285 3 216 0.11 5

1 100 * 6 359 0.13 4

R 100 100 50 3 329 0.13 4

6 200 3 340 0.06 2

7 80 3 331 0.15 5

s 500 80 80 39 3 3.67 0.11 3

9 158 3 248 022 9

10 59 3 2.83 0.09 3

e 5 59 30 3 320 055 17

12 121 3 294 017 6

13 10 3 2.90 0.04 1

BT 40 40 196 3 3.28 021 6

15 785 3 2.77 044 16

16 21 3 478 0.39 8

17 u 4 125 3 492 0.90 18

18 19 3 1.79 0.10 6
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Table 2. Cont.

No. Class of Daensity Specimen Type N D‘me“'s“’“st i . S]I)\Ie(z.i:\ins Co:’;::sg:ive Slam:l;lr;l Eevialiorzl C.’Q.,V
kg/m' Wl;th, Thlc'l:ness, Helhght, " Strength £y, N/mm? 5=/ F25=, N/mm uf/;
1 2 3 4 5 6 7 8 9 10
1 143 3 397 0.10 2
T2 143 143 72 3 5.69 0.10 2
3 285 3 3.58 0.25 7
e 100+ 6 495 0.35 7
5 100 100 50 3 5.80 0.35 6
6 200 3 534 0.61 11
7 80 3 6.01 075 12%
8 600 80 80 39 3 6.60 0.12 2
9 158 3 445 0.19 4
10 59 3 458 0.08 2
1 59 59 30 3 5.85 0.04 1
12 121 3 484 0.09 2
13 40 3 5.81 041 7
B 40 40 19.6 3 5.06 0.17 3
15 785 3 565 0.20 4
16 = 2 3 6.02 0.74 12
17 : 4 24 125 3 6.30 0.19 3
18 19 3 419 091 2
1 ! = 143 3 488 103 21
Z - ’ 143 143 72 3 7.21 0.27 4
3 285 3 528 0.44 8
4 100 * 6 811 0.58 7
5 100 100 50 3 7.02 1.07 15
6 200 3 7.56 025 3
7 80 3 631 027 4
8 700 8 80 39 3 8.79 0.89 10
9 158 3 6.50 0.98 15
10 59 3 576 034 6
1 59 59 30 3 631 1.10 17
12 121 3 465 0.95 20
13 40 3 548 0.52 10
T 40 40 196 3 7.00 022 3
15 785 3 6.71 0.29 4
16 21 3 538 198 37
17 u A 125 3 937 1.96 21
18 19 3 489 166 34
* cube specimens according to PN-EN 771-4:2012 [28] used to determine compressive strength fg.
Table 3. Test results for AAC density.
N Nominal Class of No. of Cuboid Average Standard Deviation o
0. . 3 . . 3 3 C.O.V., %o
Density, kg/m Specimens (see Table 2)  Density, kg/m s, kg/m
1 400 57 397 22.01 6
2 500 57 492 15.86 3
3 600 57 599 13.39 2
4 700 57 674 19.83 3

Development of cracks in cuboid specimens of different dimensions was recorded with an
optical measuring system (Figure 3). In dense specimens with slenderness ratio /b = 1, diagonal
cracks developed at the upper edges, and they formed two truncated pyramids at failure (Figure 3a).
In specimens with slenderness ratio #/d = 2, a vertical crack in the mid-length of the base appeared first,
and then secondary diagonal cracks formed near corners of specimens (Figure 3b). The arrangement
of cracks in specimens of bigger volume at failure was similar to dense specimens (Figure 3c).
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Figure 3. Destruction of specimens with varying slenderness ratio [27]: (a) specimen 143 mm x 143
mm X 143 mm, (b) specimen 100 mm x 100 mm x 200 mm, and (c) specimen 80 mm X 80 mm X
158 mm.

2.2. Determining an Empirical Curve in Air-Dry Conditions

If strength of the material depends on its defects, such as pores or voids, then individual specimens
of different shapes can have significantly different values. These aspects are covered by Weibull's
statistical theory of material strength [29,30], which states that strength of the material is reversely
proportional to the volume of the tested specimen at the same probability of failure:

ﬂ: <E>1/m (2)

op3 W

where 0 and ¢ are failure stresses for specimens with volume V and V5, respectively; m is constant.

