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Abstract

Faced with the increasingly growing need for construction mate-
rial resources and the strict requirements and conditions for pre-
serving the environment, it has become necessary and relevant to 
study all possibilities and opportunities for the recycling and val-
orization of industrial waste and by-products in the construction 
field. Strapping straps is a product used to bundle and transport 
goods and construction materials. After its use, it is considered as 
waste. The objective of this experimental work is to study the pos-
sibility of reusing the strapping strap waste as fibers in the produc-
tion of fiber-reinforced concrete. For this purpose, three families of 
concrete were composed using strapping strap fibers, steel fibers, 
and polypropylene fibers, which were introduced into a concrete 
composition by volumetric substitution (0.4%, 0.8% and 1.2%) of 
aggregates. The fresh properties were evaluated through slump, 
density and air content tests. Hardened properties were investi-
gated using the compressive and flexural strengths, pulse velocity, 
dynamic elastic modulus, and water absorption tests. The results 
obtained showed that strapping strap waste fibers significantly 
improve the mechanical properties of fiber-reinforced concrete 
and have a behavior similar to that of steel fibers. The optimum 
rates of strapping strap fibers were 0.4% and 1.2% for compressive 
and flexural strengths respectively. Compared to polypropylene 
fibers, the strapping strap fibers were found to be more efficient 
and led to a gradual increase in flexural strength with an increase 
in the strapping strap fibers. The results obtained also showed that 
the increase in strapping strap fiber content gradually increased 
the water absorption of fiber-reinforced concrete.
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1 INTRODUCTION

Fiber-reinforced concrete (FRC) is a composite material 
in which fibers are incorporated. Unlike traditional reinforce-
ments, the fibers are distributed throughout the concrete mass. 

FRC exhibits better flexural and tensile strength (Tiberti et al., 
2014; Cuenca et al., 2015) and more ductile behavior (Alab-
duljabbar et al., 2019; Ghamari et al., 2020). Fibers used in 
concrete also permit higher impact energy absorption (Chalio-
ris, 2013, Rahmani et al., 2014) and higher dynamic strength 
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(Deepa Raj et al., 2020; Abid et al., 2020). The fibers used 
make the concrete suitable for various applications such as off-
shore and military infrastructures (Abid et al., 2020), airports  
pavements (Aydin, 2007, Watanabe et al., 2010), bridge decks, 
channel lining and industrial flooring (Ding et al., 2011; Slater 
et al., 2012; Abid et al., 2020). The efficiency of adding fibers 
to a concrete composition depends on the type, geometry, con-
tent, and orientation of the fibers (Bentur and Mindess, 1990; 
Buratti et al., 2011). Several types of fibers are used in FRC 
technology. Steel and polypropylene fibers are the most com-
monly used in FRC compositions (Sorelli et al., 2006; Caratel-
li et al., 2011). FRC containing steel fibers (SF) found their 
first applications in the 1960s. Polymeric fibers were marketed 
in the 1970s, glass fibers in the 1980s, and carbon fibers in the 
1990s (Abid et al., 2020).  

Over the decades, various studies have demonstrated the 
use of fibers in concrete technology. Aydin (2007) used up 
2% of SF in self-compacting concrete (SCC) compositions. 
He found that SF decreased the workability and increased the 
compressive and tensile strengths of SCC. Similar results were 
obtained by Alabduljabbar et al. (2019), who added that SF 
improved the segregation resistance and mechanical proper-
ties of SCC with an optimum rate equal to 2%. With 2% of 
SF, the compressive strength and splitting strength increased 
by 13.38% and 91.44% respectively at 90 days. Akcay and 
Tasdemir (2012) reported that the main factor concerning the 
ability to flow of SCC containing SF was the geometry of the 
fibers. Khaloo et al. (2014) found that both the workability and 
the compressive strength of SCC containing SF decreased, but 
the splitting tensile and flexural strengths tended to increase. 
The addition of 2% SF decreased the compressive strength by 
18.60% and increased the tensile strength by 28.50%. Iqbal et 
al. (2015) reported that the flexural and tensile strength of SCC 
containing SF were significantly improved. They also reported 
that there was no significant impact of SF on the compressive 
strength and elastic modulus. Nagarkar et al. (1987) observed 
that the compressive and flexural strengths of steel fiber-rein-
forced concrete (SFRC) increased by 13 and 40% when 0.5% 
of SF were used. Olivito and Zuccarello (2010) reported that 
the failure mode of FRC considerably changed from fragile to 
ductile when SF were used. They also reported that the duc-
tility and tenacity of FRC increased when the fiber length and 
content increased. A similar trend was observed by Tadepalli et 
al. (2013). Bentur and Mindess (1990) reported that the effect 
of fibers on the mechanical properties of FRC depended on 
the load transfer process from the matrix to the fibers and the 
bridging effect across the cracks. Banthia et al. (1996) reported 
that concrete containing 0.5% of SF exhibited an increase in 
fracture energy by 2.4 times. Shah and Naaman (1976) added 
that the flexural and tensile strengths of FRC containing SF 
increased by two to three times.  De Figueiredo and Ceccato 
(2015) found that the use of fibers in FRC composition de-
creased its workability. This decrease was more pronounced 
when SF were used (Hughes and Fattuhi, 1976; Bayasi and So-
roushian, 1992; Guerini et al., 2018). Song and Hwang (2004) 
reported that the compressive strength of FRC increased by up 
to 1.5% of SF content. With further additions, the compressive 
strength tended to decrease. Ma et al. (2013) showed an im-
provement in compressive strength, splitting tensile strength, 
and flexural toughness when 2% SF was used. Additionally, 
they found that the improvement in splitting tensile strength 

