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This paper investigates the mechanical properties of sandcrete mixes with metakaolin
(MK) as a mineral additive. Three different types of binders were prepared: one used
as reference, based on 100% w/w ordinary Portland cement (PC), and two modified,
where MK replaced PC in percentages 10% or 20% by weight of the reference
cement content. Experimental tests have been carried out in order to obtain the full
stress–strain diagram for the material under uniaxial compressive loading. The results
of the tests have been post-processed numerically in order to obtain various mechani-
cal characteristics of the sandcrete material, such as compressive strength, modulus
of elasticity and strain at maximum strength. It has been found that, in general, spec-
imens with metakaolin in the binder exhibit enhanced compressive strength compared
to the reference samples without metakaolin. The improvement in compressive
strength was more pronounced in samples with higher concentration of binder (50%
w/w) and low or medium water per binder (W/B) ratio. Samples with higher
compressive strength were characterised by higher values for the measured ultrasonic
pulse velocity. The strain values, recorded at maximum strength, are considerably
higher than the strain value of 2‰ for concrete under uniaxial compressive load.

Keywords: sandcrete; mineral additives; metakaolin; mechanical properties; ultrasonic
pulse velocity

1. Introduction

In recent years, the effects of global climate change are seriously considered to have a
strong impact on mankind, affecting numerous perspectives of human life and living
standard such as construction; hence, the term “sustainability” receives increasing atten-
tion (Ortiz, Castells, & Sonnemann, 2009). Investments and social responsibility are
been examined and evaluated more and more with reference to their sustainability effect.
It is a fact that the building industry causes a substantial percentage of the overall pollu-
tant emissions with building activity contributing a large share of the CO2 emissions
output. For these reasons, a growing interest has arisen lately for low-cost sustainable
eco-friendly construction materials originating from various resources (Lo Presti, 2013;
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Sheen, Huang, Wang, & Le, 2014). Research has also been carried out lately on the use
of recycled aggregates, sourced from construction and demolition waste, for concrete
production (Silva, de Brito, & Dhir, 2014; Behera, Bhattacharyya, Minocha, Deoliya, &
Maiti, 2014; Etxeberria, Vázquez, Marí, & Barra, 2014; Evangelista & de Brito, 2014;
Koenders & Enzo Martinelli, 2014; Medina, Zhu, Howind, Sánchez de Rojas, & Frías,
2014; Soares, de Brito, Ferreira, & Pacheco, 2014; Song & Ryou, 2014; Schneider,
Romer, Tschudin, & Bolio, 2011; Tam, Gao, & Tam, 2005; Topçu & Firat Günçan,
1995; Xiao, Li, Corr, & Shah, 2013).

A very important material in building construction, which has been used in many
developing countries, is sandcrete, mostly in the form of solid, cellular or hollow non-
reinforced masonry blocks as load bearing and non-load bearing walling units
(Mohammed & Cheeseman, 2011). Sandcrete belongs to a family of concretes that can
be used when environmental or economic constraints limit the use of coarse aggregates.
Although there is no standard definition for sandcrete, it is considered as a composite
material consisting of fine aggregate (sand), ordinary Portland cement, water at an
appropriate ratio and rare mineral additives (Mohammed & Cheeseman, 2011). A prop-
erly manufactured soilcrete exhibits acceptable properties for potential use in construc-
tion, such as moderate or in some cases relatively high compressive strength, low
shrinkage, low thermal conductivity and high bulk density. The material can be used in
the manufacture of masonry blocks and also as a binder for precast units in early stages
before setting and hardening. Despite the recent advances in sandcrete technology, the
use of this type of material is still limited (Denis, Attar, Breysse, & Chauvin, 2002).
Kolovos, Asteris, Cotsovos, Badogiannis, & Tsivilis (2013) studied the mechanical
properties of soilcrete mixtures modified with metakaolin. For the mixtures investigated,
a natural clay ground soil was used as binder in moderate and low proportions in order
to simulate typical mixing conditions of practice in soil stabilisation techniques. Over
the last decade, a plethora of experimental (Aniculăesi, Lungu, & Stanciu, 2013; Fang
et al., 2004; Omoregie & Alutu, 2006; Wenapere & Ephraim, 2009) and numerical stud-
ies (Bijan & Kaveh, 2014; Nguyen, Fatahi, & Khabbaz, 2014; Tinoco, Gomes Correia,
& Cortez, 2014) have been carried out on the mechanical behaviour of cemented materi-
als such as soilcrete and sandcrete.