The exponential type of Equation (2) is similar to hyperbole and is used during tests on
compressive and tensile strength of dense specimens. Neville [20] developed a similar hyperbolic
relation with regard to its course, while testing specimens of different slenderness. This relation is
used to determine compressive strength of concrete in specimens with shape and dimensions different
from those of standard specimens (blocks 150 mm x 150 mm X 150 mm). The empirical curve for
ordinary concrete is expressed as:

e s 087 o
fc,cube 150 T52hd + Kl

where V is specimen volume, / is specimen height, and 4 is the smallest side dimension of the specimen.
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Replacing strength f.. .pe150 Obtained from standard specimens 150 mm x 150 mm x 150 mm
with strength f5 for specimens 100 mm x 100 mm x 100 mm drilled from masonry units, and the ratio
152hd with volume of the standard specimen 100/d, the relationship (3) can be expressed as:

fe _
£opt—

a a

—pr - y=ps !l )
i

fs T00d T d X

where f3 is the compressive strength of normalised specimen 100 mm x 100 mm x 100 mm with
moisture content w = 0, f. is the compressive strength of a specimen with any shape and dimensions,
and moisture content w = 0, 2 and b are constant coefficients for the curve, y = f./ fp is the ratio of
compressive strength, and x = V/(100hd) + h/d is the dimensionless coefficient representing the
effect of specimen volume and slenderness.

Requested parameters of the curve (4) were determined by searching a local minimum sum of
squares difference:

S(0,6) = Yl -yl = Yo [w— (£ + b)]z, ©)

i=1 i=1
using the following relationships:
dS(a,b)
aﬂ - 0/ (6)
dS(a,b)
5 0. (7)

When the system of linear equations was differentiated and solved, the following relations were
obtained expressed in the form facilitating the construction of a correlation table:

n n n
Yi 1 1
'Z Fol ;Z yi‘Z x5
q4= i=1 =1 i=1 (8)
- 7
(f 11 1>
— x2  on =X X
i=1"1 i=1 "i=1
n n n
y 1 oy 1
b==) vi—— |5 R X ©)
n=w on <f1_1f1f1> ]
i R i |
i=1"1 i=1 "i=1

For defining compliance of the curve, some uncertainty was assumed to be neglected during
measurements x (the specimen geometry). Additionally, uncertainties of all y values were the same
(the same significance of measurements resulting from identical measuring techniques). To estimate
the coefficient of correlation, the following values were calculated:

-error of estimate .
Sin = %2(% —ym)%, (10)
i=1

n
. _1
where: ym = 3 ¥ v,
i=1

-sum of errors:

n 2
sw= 3 (= (£+40)), an

and then coefficient of correlation:
R_  [SN—SN (12)
Sen



Materials 2019, 12, 389 10 of 21

The paper [27] compares curve correlations developed for cuboid and cylindrical specimens.
Obtained values of curve coefficients a2 and b are compared in Table 4. Comparison of test results and
the common curve is shown in Figure 4.

Table 4. Comparison of coefficients and equations of empirical curves.

Density Range of AAC, Coefficient for Curve Additive Corrected Coefficient
Average Density p, . for C . Fexp
(Nominal Class of Density) a b R Correclz)bn Factor orb urve Curve Equation " )
3 kor 2
kg/m
from 375 to 446 1419
397, 0.159 0.857 0.324 0.06 0.921 % =0.921+ (3;153,1 123 3 9'19
(400) oo + 7 A
from 462 to 532 48.81
492, 0312 0682 0533 0.16 0.844 ﬁ =084+ P 125 3018
(500) oo T @ .
from 562 to 619 73.06
599, 0.349 0779 0612 0.05 0.826 % =0826+ 0 124 391
(600) oo+ .
from 655 to 725 ; 72.62
674, 0.454 0.608  0.614 0.16 0.773 ﬁ =0773+ 55 12 3920
(700) 100nd " d .
by = fe 0.321 174.8
= = =0.840 ;
common curve ay =0.321 0.730 0.512 0.11 0.840 I + A~ 494 3.860
™ 4.0
E © cylinders - density 400 kg/m 3 @ cylinders - density 500 kg/m *
35+ 4--- B
® cylinders - density 600 kg/m > @ cylinders - density 700 kg/m *
30 A=~ ® cubes - density 400 kg/m > O cubes - density 500 kg/m > 7
25+ —% —- ® cubes - density 600 kg/m 3 B cubes - density 700 kg/m® |

—— common curve corrected common curve

Figure 4. Test results for all core and cube specimens and determined curve of correlation.