was more pronounced. 
On the other hand, Alhozaimy et al. (1996) reported that 

polypropylene fibers (PPF) had no significant effects on the 
compressive and flexural strengths of FRC. They also found 
that PPF significantly affected the flexural toughness. With 
0.3% PPF, the flexural toughness and failure impact resis-
tance increased by 387% and 90% respectively. Similar re-
sults were found by Song et al. (2005). However, Kakooei 
et al. (2012) reported that the presence of PPF in a concrete 
composition improved the compressive strength and electri-
cal resistivity and reduced the permeability and volume vari-
ations of FRC with an optimum rate equal to 1.50 kg/m3. Han 
et al. (2005) reported that the PPF did not significantly affect 
the bulk density and air content of FRC. They also reported 
that PPF slightly increased the compressive strength and sig-
nificantly improved the spalling strength. Mazaheripour et al..
(2011) observed that PPF decreased the workability of SCC, 
increased the flexural and splitting tensile strengths, and did 
not affect the compressive strength and elastic modulus. A 
similar trend was also observed by Yap et al. (2013). Mindess 
and Vondran (1988) reported that the use of 0.5% PPF led 
to increasing the bending load by 40% and double the frac-
ture energy. Afroughsabet and Ozbakkaloglu (2015) reported 
that the improvement in mechanical strength was more pro-
nounced when the SF were used compared to the PPF. They 
also observed that both the SF and PPF reduced the electri-
cal resistivity of FRC. Similar results were found by Mastali 
and Dalvand (2017). Guerini et al. (2018) found that the use 
of fibers in a concrete composition slightly increased the air 
content. They also showed that PPF adversely affected the air 
content more than SF.

2 SIGNIFICANCE OF RESEARCH 

Ordinary concrete exhibits low tensile strength and poor 
ductility. To resolve these handicaps, previous studies have 
broached the effect of fibers such as SF and PPF on the proper-
ties of concrete. However, much less is known about the prop-
erties and behavior of concrete containing strapping straps 
waste fiber (SSF). The strapping strap are made of polyeth-
ylene terephthalate (PET) and used for both manual and auto-
matic applications to strengthen packaging. After its use, the 
strapping strap is discarded as waste, thereby causing environ-
mental problems (disposal and aesthetic problems, clogging 
the waterways). The objective of this study is to investigate 
the effect of SSF considered as waste on fresh and hardened 
properties of FRC and compare it with commonly available 
fibers used in reinforcing concrete. For this purpose, SF, PPF 
and SSF were used to carry out this experimental investiga-
tion. The valorization of SSF in the composition of concrete 
not only aims to improve some properties of concrete, but also 
to produce a ‘green’ concrete. On the other hand, concrete is 
one of the most used materials in the world because of its high 
strength, low cost and durability (Afroughsabet and Ozbakka-
loglu, 2015; Mazloom and Mirzamohammadi, 2019; Alwesabi 
et al., 2020). When waste can be used in the composition of 
concrete, then a large quantity of this waste can be eliminated 
from the environment. 
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3 MATERIALS USED

3.1 Cement

Ordinary Portland cement (OPC) Type CEMI 42.5 with 
a specific gravity of 3.15 g/cm3 and specific surface of 3600 
cm2/g produced by the Hadjar Elsoud Cement Plant (Eastern 
Algeria) was used in this experimental work. The chemical 
properties of OPC are illustrated in Table 1.