In the present study, the synthesis and mechanical characteristics of an environment-
friendly sandcrete material are presented, where metakaolin has been added as a mineral
additive to the mix. Sandcrete mix design optimisation and mechanical behaviour of the
produced samples have been experimentally investigated. It has been found that the ben-
eficial properties of metakaolin may be used in producing sandcrete mixes with improved
mechanical properties, which, provisionally, can be used as a structural material.

2. Experimental investigation

The main characteristics of the adopted research strategy simply follow those described in
detail in a previous work published by the authors (Kolovos et al., 2013). Hence, the selec-
tion of the designed syntheses, the methodology for the preparation of the samples and the
analytical techniques used for the characterisation of structure and mechanical properties
do not differentiate in principle with those described in (Kolovos et al., 2013) and in this
section, they are presented for the sake of completeness and better comprehension.

A series of cylindrical specimens with a height-to-diameter (h/d) ratio equal to
2 (h/d = 2) were prepared and tested under uniaxial compression in order to study the
material behaviour of sandcrete and the effect of metakaolin addition in the mix.
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2.1. Materials and analytical techniques

The constituents of the binder (B) used in the preparation of samples are:

(1) Ordinary Portland Cement (PC): CEM I 42.5 N type of industrial origin accord-
ing to EN 197-1 was selected for this study in order to avoid the additional
influence of the presence of mineral additives found in other CEM types, to
minimise water demand and to comply with requirements concerning initial
strength development. Chemical analysis of Portland cement and cement charac-
teristics are presented in Table 1 (Kolovos et al., 2013).

(2) Metakaolin (MK): a high-purity commercial metakaolin (from Imerys Minerals)
containing 95% metakaolinite (Al2O3·2SiO2) (Kakali, Perraki, Tsivilis, &
Badogiannis, 2001; Kolovos et al., 2013) was used. The chemical composition,

Table 1. Chemical analysis of Portland cement and cement characteristics.

Chemical
composition (% w/w)

Potential mineral
composition

(Bogue) (% w/w) Physical characteristics

SiO2 19.38 C3S 61.06 Specific surface (cm2/g) 3900
Al2O3 4.26 C2S 9.50 Density (g/cm3) 3.10
Fe2O3 3.58 C3A 5.22 Water for standard consistence (%) 26.0
CaO 61.79 C4AF 10.90 Autoclave expansion (%) .08
MgO 3.35 Initial setting time (min) 110
K2O .55 Final setting time (min) 205
Na2O .15 Moduli Heat of hydration (J/g) 330
SO3 3.33 LSFb .97
Cl- .00 SMc 2.47
L.O.Ia 2.05 AMd 1.19
Free CaO .86 HMe 2.18

aLOI = loss on ignition.
bLSF = lime saturation factor.
cSM = silica modulus.
dAM = alumina modulus.
eHM = hydraulic modulus.

Table 2. Chemical composition, mineralogical composition and main physical characteristics of
metakaolin (MK) (Sonebi et al., 2013; Coulter & Martin, 2006).

Chemical composition (% w/w)

SiO2
a Al2O3 CaO MgO Fe2O3

54.56 43.56 0.03 0.05 1.47
Mineralogical composition (% w/w)

Metakaolinite Alunite Quartz Illite
95.0 – – 3.0

Physical properties
Specific
gravity

Bulk density (kg/
m3)

Specific surface (m2/
kg)

Fineness characteristics
d20
(μm)b

d50
(μm)

d80
(μm)

2.50 560.7 12000 10.3 5.1 1.9

aThe active silica content is 53% (EN 197-1, EN 196-2).
bdi: The diameter where i % w/w of the particles (powder) are coarser.
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mineralogical composition and main physical characteristics of the metakaolin
(MK) used are given in Table 2.