When specimens 100 mm x 100 mm x 100 mm were used, the value of curve dominator was
V/100hd + h/d = 2, and strength ratios calculated according to equations from Table 4 were f./fg # 1.
To obtain the ratio f./fp = 1 from normalized specimens, curves needed to be translated in parallel to
the intercept axis using the additive correction factor Ab for the common curve:

E:bJrAbJrVL%Ab:lfbfg. (13)
fo To0hd T

aus

To demonstrate the correct scaling of curves, the approximate variance correlation test was
applied. This approach is also adequate for linear and non-linear correlations [31]. Statistical values
were calculated for each curve from Table 4 using the following formula: Fexp, = % : % where
degrees of freedom were f, =n — k — 1 and f; = k (k = 1), and the assumed statistical significance
« = 5%. The obtained statistical values were compared to critical values from the Fisher-Snedecor
tables (F 4 1 ). Statistical results are presented in Table 4. Analyses demonstrated that correlations
were significant at the assumed statistical significance equal to 5%, thus the proposed model based on
the general Neville relation was statistically significant. Besides, descriptive statistics based on the
Guillford scale [32] was applied. It describes the correlation degree of individual curves. For concrete

with the lowest density, obtained values R were sufficient for evaluating the relationship as poor,
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and for other classes of density R > 0.5, correlations could be regarded as moderate and the value
of correlation factor as real. For the common curve, the obtained coefficient was R = 0.512. Thus,
the relationship was moderate and real.

2.3. Calibrating a Curve in Air-Dry Conditions

Many curves developed for specific density of AAC were replaced with a curve that was more
favourable for diagnostic purposes and could be used to determine the strength of AAC with any
density and moisture content. Coefficients a and b determined for concrete with specific density within
the defined ranges and presented in Table 4, as well as coefficients a,, and b, of the common curve
were used to develop correlations illustrated in Figure 5.

2.0 T T T T T
| | | |
2 [ ] a/a W | | | |
S 8- R e . U
: = b/by, 1 1 1 1
Ssto- R L S S U
| | | | |
| ! ! | |
IB3r--- /b, =-9.09x107 p-1.49" 7~~~ e T
| R?=0,544 ‘ |
10 -~ T T 0~ B T T T T T T T T T T e e~ T T B I |
| | | : |
| | | | |
08 +----- T - T il [t T
| | | | |
05 f----- [ e P o - - Fomm o R
| | | | |
0 ! ! ala, =3.044x107° p-0.653 |
‘ i 1 R2=0.937 B
1 1 1 1 1
0.0 T T T T T T T
0 100 200 300 400 500 600 700 800

density p, kg,/m3

Figure 5. Relative coefficients of curves.

The following relationships describing curve coefficients as a function of AAC densities were
developed on the basis of results shown in Figure 5, using the method of least squares:

0=ty % (3.044 x1073p — 0.653) = 0.321 x (3.044 x1073p — 0.653), (14)

b = by x (9.09 x104p — 1.49) — —0.730 x (9.09 % 10~4p — 1.49). (15)

where: a,, = 0.321, and by, = 0.730 (see Table 4).

The formation of AAC curve with any density, when a and b values have been determined,
requires a correction for the coefficient b which results in the strength ratio obtained from the curve
(13) at V/(100hd) + h/d = 2.