Tab. 1 Chemical properties of OPC

Chemical properties (%) OPC

CaO 61.38

Al2O3 5.18

Fe2O3 3.34

SiO2 19.97

MgO 0.99

Na2O 0.20

K2O 0.44

Cl- 0.19

SO3 2.90

Loss in ignition 3.71

C4AF 10.25

C3A 8.08

C3S 58.45

C2S 13.24

3.2 Aggregates

Coarse aggregate (CA) from natural crushed limestone 
aggregate was used for all the mixtures. Two types of gravel 
(G1 and G2) were used with maximal nominal sizes of 16 mm 
and 25 mm respectively. The specific density of these grav-
els is 2.65 g/cm3. Moreover, fine aggregate (FA) from natural 
crushed limestone sand (CS) with a specific density of 2.61 g/
cm3 and a water absorption of 0.80 % was used. The CS had 
a maximum particle size of 4.00 mm. The fineness modulus, 
which was obtained from the sieve analysis, was equal to 2.91. 
The aggregate properties are illustrated in Table 2. 

Tab. 2 Properties of aggregates

Properties FA CA

Specific density (g/cm3) 2.61 2.65

Sand equivalent (%) 70 -

Fineness modulus 2.91 -

Methylene blue value 0.50 -

Micro-deval test (%) - 14.40

Los Angeles test (%) - 20.10

The particle distributions of FA and CA are presented in 
Fig 1.

3.3 Fibers

SF with a 50 mm length and a diameter of 0.95 mm, PPF 
with a 12 mm length, and SSF with a 50 mm were used in this 
study. The SSF were derived from shredding strapping strap 
waste. The properties of the fibers are provided in Table 3.

Tab. 3 Properties of fibers

Properties SF PPF SSF

Length (mm) 50 12 50

Color  Grey White Green

Diameter (µm) 95 25 95

Density (g/cm3) 7.85 0.91 1.27

Fig 2 shows the SSF used for the composition of the FRC 
mixtures.

3.4 Admixture

To obtain the desired workability for the control concrete 
mixture, the superplasticizer (SP) used was Polyflow SR 5400, 
which is based on polycarboxylate with a brown color, a densi-
ty of 1.07, and a PH of 5.

Fig. 1 Particle size distribution of aggregates used

Fig. 2 SSF used in FRC composition: A) Strapping strap waste 
before shredding; B) SSF after shredding
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4 �MIXING PROCEDURE AND TESTING 
METHODS

The FRC mix proportions are provided in Table 4. The 
Dreux-Gorisse method was used for the composition of the con-
crete mixtures. In the table, the SP content is presented in volume 
and is taken as equal to 0.8% of the total weight of OPC. The 
dosages of OPC, water and SP are kept constant. SSF, SF and 
PPF have been introduced into the concrete composition by vol-
umetric substitution (0.4%, 0.8% and 1.2%) of the aggregates.

To ensure a good degree of homogeneity for all the mix-
tures, the solid constituents were mixed for three minutes. The 
water and SP were then mixed with the other constituents for 
three more minutes. The mixture was then introduced and 
vibrated into standard steel molds according to NF P18-405. 
Cube samples (150×150×150 mm) were used for the compres-
sive strength, pulse velocity, and water absorption by immer-
sion tests. Prismatic samples (70×70×280 mm) were used for 
the flexural strength (Fig 3). 

After 24 hours of molding, the samples were demolded and 
conserved in water for curing (at 23 °C and 100% relative hu-
midity) until their testing ages. The fresh and hardened prop-
erties tests were performed according to the standards men-
tioned in Table 5. For each test, the results obtained represent 
the average of three readings.

Tab. 5 Tests carried out

Tests Standards

Workability (Slump test) NF EN 12350-2

Bulk density NF EN 12350-6

Air content NF EN12350-7

Compressive strength NF EN 12390-3

Flexural strength NF EN 12390-5

Pulse velocity NF EN 12504-4          

Water absorption NBN B15-215

5 DISCUSSION OF RESULTS 

5.1  Workability

The results of the workability test are shown in Fig 4 for 
specimens containing different fiber types and volume frac-
tions. As can be seen, the workability of FRC decreases 
with the increasing fiber content regardless of the type of fi-
bers. It can also be seen that the PPF significantly affects the 
work-ability values of FRC compared to SF and SSF. SF and 
SSF. The workability decreases from 210 to 80 mm when the 
PPF content increases from 0 to 1.2%. While the workability 
decreases by 10 and 35 mm only when 1.2% of SF and SSF 
are used respectively. It can also be seen that with 0.4% of 
SF and SSF, the decrease in workability remains insignificant. 
The decrease in the workability of FRC was also observed 

Tab. 4 Composition of FRC mixtures for 1 m3

G2   
(kg/m3)

G1
(kg/m3)

FA
(kg/m3)

OPC
(kg/m3)

SP
 (L/m3)

Water
(L/m3)

SF
(kg/m3)

PPF
(kg/m3)

SSF
(kg/m3)