A crushed quarry sand of a limestone origin (CQLS) was selected for this study
since it corresponds to a widespread typical natural rock found in a wide range of soil
strata (clean sands (Pavlović, Cotsovos, Dedić, & Savidu, 2010)) that is highly erodible
during jet-grouting (Pavlović et al., 2010; Pavlović, Cotsovos, Dedić, & Savidu, 2010).
After sampling, according to ASTM C702 standard, crushed quarry sand was dried at
105 °C for 24 h in an electrical laboratory oven and then sieved in order to pass a 4.75-
mm sieve (No. 4 according to ASTM E11 standard). The chemical composition of the
CQS was derived using X-ray fluorescence (XRF) analysis, while mineralogical charac-
teristics were determined by XRD analysis, using a Siemens D-5000 X-ray Diffractome-
ter, with nickel-filtered Cu–Kα1 radiation (λ = 1.5405 Å, 40 kV and 30 mA). Chemical
and mineralogical characteristics of the crushed quarry limestone sand selected are given
in Table 3, while the XRD pattern for CGS is given in Figure 1. The particle size distri-
bution for CQLS (before sieving at 4.75 mm) resulted by conducting sieve analysis,
according to ASTM E11 and ASTM C136 standards. The particle size distribution
graph obtained is given in Figure 2. Finally, the relative density (specific gravity) on the
basis of oven-dry (OD) fine aggregate, relative density (specific gravity) on the basis of
saturated surface dry fine aggregate, apparent relative density (apparent specific gravity)
and water absorption of fine aggregate CQLS were measured according to ASTM C128
standard and were found to have a value of 2.73, 2.60, 2.63 and 2.05%, respectively,
which are typical for a limestone crushed sand.

For the preparation of selected samples, a common superplasticizer (CHEM SLP P
by Domylco Ltd., type E and F of ASTM C494/C494M-08a) was used at appropriate
percentages in order to retain high workability and optimal flow properties of the
produced sandcrete.

2.2. Sampling strategy and preparation of binder types

Three different types of binders were prepared: one used as reference, based on 100%
w/w ordinary Portland cement (PC), and two modified, where MK replaced PC in
percentages 10% or 20% by weight of the reference cement content. Mixing was con-
ducted in a laboratory swing mill for 1 h (no further grinding was performed) until
homogeneity of the blends was achieved.

2.3. Sampling strategy and preparation of binder-ground crushed quarry limestone
sand mixtures

As in the previous work (Kolovos et al., 2013), in order to simulate typical mixing con-
ditions of practice in soil stabilisation techniques, a prior decision was taken to produce
only two categories of binder-ground crushed quarry limestone sand mixtures, one that
contains the binder (B) in a moderate proportion (50% w/w) and a second with a lower

Table 3. Chemical composition (% w/w) of the crushed quarry limestone sand.

SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2 P2O5 SO3 L.O.I.

5.74 2.03 46.92 .75 2.69 .24 .19 .33 .10 – 40.24
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proportion of binder (30% w/w), hence rich in crushed quarry limestone sand
(70% w/w CQLS).

Thus, six binder-ground crushed quarry limestone sand mixtures were prepared by
mixing CQLS with 50 and 30% w/w each one at a time of the three different types of
binders.

2.4. Sandcrete preparation and properties

Sandcrete samples were prepared by mixing the six binder-ground crushed quarry
limestone sand mixtures with water at 20 °C in an 80-L capacity laboratory mixer for
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Figure 1. XRD diagram and mineralogical phases of crushed quarry limestone sand (CQLS): (1)
Calcite, (2) Quartz, (3) Dolomite and (4) Anorthite.

Figure 2. Particle size distribution of the crushed quarry limestone sand (CQLS), according to
ASTM E11 and ASTM C136 standards.
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concrete production. All samples for every batch were prepared in two steps. Firstly, the
weighted mass of sand and cement was mixed and stirred in the laboratory mixer to
obtain a homogenous mixture. Secondly, the weighted mass of metakaolin (when appli-
cable) was added to the mix. The mixing was continuous and followed the addition of
water until all materials were homogeneously mixed. For syntheses that required super-
plasticizer, a weighted quantity was added immediately after the addition of water. The
duration of the mixing was around 10–15 min.