2.4. Calibrating an Empirical Curve in Moisture Conditions

Properties of AAC and ordinary concrete depend on moisture contents [25,33,34], which cause a
clear reduction in compressive and tensile strengths, and degradation of insulating parameters. Thus,
other tests also focused on the effect of moisture content in AAC, which was a ratio of absorbed water

to the mass of dry material:

w="%""s 100%, (16)

S

where m,, is the mass of wet specimen, and s is the mass of specimen dried until constant weight.
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The maximum moisture content (absorbality) wmax in AAC corresponded to the level of water,
at which no further increase in mass m,, was observed as the effect of passage of (capillary) water.
Relative moisture was calculated as the ratio of current and maximum moisture w/wWmax.

The total number of 127 specimens 100 m x 100 m x 100 m, divided into five six-element series,
was prepared from AAC blocks with varying densities. Each specimen was put into containers filled
with water to saturate it with water as the effect of passage of (capillary) water. Specimens were
weighed every 6 h and moisture content w was calculated each time. Maximum moisture content in
each type of AAC was assumed to be determined at first, and then specimens were dried until the
required moisture content. Strength tests were expected to be performed at the following levels of
relative moisture: w/wmax = 100%, 67%, 33%, 23%, 10%, and 0%. Average test results for individual
series of specimens are shown in Table 5.

Maximum moisture content in AAC depended on nominal density. At the density increase in the
range from p = 397 kg/m? to 674 kg/m?, the maximum moisture content was varying within wmax =
53.3-89.9%, which made it possible to determine a straight line of the least square in the following
form:

Wmax = —1.2310% +1.34 when 397 kg/m® < p < 674 kg/m°. (17)

At each moisture level, destructive tests were performed to determine the strength of wet concrete
fBw, and the results are illustrated in Figure 6a as a function of moisture w. Figure 6b presents the
obtained strength values with respect to the strength fg of dry (w = 0) AAC as a function of relative
moisture w/Wmax-

Two empirical lines were drawn on the basis of obtained results and used to determine the relative
strength of AAC as a function of relative moisture in the following form:

fBw w < w > w

== =—-0.96 +1— = —0.97 +1 ) when0 < < 0.31. 18

f B Wmax fBW fB Wmax " Wmax ( )
fow — 0152 4074 fgu = fo (—0.15 A 0.74) when031 < — 2~ <10.  (19)
fB Wmax Wmax Wmax

Strength fg,, calculated from Equations (18) and (19) included the moisture effect, so it did not
require conversion to average normalized compressive strength f1,.

O density 400 kg/m 3 @ density 500 kg/m?

— M density 600 kg/m? B density 700 kg/m3 - — — — — — — — — 08

fow=-493w +7.11
R*=0.70

I
| 0.7
I
| 06
I
05
fow=-3.33w +4.77
40 ——T T W—— - ————— R%=0.95 -——-

y N/mm?

fow/ fB

04

fBw

| sl O density 400 kg/m * 7777:7777771777: 777777
! ’ B density 500 kg/m 3 : : :

‘ =
201 —— ¢ — - QB 7= f——e /A -~ — 5 — — 021 o e e
' ' ' ‘\'7LD B density 600 kg/m 3 I [
fow=-1.08w +2.63 o1 L [

R*=0.76

B density 700 kg/m *
| | |

0.0 T T T
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

w, % W/ W max

(a) (b)

Figure 6. Test results for AAC strength, taking into account moisture level: (a) strength fg,, as a
function of moisture w, and (b) relative strength of AAC fg,,/fp as a function w/wmax.

Figure 6b also shows the value of factor 7, = 0.8 recommended by the standard EN 772-1 [19],
and used to take into consideration the effect of moisture level. The standard recommendation provides
the safe reduction of compressive strength only for the moisture level w/wmax = 0.2. Tests on walls
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with higher moisture content showed that compressive strength could be even reduced by 40%, that is,
over twice more than the provisions recommend.

Table 5. Test results for AAC with varying moisture content.