Several trial batches were performed in order to optimise the rheological and
mechanical properties. As far as the water-to-binder ratio (W/B) is concerned, according
to the previous published work by the authors and relevant literature on grouting appli-
cations (Anagnostopoulos, 2007; Bouchelaghem & Almosni, 2003; Coulter & Martin,
2006; Huang, 1997; Kolovos et al., 2013; Mikkelsen, 2002; Nikbakhtan & Ahangari,
2010; Nikbakhtan, Ahangari, & Rahmani, 2010; Nikbakhtan & Osanloo, 2009; Sonebi,
Lachemi, & Hossain, 2013; Tan, Zaimoglu, Hinislioglu, & Altun, 2005), three different
values were decided in prior to be retained for all sandcrete samples: (i) a low one (L),
equal to .4; (ii) a medium one (M), equal to .7; and (iii) a high one (H), equal to 1.0.
Hence, three series of twelve (12) sandcrete samples at a time were obtained, with ratio
W/B = .4, .7 and 1.0, respectively. In contrast to the soilcrete samples studied in a previ-
ous published work by some of the authors (Kolovos et al., 2013), the trial sandcrete
batches – conducted with water-to-binder ratio (W/B) of .4, .7 and 1.0 – showed that no
excess water is required in order to achieve the minimum appropriate workability for
the produced sandcrete samples due to the substantially lower values for water absorp-
tion and humidity in crushed quarry limestone sands compared to common clay soils of
high plasticity.

Using three water-to-binder ratios (W/B) and the six previously mentioned binder-
ground crushed quarry limestone sand mixtures, we obtain 6 × 3 = 18 different types of
sandcrete materials. For samples with W/B = .40, superplasticizer was used at appropri-
ate percentages (2.0% w/w of the total binder weight used) in order to achieve high
workability and optimal flow properties of the produced sandcrete. The codification and
synthesis of sandcrete mixes are presented in Table 4.

Based on the above synthesis of the cement–sand mixes, a large number of laboratory
experiments were conducted in order to support the present research. Specifically, a total
of 18 × 12 = 216 cylindrical specimens (12 for each one synthesis) were prepared in
accordance with requirements and recommendations of the ASTM standards. From the
total of the 216 specimens, 144 (18 × 8) have been tested under uniaxial compression at
28 days in the framework of the present work, while the rest (72 specimens) are to be
used in a companion, ongoing research project which aims on the estimation of the effect
of metakaolin to the durability of cement–sand materials. Details for the preparation of
specimens as well as for the uniaxial compression tests are given in the next section.

2.5. Determination of the mechanical properties

2.5.1. Preparation of specimens

All the specimens were cast in place in metal cylindrical molds, 100 mm (diame-
ter) × 200 mm (height). As it is well known that the geometry of the samples affects
significantly the experimental results and the measured mechanical properties, special
care has been taken for finalising the samples in accordance with the requirements and
recommendations of the ASTM standards. In particular, all ends of the cylinders have
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been sawed with a suitable cutting wheel according to the specifications of ASTM C39
(2000) as any irregular end surfaces or specimen axis being not perpendicular to the
end faces would cause stress concentrations within the test specimen that would reduce
the measured strength (Park & Suh, 2008). Specifically, all ends of the compression test
specimens were made plane to within .05 mm and their deviation from perpendicularity
from the axis was less than .5° (1 mm in 100 mm).

2.5.2. Compression test

Uniaxial compression tests were performed on cylinder specimens using a hydraulic
four-column compression test machine (Figure 3) with a capacity ranging from 1 up to
3000 kN and the ability to adjust the loading speed. Due to the high sensitivity of the
measured strength values, the machine was calibrated by a third-party certified agency
before testing.

All specimens were subjected to uniaxial compression at a loading rate of .5 MPa/s
and the stress–strain curves were automatically recorded. Specifically, in compliance
with ASTM C469 (1994), two rigid circular rings were secured at approximately the
middle one-third of the specimen height (that is the area where uniaxial compression
conditions are ensured) using clamping screws, as seen in Figure 3. A linear variable
differential transducer was introduced between the rings to measure the uniaxial com-
pressive strain of the specimen at each loading step. Loading on the specimen continued
at least up to the point where a 10% drop in the maximum sustained load was recorded,
as depicted in Figure 4. The main results recorded were (i) the uniaxial compressive

Table 4. Codification and synthesis of sandcrete samples.

Sample

CEM Ι
42.5 N (PC)
(% w/w in
the dry mix)

Metakaolin
(MK)

(% w/w in
the dry mix)

Crushed Quarry
Limestone Sand
(CQLS) (% w/w
in the dry mix) W/B

Superplasticizer
(% w/w of the
cementitious
materials)

PCSA-50L 50 – 50 .4 2.0
PCSA-30L 30 – 70 .4 2.0
PMCSA10-50L 45 5 50 .4 2.0
PMCSA10-30L 27 3 70 .4 2.0
PMCSA20-50L 40 10 50 .4 2.0
PMCSA20-30L 24 6 70 .4 2.0

PCSA-50M 50 – 50 .7 –
PCSA-30M 30 – 70 .7 –
PMCSA10-50M 45 5 50 .7 –
PMCSA10-30M 27 3 70 .7 –
PMCSA20-50M 40 10 50 .7 –
PMCSA20-30M 24 6 70 .7 –

PCSA-50H 50 – 50 1.0 –
PCSA-30H 30 – 70 1.0 –
PMCSA10-50H 45 5 50 1.0 –
PMCSA10-30H 27 3 70 1.0 –
PMCSA20-50H 40 10 50 1.0 –
PMCSA20-30H 24 6 70 1.0 –
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strength (f 0c ); (ii) the axial strain at maximum stress (εο); (iii) the modulus of elasticity
(Ec); and (iv) the full stress–strain path for the given loading.

Regarding the reliability of the uniaxial compressive strength test, it is worth men-
tioning that in contrast to previous similar works which did not ensure smooth, parallel
and uniform bearing surfaces that are perpendicular to the applied axial load (cylinder’s
axis), in the present study, all specimens’ stress–strain curves did not exhibit non-linear-
ity in the initial portion of the stress–strain curve. This phenomenon of non-linearity is
attributed to the irregularity of the end surfaces. In such a case, the stress–strain curves
need to be modified by shifting the origin of the diagram appropriately.

Figure 3. Uniaxial compression test set-up.
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fc : Compressive strength at 28 days
ε0 : Strain at maximum strength
Ec : Modulus of elasticity
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Figure 4. Stress–strain curves.
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3. Results and discussion

3.1. Mechanical properties of sandcrete samples

As discussed in the previous section, samples were subjected to uniaxial compression
tests and the full strain–stress curves were obtained. Figures 5–10 present the stress–
strain curves.

3.1.1. Compressive strength

Figure 11 presents the compressive strength (f 0c ) of sandcrete samples (at 28 days) con-
taining 30 and 50% w/w modified binder types, with the addition of 10 or 20% w/w
MK, in comparison to the reference samples (binder with no addition of MK), with low
(L), medium (M) and high (H) W/B ratio.

For the samples with the lower W/B ratio, the addition of MK in 20% by weight in
the binder resulted in higher values for the average compressive strength in comparison
to the reference samples. The increase in the compressive strength was 25% for sample
PMCSA20-50L (in comparison to PCSA-50L) and 18% for sample PMCSA20-30L (in
comparison to PCSA-30L). On the contrary, no such trend was recorded for the sample
series with the addition of MK in 10% by weight in the binder. In particular, a decrease
in the compressive strength was recorded for samples PMCSA10-50, while no variation
was observed for samples PMCSA10-30 when compared with the reference samples
(i.e. PCSA-50 and PCSA-30, respectively).

The samples with medium W/B ratio and the addition of MK in the binder exhibited
a more pronounced increase in the compressive strength compared with the samples
with low W/B ratio. Specifically, an increase of 26% and 53% was recorded for samples
PMCSA10-50M and PMCSA20-50M, respectively, in comparison to PCSA-50M, while
for samples PMCSA10-30M and PMCSA20-30M the increase in the compressive
strength was 13% and 29%, respectively, when compared with the reference sample

Figure 5. Stress–Strain Curve for PCSA-50 specimen series.
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(PCSA-30M). A small increase in the compressive strength was observed in the samples
with high W/B ratio and addition in 20% by weight of MK in the binder, while no vari-
ation was recorded with addition in 10% by weight of MK in the binder.

Thus, based on the observations from the compressive tests conducted, it is gener-
ally concluded that the enhancement in compressive strength (with the addition of MK)
was more pronounced in samples with higher concentration of the binder and low or

Figure 6. Stress–Strain Curve for PCSA-30 specimen series.

Figure 7. Stress–Strain Curve for PMCSA10-50 specimen series.
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medium W/B ratio as MK exhibits a pronounced pozzolanic reactivity leading to
improved compressive strength (Kostuch, Walter, & Jones, 2000). The enhancement in
compressive strength with the addition of MK was also verified in an earlier study on
soilcrete mechanical properties conducted by Kolovos et al. (Kolovos et al., 2013)

Figure 8. Stress–Strain Curve for PMCSA10-30 specimen series.

Figure 9. Stress–Strain Curve for PMCSA20-50 specimen series.

European Journal of Environmental and Civil Engineering 11



supporting the well-reported contribution of metakaolin to concrete mixes (Nadeem,
Memon, & Yiu Lo, 2013).