Density Range of AAC, Average Average Average Average Relative

No. AYerage Density P Moisture Rellative Compressive gz?:g;il cov, % Compressive
(nominal class of density) Content Moisture Strength fpy, 2 Strength
kg/m® w, % WlwWmax N/mm? s, N/mm fBwifB

1 0 0 2.88* 0.36 12 1.0
2 83 0.10 2.64 021 8 0.92
3 from 17957“’ 446 20.1 023 2.09 0.11 5 0.72
4 (400) 29.1 033 2.18 0.16 8 0.76
5 58.3 0.67 1.96 0.14 7 0.68
6 89.9 1.00 178 0.13 7 0.62
7 0 0 3.59* 0.13 4 1.0
8 62 0.10 3.00 0.22 7 0.84
9 from ‘ffgzzto 532 162 0.23 2.44 0.49 20 0.68
10 (500) 238 0.33 212 021 10 0.59
11 46.1 0.67 2.06 0.29 14 0.57
12 66.0 1.00 2.24 0.23 10 0.62
13 0 0 4.95* 0.35 7 1.0
14 5.40 0.10 471 0.49 10 0.95
15 from 556929t° 619 12.6 0.23 421 0.38 9 0.85
16 (600) 18.2 0.34 3.88 0.52 13 0.78
17 58.3 0.67 1.96 033 9 0.68
18 61.1 1.00 2.82 0.28 10 0.57
19 0 0 8.11* 0.58 7 1.0
20 5.30 0.10 6.86 0.63 9 0.85
21 from %E;Zto 725 11.7 022 596 071 12 0.74
2 (700) 16.8 0.34 5.56 0.58 10 0.69
23 46.1 0.67 2.06 0.70 13 0.57
24 53.3 1.00 495 0.41 8 0.61

* fp—compressive strength of dry AAC, when w = 0.

Test results for wet AAC were not thoroughly analyzed with reference to microstructure. It
can be assumed that AAC structure will expand the most at moisture content in a range of 30%,
and consequently compressive strength will be reduced. To sum it up, determination of compressive
strength of the wall fy required at first, taking into account varying shape and moisture, in-situ
estimation of moisture content, specimen drilling, estimation of density, and compressive strength,
and then the conversion relevant to moisture. Compressive strength calculated from the Equations (18)
or (19) could be substituted to the Equation (1).

3. Ultrasonic Non-Destructive Method

The application of traditional cylindrical transducers may be difficult, as it requires the agent
coupling with the tested surface. Tests on very porous and coarse materials, such as AAC,
with cylindrical transducers may be also problematic. Measuring the distance of the wave is also
difficult, especially if tests are performed only at one side [35-37]. Measurements are simpler and
easier to perform when transducers having local contact with concrete are applied. Waveguides
for this type of transducers are in cone shape or can be formed according to the exponential curve.
As energy produced by ultrasound is lower than in cylindrical transducers with a larger contact
surface, the spacing of transducers at one-side access to ordinary concrete with density of ca. 2500
kg/ m? should not exceed 25 cm, and at both-side access—15 cm [37].
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3.1. Testing Technique of Specimens

Non-destructive tests on AAC were performed using the ultrasonic testing, commonly applied for
testing strength of concrete [38,39], and testing masonry walls [4-6]. Ultrasonic testing was conducted
on block specimens 100 mm x 100 mm x 100 mm drilled from masonry units (Figure 7). Wet specimens
with relative moisture w/wmax = 100%, 67%, 33%, 23%, and 10%, and specimens dried until constant
weight w/wmax = 0% were used in tests. Each series of elements included at least > 20 specimens,
and 91 specimens in total were tested.

The PUNDIT LAB instrument (Proceq SA, Schwerzenbach, Switzerland) was utilized for
measurements of the ultrasonic pulse velocity. Commercial exponential transducers with the
waveguide length L = 50 mm, diameters 1 = 4.2 mm and @, = 50 mm, and frequency 54 kHz
were employed. The applied research methodology and equipment was also used for testing also for
ultrasonic tomography for concrete [40,41] or masonry [42,43].

Each specimen was put on a pad insulating from shock and outdoor noise, and then transducers
were applied to walls and the measurement was made with the transmission method. Transducers
were in contact with specimens at an angle of 90° within distance between transducers measured
every time with an accuracy up to £1 mm. Time was measured with an accuracy up to £0.1 ps.
The measurement results are presented in Table 6.

In AAC specimens dried until constant weight, the velocity of ultrasounds was varying from 1847
m/s in concrete of class 400 kg/m? to 2379 m/s in concrete of class 700 kg/m?3. An increase in P-wave
velocity ¢, was also proportional to density increase in wet specimens.

a)

100

Figure 7. A test stand for measuring ultrasound velocity: (a) specimen geometry and elements of the
stand (given in millimeters), (b) geometry of exponential transducer, and (c) a test stand; 1, tested AAC
specimen 100 mm x 100 mm X 100 mm; 2, exponential transducers; 3, cables connecting transducers
with recording equipment; 4, recording equipment; and 5, an insulating pad.
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Table 6. Test results for ultrasound velocity in AAC with varying moisture content.

Density Range of AAC, Average Average Average Standard
No Average Density p, wiho Path Passing P-Wave N Deviation, C.0.v,
°  (nominal class of density) max Length Time of Velocity (cpi—cp)? i %
kg/m® L, mm Wavet, us  cp =L/t m/s s=\| =~ s,m/s
1 0 54.3 1847 21 359 19
2 0.10 57.4 1746 21 24.0 14
3 from 375 to 446 0.23 67.0 1501 21 377 25
397, - 100.2
4 (400), 0.33 67.6 1483 21 32.8 22
5 0.67 76.5 1315 21 25.6 1.9
6 1.00 72.7 1384 21 445 3.2
7 0 52.4 1917 23 51.4 2.7
8 0.10 56.3 1671 23 28.3 1.7
from 462 to 532 T
2 2. 1614 2 X 21
9 492, 023 1004 62.3 6 3 33.6
10 (500), 0.33 63.0 1595 23 34.7 22
11 0.67 64.4 1562 23 70.2 4.5
12 1.00 62.0 1520 23 43.9 29
13 0 47.7 2101 24 49.7 24
14 0.10 50.5 1985 24 41.7 21
from 562 to 619
15 0.23 52.5 1910 24 59.6 3.1
599, - 100.2
16 (600), 0.34 54.7 1832 24 52.7 29
17 0.67 58.0 1738 24 69.1 4.0
18 1.00 55.6 1812 24 58.3 32
19 0 422 2379 23 46.2 1.9
20 0.10 443 2269 23 43.1 1.9
from 655 to 725
21 .22 47. 2139 2 2.4 24
674, 70 100.5 0 3 3 >
22 (700), 0.34 47.6 2111 23 51.5 24
23 0.67 484 2085 23 56.1 2.7
24 1.00 48.2 2094 23 28.3 14

3.2. Calibrating a Curve in Air-Dry Conditions

Performed tests showed that density and relative moisture affected the velocity of P-waves in
AAC. By performing steps described in Section 2.2, at first the correlation curve was determined which
presented ultrasound velocity in AAC specimens in air-dry conditions as a function of compressive
strength fg. At the beginning, the curve representing the relationship between the average measured
ultrasound velocity as a function of compressive strength fg,, of wet AAC, grouping results by AAC
density (Figure 8a). Higher sound velocity was found in concrete with greater density and compressive
strength. Linear dependence, equations of which are illustrated in Figure 8a, are adequately precise
approximations. Figure 8b illustrates results for compressive strength and corresponding ultrasound
velocity of dry AAC (w/wmax = 0%), selected from each density class of AAC. Then, the relationship
cp—fB was calculated with the least square method. For example, Figure 8b also shows the relationship
of concrete with maximum moisture content (w/wmax = 100%), obtained similarly.

For concrete with moisture content w/wmax = 0%, the following empirical relationship was
obtained:

fo=a(cp)® +bep +¢=573x1075(cp)” — 1.46 x 102cp, 4 10.3,

20
when 1847 m/s < cp < 2379 m/s. 20

Curve (20) covers results from testing all densities of AAC, where the obtained coefficient of
correlation is R? = 0.98.
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(a) (b)

Figure 8. Results from P-waves velocity testing: (a) compressive strength of AAC including density
classes, and (b) AAC strength in wet concrete (fg,y) and totally dry concrete (f3).