Figure 12 presents the relationship of compressive strength with regard to water-
to-binder ratio. The decrease in the compressive strength is close to linear for the series
PMCSA10-50 and PMCSA20-50 while for the rest samples, a deviation from linearity
is recorded.

Figure 10. Stress–Strain Curve for PMCSA20-30 specimen series.

Figure 11. Compressive strength of sandcrete samples at 28 days (W/B = .4, W/B = .7 and
W/B = 1.0).
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3.1.2. Ultrasonic pulse velocity

Prior to the compression tests, the ultrasonic pulse wave method was applied onto each
specimen in order to determine the speed at which the pulse travels through the sand-
crete medium which in turn allows the determination of the dynamic elasticity modulus.
Figure 13 presents the measured average ultrasonic velocity for all sample series.

As expected, the measured ultrasonic pulse velocity was higher for specimens with
lower water-to-binder ratio that exhibit higher elasticity. For the specimens with higher
concentration of the binder, the addition of MK in the mix resulted in lower ultrasonic

Figure 12. Average compressive strength vs. W/B ratio for all specimen series.

Figure 13. Measured ultrasonic pulse velocity for all specimens (W/B = .4, W/B = .7 and
W/B = 1.0).
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pulse velocity. With the addition of MK in the mix with lower concentration of the
binder, either no variance or decrease in the ultrasonic pulse velocity was observed. As
it will be explained in Section 3.1.3, lower ultrasonic velocity results in lower dynamic
modulus of elasticity, i.e. increased deformability.

3.1.3. Modulus of elasticity – deformability

The average values of the elasticity modulus established experimentally for all samples
were obtained from the stress–strain curves (see Figures 5–10). The experimentally
established values of the elasticity modulus, calculated as the secant modulus
determined from the stress–strain relationship recorded when subjecting a sandcrete
cylindrical specimen to a uniaxial compressive stress approximately equal to 40% of its
load-carrying capacity, are depicted in Figure 14, as average values for each type of
sample. As expected, the specimens with the lowest W/B were characterised by the
highest values of elasticity modulus. In particular, the experimentally established values
of the elasticity module for series with low W/B ratio were found 2 and up to 2.5 times
larger compared with the specimens with high W/B ratio. In contrast, for specimens with
medium W/B ratio, a smaller increase in the modulus of elasticity (10–30%) was
observed compared to the samples with low W/B ratio.

For the samples series with low W/B ratio, the addition of MK did not alter the elas-
ticity modulus of the samples compared to the reference ones. The only exception to
this observation was recorded in sample PMCSA10-30L with a measured elasticity
modulus 15% higher than the one of the reference samples. Similarly, no significant
variation in the modulus was observed for samples with high W/B ratio and 50% w/w
concentration of the binder, in comparison to the reference samples, while a decrease of
23% was measured for the samples with 30% w/w concentration of the binder. For sam-
ples with medium W/B ratio, the addition of MK resulted in a decrease in the modulus
of elasticity.

Figure 14. Modulus of Elasticity for all samples obtained from the experimentally established
stress–strain curves (W/B = .4, W/B = .7 and W/B = 1.0).
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For the samples with low and medium W/B and 50% w/w concentration of the bin-
der, the percentage of MK in the binder (10% versus 20% w/w) showed no effect on
the modulus of elasticity (i.e. specimens PMCSA10-50L and PMCSA10-50M had the
same modulus of elasticity with samples PMCSA20-50L and PMCSA20-50M, respec-
tively). The same observation is valid for samples with high W/B and 30% w/w concen-
tration of the binder, while for 50% w/w concentration of the binder, the recorded
modulus of elasticity was higher by approximately 20% for sample PMCSA10-50H
compared to PMCSA20-50H.

Furthermore, based on the measured ultrasound pulse velocity, the dynamic modulus
of elasticity was calculated. The relationship between the dynamic elasticity modulus
and the propagation speed uw of the ultrasonic pulse is provided by Equation (1)
(Neville, 1996)

Esandcrete;ult ¼ q � u2w � 1þ vð Þ 1� 2vð Þ
1� vð Þ (1)

where ρ is the density of sandcrete and ν is the Poisson’s ratio.
The average values of the dynamic elasticity modulus determined based on the ultra-

sonic pulse velocity method are shown in Figure 15. For the samples with low and high
W/B, the addition of MK resulted in slightly lower dynamic modulus of elasticity,
whereas for samples with the medium W/B, no variation was observed.