3.3. Calibrating a Curve in Moisture Conditions

The practical use of obtained test results required the common curve covering both the varying
density of AAC and the moisture impact. For this purpose, the common curve including all moisture
levels w/wmax and densities, was found with the least square method (Figure 9a). The equation of the
common curve was:

Fow = w(cp)” + bwep + cw — fow = 5.33-1076(cp)* — 1.39-102¢, + 10.9

21
when 1315 m/s < cp < 2379 m/s. @)

Then, equations for individual curves were developed with reference to AAC density. Test results
are presented in Table 7. The obtained coefficient values were compared to coefficients ay, by, and cy
for the common curve, and then plotted to the graph Figure 9b.

10.0 T

O W/W =0

801 BwWwm=10%
o WWma=23%
SOT m W =33%

8 WW imax=67%

fBw, N/ ‘mm’

4.0 T

20— ————7-—-

, =5.33x107(c, F —1.39x107%¢, +10.9
Buw I3 P
R?=097

0.0

2500

alaw, b/bw, c/cw

1R?=097
|

03 1b/b, = 2.77(w0 /W0y )* ~2.56( /W0, )+ 1.03 ~ *\* |

| €/ =289 /W00 P =2.56(w0/ W, )+0.94
! R*=0.98
|

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

W/W max

(b)

Figure 9. Results from ultrasound velocity testing: (a) common curve fp,—cp for all AAC densities and
moisture levels, and (b) equations for curve coefficients at varying moisture content in AAC fp,,.

A parabolic relation of the compressive strength of wet AAC fy,,—¢p illustrated in Figure 9a
was the same as for ordinary concrete [1]. Linear and parabolic relations were obtained for solid
brick [21,44]. Generally, the result was similar to predictions. Taking into account that ultrasound
velocity depends on the modulus of elasticity E, Poisson’s ratio v, and density p, and connected with
the relationship ¢, = \/E(1—v)/p(1+v)(1 —2v), it was easily demonstrated that greater density
caused by moisture content resulted in an increase in the modulus of elasticity. Obtained curves
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shown in Figure 9b are statistic. High R? values represent non-linear correlations. All curves had the
minimum at moisture content in the range of w/wmax = 0.4-0.5. As a consequence, a difference in
results with reference to the common curve will be the biggest. The curve obtained at this moisture
content f},,,—cp was likely to be shifted downwards. Further studies require additional tests at moisture
content in the range of w/wmax = 0.4-0.5.

Table 7. Comparison of coefficients and equations of empirical curves.

Curve Coefficient

w/Wmax . R2 Curve Equation
a c
Fow = 5.73 x 1076 (cp)? — 146 x
0 573 x 107 —1.46 x1072  10.30 099 JBw T =N P :
1072, 4 10.3
_ -6 2 _
01 437 %106 —102x102 756 097 JBw =437 x107%(cp)"~1.02x
10~2cp, +7.56
_ -6 2
0.23 422106 —919x10-3 635 099 JBw =42 X310 (cp)” 919 x
10 3¢, +6.35
_ -6 2
033 33x106 —620x10° 388 095 Jow 333X 107%(cp)" 621 x
10-3¢, +3.88
_ -6 2 _
0.67 359 x 106 —775x10-3 584 095 JBw =3 X310 (cp)” =775 %
1073¢c, +5.84
fow = 615 1076 (cp)> — 1.72 x
1 615x10°¢ —172x1072 1390 098 JBW TP 7 P ‘
10-3¢p +13.90
common 4w =533 x by =-1.39 x Cw = 09y Jew =533 10—6(cp)2 139 x
curve 10-° 1072 10.90 ' 10*2clO +10.9

The method of least squares gave the following forms of empirical curves used to determine
coefficients of the relationship f gy —cp for AAC with any moisture level and density:

2
- 1.99< ) 189 Y 4 1.05, R? = 0.96, (22)
Aw Wmax Wmax
b w \? w 2
— = 2.77< ) —2.56 +1.03, R- =097, (23)
bw Wmax Wmax

2
£ z.s9< @ ) ~256—2 1094, R? = 0.98. (24)
Cw Wmax Wmax

Calculated coefficients a, b, and c should be put into the equation:
fBw = a(cp)2 + bep + ¢, when 1315 m/s < ¢p < 2379 m/s. (25)

which gives the general form of the basic curve for AAC. In practice, ultrasonic testing should be
associated with destructive tests for graduation. In this case, further steps can follow rules specified in
the European standard EN 13791 [1] for ordinary concrete.