Figure 16 presents a comparison of the values of the elasticity modulus for all sam-
ples determined by the experimental stress–strain curves with its counterparts obtained
by the ultrasonic pulse velocity method. As expected for cementitious materials, the
value of the modulus of elasticity calculated based on the ultrasonic pulse velocity is
higher than the experimentally obtained as it is associated with the material in its
unloaded state. Comparing Figures 14 and 15 which show the corresponding average
values, it can be seen that the values of the experimental to the dynamic modulus of
elasticity ratio vary between .73 (for specimen PMCSA10-30M) and .98 (for specimen

Figure 15. Dynamic Modulus of Elasticity for all samples obtained from the ultrasonic pulse
method (W/B = .4, W/B = .7 and W/B = 1.0).
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PMCSA10-30L). Samples with MK and low W/B ratio showed closer agreement
between the elasticity module determined by the experimental stress–strain curves and
the one obtained by the ultrasonic pulse velocity method.

A comparison of the values of the elasticity modulus determined from the experi-
mental stress–strain curves of the samples with that of concrete with the same uniaxial
compressive strength using the recommended formula by ACI 358- 95 (Equation 2) is
given in Figure 17. The figure also presents an estimation of the elasticity modulus
based on analytical formula obtained from practice (Pavlović et al., 2010) in respect to

Figure 16. Comparison of Experimental and Dynamic Modulus of Elasticity for all specimens.

Figure 17. Experimental Modulus of Elasticity vs. compressive strength in comparison with
analytical expressions for all specimens.

16 P.G. Asteris et al.



the average value of the compressive strength of soilcrete for jet-grouting in clay layers
(Equation 3):

ECðACIÞ ¼ 4:73 � f 2=3c (2)

EC ¼ 500 � f 0:5c (3)

It is evident that the proposed expression for soilcrete modulus of elasticity greatly
underestimates the values of the experimentally obtained modulus of elasticity of the
sandcrete samples. Contrary, the recommendation by ACI gives higher values for the
modulus of the sandcrete specimens in all cases.

Figure 18 shows the variation of the strain εο exhibited by the samples when sub-
jected to uniaxial compressive stresses equal to their uniaxial compressive strength.
Based on the values of Figure 18, it appears that εο varies between .0018 (for specimen
PMCSA10-50H) and .0037 (for specimen PMCSA20-30L). No specific trend was
observed comparing the samples with MK and the reference ones. However, in the vast
majority of the samples, the strain at maximum stress is considerably higher than the
strain value of .002 that concrete exhibits when subjected to its uniaxial compressive
strength, confirming that sandcrete is a much “softer” material than concrete.

3.1.4. Cracking process – modes of failure

Figure 19 presents the failure modes of the sandcrete samples after the end of the com-
pression test. During the test, visible cracks usually started from the top section of the
cylinder and spread vertically downwards with increased compressive loading. The
cracks enlarged and extended downwards rapidly during the final stages of the experi-
ment and no definite sign was observed before the collapse.

It is understood that microcracks develop during the hardening phase of sandcrete
samples inside the cylindrical mould because of the different effects in shrinkage

Figure 18. Strain exhibited by specimens when subjected to uniaxial compressive stress equal to
their uniaxial compression strength for all specimen series.
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exhibited by both sand and cement. It is worth noting that the evaluation of the SEM
micrographs of samples indicates the presence of microcracks in the interface between
sand grains and cement hydrates (Figure 20). An adequate number of microcracks were
observed in the case of samples doped with metakaolin – these samples were charac-
terised by brittle failure and higher ultimate compressive strength values.

During the tests, at approximately 80% of the maximum compressive load, a slight
noise was noticeable from inside the cylinder. This suggested that microcracks had
enlarged and spread in the sandcrete medium. As the load reached the ultimate load, a
very strong noise accompanied the failure of the cylinder specimens. It is noted that the
cracking pattern in the sandcrete samples, in terms of crack width and length, is signifi-
cantly extended when compared with plain concrete. As a result, during testing of the
sandcrete samples, a high amount of energy is stored and suddenly released at failure,
accompanied by a strong noise.

Figure 19. Failure modes of selected plain sandcrete cylinders at maximum compressive loads:
PMCSA10-30H (a), PMCSA10-50H (b), PMCSA10-30M (c) and PMCSA20-30M (d).
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The salient characteristic of all forms of failure in sandcrete samples, in contrast
with the failure types observed in the classical case of plain concrete with aggregate, is
that all cracks are straight with smooth surfaces due to the absence of aggregates.
According to Walraven (1980, 1981), the aggregate interlock mechanism is directly
related to the way in which a crack is formed in concrete. As the strength of the hard-
ened cement paste is generally lower than the strength of the aggregate particles, cracks
intersect the cement paste but run along the edges of the aggregate particles. Thus, the
aggregate particles, extending from one crack face, “interlock” with the opposite face
and resist shear displacements.

Figure 20. SEM photos of fractured sandcrete samples showing the development of microcracks:
PMCSA20-30H (a) & (b).
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As regards the morphology, the observed forms of failure of the samples can be
grouped in two categories. The first type of failure includes sandcrete specimens whose
cracks are vertical (Figure 21). This is in accordance with the columnar type of failure
type described by the ASTM standards (ASTM C873/C873M-15, 2015) and it appears
in specimens with low water-to-binder ratio, especially those with the highest percentage
of metakaolin characterised by the higher compressive strength (as discussed in
Section 3.1.1). For this group of samples, it was observed that the cracks usually started
somewhere near the centre of the cylinder and extended towards the edges of the
specimens.

The second type of observed failure type includes sandcrete specimens with medium
W/B ratio whose cracks are not vertical (Figure 22). In particular, it includes all other
observed types (cone, cone and split and cone and shear based on ASTM failure-type
classification (ASTM C873/C873M-15, 2015). Observation revealed that the cracks

Figure 21. Failure of selected specimens with low W/B ratio: PMCSA10-50H (a), PMCSA10-
50L (b), PMCSA20-30L (c) and PMCSA20-50M (d).
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usually started at the top section of the cylinder and spread downwards with increased
compressive load.

4. Conclusions

The present study investigates the mechanical properties of sandcretes produced by the
addition of 10 and 20% w/w metakaolin in the designed binder types. The main conclu-
sions from the study are given below

• In general, the addition of metakaolin has produced an improvement of the
mechanical properties of the material. Specimens with MK in the binder exhibit
enhanced compressive strength compared to the reference samples. The improve-
ment in compressive strength was more pronounced in samples with higher

Figure 22. Failure of selected specimens with low W/B ratio: PMCSA10-30M (a), PMCSA10-
50Μ (b), PMCSA20-30Μ (c) and PMCSA20-50M (d).

European Journal of Environmental and Civil Engineering 21



concentration of binder (50% w/w) and low or medium W/B ratio. Lower or no
significant strength increase was observed in the case of sandcrete samples with
lower concentrations of binder.

• Samples with higher compressive strength were characterised by higher values for
the measured ultrasonic pulse velocity. The highest ultrasonic pulse velocity was
obtained for samples with low W/B ratio.

• The experimentally established modulus of elasticity was 2 up to 2.5 times larger
for specimens with low W/B ratio compared to specimens with high W/B ratio. In
samples with low W/B ratio, the addition of MK did not alter the modulus of elas-
ticity compared to the reference ones.

• The ratio of the experimental modulus of elasticity obtained from the stress–strain
curve and the dynamic modulus of elasticity was found to vary between .73 and
.98. Samples with MK and low W/B ratio showed close agreement between the
elasticity module determined by the experimental stress–strain curves and the
dynamic modulus of elasticity. In all samples, the values of dynamic modulus
were found higher than their experimental counterparts.

• The proposed equation for soilcrete underestimated, in a significant way, the value
of the experimentally established modulus of elasticity. On the other hand, the
ACI-proposed equation for concrete gives higher values for the modulus of
elasticity in all samples.

• In all samples, the strain values, recorded at maximum strength, are considerably
higher than the strain value of .002 that concrete exhibits when subjected to a
uniaxial compressive test.

• All samples with low W/B ratio exhibited columnar type of failure – this type of
failure was particularly pronounced in samples with high percentage of MK in the
binder. Samples with medium W/B ratio were characterised by various types of
failure, namely: cone, cone and split and cone and shear.

Based on the above findings, an in-depth research project is in progress aiming to
investigate the influence of metakaolin on the durability of cemented materials such as
the soil and sandcrete ones as well as to the further assessment of its effectiveness based
on terms of fracture toughness.
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