4. Procedure Algorithm for Determining Characteristic Compressive Strength of Masonry

Proposed empirical procedure for determining characteristic compressive strength of masonry
with semi-non-destructive and non-destructive techniques can be described with the following steps
shown in Table 8.
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Table 8. Procedure algorithm for determining characteristic compressive strength of masonry with
semi-NDT and NDT techniques.

Description
Step Non-Destructive (ultrasonic)
Semi-Non-Destructive Testing Reference . Reference
Testing
Determining moisture content by Determining moisture content by
1 weight w in AAC at the tested Equation (16) weight w in AAC at the Equation (16)
(in-situ) point tested point
Calculating maximum moisture . Calculating maximum moisture .
2 content Wmax in AAC Equation (17) content Wmax in AAC Equation (17)
Drilling specimens from AAC, drying Determmmg P-waves velo.c1t.y (Cp
B A = L/t,) using the transmission
3 them until constant weight and - . -
calculating densit method after measuring the path
8 ye length L and time ¢.
4 Calculating coeff}aents a and b of the Equations (14) and (15) Calculating coeff}aents a and b of Equations (22)-(24)
empirical curve the empirical curve
. . . Calculating compressive strength .
5 Calculating the correction factor Ab Equation (13) of AAC fpy ace. to the curve Equation (25)
p aoemigdemaeebad Gt e sanings
& comp & the standard EN 13791:2008
dry AACf.
. . Calculating compressive strength
7 Calculating compressive strength fg Equation (13) of AAC fpy ace. to the B
acc. to the corrected curve
graduated curve
Calculating compressive strength fgy, Calculating characteristic
8 depending on moisture content in Equations (18) and (19) compressive strength of AAC Equation (1)
AAC masonry
Calculating characteristic
9 compressive strength fy of AAC Equation (1)

masonry

5. Conclusions

The preformed tests confirmed the effect of specimen shape on compressive strength in the
analyzed type of autoclaved aerated concrete and on the method of specimen failure. Regardless of
AAC density, compressive strength determined at specific volumes and slenderness was found to be
similar to the strength of standard specimens. The greatest strength was found in specimens with the
smallest volume. Compressive strength of specimens with the greatest volume was much lower than
in case of standard cube specimens with dimensions of 100 mm x 100 mm x 100 mm.

Maximum moisture content was increasingly reversely proportional to AAC density, and moisture
significantly reduced strength with reference to the strength of AAC tested in air-dry conditions.
The greatest 30% reduction in compressive strength was observed at moisture content w = 0-30%.
This observation was particularly important because moisture content of masonry is ca. 10-15%. Higher
moisture levels caused a drop in strength by 10%. AAC moisture coefficient #,, = 0.8 recommended by
the standard PN-EN 772-1 may give dangerously overestimated strength of masonry with moisture
content w > 20%.

The non-destructive ultrasonic testing demonstrated the profound effect of density and moisture.
An increase in P-waves velocity was proportional to density of AAC (maximum velocity was 2379 m/s
in concrete with density of 700 kg/m3, minimum velocity was 1847 m/s in concrete with density of
400 kg/m3). Increasing density of AAC caused a significant reduction of the velocity.

Two complementary techniques were used. The first semi-non-destructive test can determine
compressive strength of masonry units based on testing specimens of any shape. This technique
can be used independently if at least 18 specimens can be prepared (cf. EN 13791:2009 [1])—like
for concrete. The second is the non-destructive ultrasound method, which cannot be generally used
without scaling the obtained curve. However, the great advantage of this solution is the reduced
number of specimens to be prepared and scaled. The number of six drilled cores or cuboid specimens
can be assumed as minimum. After scaling the curve, measurements can be made at any number of
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points and AAC strength can be determined. Performed tests indicated the impact of AAC density
and moisture on both compressive strength and ultrasound velocity. These methods have some
material limitations with reference to density 397 kg/m® < p < 674 kg/m? and ultrasound velocity
1847 m/s < cp <2379 m/s.
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