C0 306 612 695.08 350 3 147 0 0 0

SFRC0.4 303.10 606.30 688.14 350 3 147 24 0 0

SFRC0.8 299.99 599.91 681.17 350 3 147 48 0 0

SFRC1.2 296.89 593.79 674.23 350 3 147 72 0 0

PFRC0.4 303.10 606.30 688.14 350 3 147 0 7.28 0

PFRC0.8 299.99 599.91 681.17 350 3 147 0 14.56 0

PFRC1.2 296.89 593.79 674.23 350 3 147 0 21.84 0

SSFRC0.4 303.10 606.30 688.14 350 3 147 0 0 5.08

SSFRC0.8 299.99 599.91 681.17 350 3 147 0 0 10.18

SSFRC1.2 296.89 593.79 674.23 350 3 147 0 0 15.26

Fig. 3 Flexural strength test
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by (Abhishek et al., 2015; Anandaraj et al., 2019; Awoyera et 
al., 2021), and was attributed to the fact that the fibers have a 
low water-wetting ability and therefore increase the friction 
between the concrete constituents and make the concrete flow 
more difficult. Ali et al. (2020) recommended the use of plas-
ticizers to compensate for the negative effect of the fibers on 
FRC workability. De Figueiredo and Ceccato (2015) also rec-
ommended the reduction of the maximum size of the aggre-
gate used and increasing the amount of mortar in the concrete 
composition.

5.2   Bulk density

Fig 5 shows the bulk density values of the FRC mixtures. 
Unlike SF, the increase in PPF and SSF contents gradually de-
creased the density of FRC. This decrease is more pronounced 
when PPF are used. The bulk density decreased by 4.14% and 
8.29% when 1.2% of SSF and PPF are used respectively, while 
with the same content of SF, the bulk density of FRC increased 
by 1.02%. The bulk density of concrete mainly depends on 
the density of its components (Han et al., 2005). PPF and SSF 
have lower densities than the other components, and the addi-
tion of these fibers leads to decreasing the bulk density of the 
concrete. On the other hand, SF have higher density than those 
of the other constituents; therefore, FRC containing SF have 
higher bulk densities.

5.3 Air content

The air content values are illustrated in Fig 6. As shown, 
increasing the fiber content in FRC composition leads to an 
increase in the air content values. It can also be seen that 
SF significantly increases the air content values compared 
to PPF and SSF. The air content increases by 69.69% when 
1.2% of SF is used, while the air content increases by 27.27% 
and 15.15% only when the same content of PPF and SSF is 
used. A similar trend was observed by (Hughes and Fattuhi, 
1976; Guerini et al., 2018), who explained this increase by 
the reduction in the workability of FRC, which promotes the 
trapping of air bubbles inside the concrete. It should be noted 
that with 0.4% of fibers, the increase in air content does not 
exceed 10.60%. 

5.4 Compressive strength

The variations in the compressive strength of FRC con-
taining different types and volumes of fibers at 7, 28 and 56 
days are illustrated in Fig 7. Except for the concrete contain-
ing the PPF, all the concrete mixtures show an improvement 
in compressive strength with an optimal rate of 0.4%. With 
further additions, the compressive strength tends to decrease. 
The FRC containing 0.4% of SSF exhibits an improvement 
in compressive strength by 16.02, 5.23, and 4.07% at 7, 28, 
and 56 days respectively, while  the FRC containing 0.4% 
of SF shows the maximum increase in compressive strength 
at 56 days by 7.56%. The improvement in the compressive 
strength of FRC was shown in several studies (Yan et al., 
1999; Afroughsabet and Ozbakkaloglu, 2015; Sabri and Walid, 
2020), which explained it by the fact that the fibers have an 
ability to slow the expansion of cracks, change their direction 
and delay the rate growth in cracks. The increase in the com-
pressive strength of FRC containing SF is also attributed to the 
higher mechanical properties of SF compared to those of SSF 
and PPF (Afroughsabet and Ozbakkaloglu, 2015). However, 
all FRC containing PPF exhibits a gradual reduction in com-
pressive strength. This reduction is more pronounced when 
the PPF rate exceeds 0.8%. With 1.2% of PPF, the compres-
sive strength drops by 22.51, 34.93, and 44.71% at 7, 28, and 
56 days. The reduction in the compressive strength of FRC 
containing SF and PPF was shown by (Alhozaimy et al.,1996; 

Fig. 4 Workability of FRC mixtures

Fig. 6 Air content of FRC mixtures

Fig. 5 Bulk density of FRC mixtures



EFFECT OF STRAPPING STRAPS WASTE FIBERS ON FRESH AND HARDENED PROPERTIES OF...6

Vol. 32, 2024, No. 1, 1 – 9

Iqbal et al., 2015; Khaloo et al., 2014; Marthong, 2019), who 
attributed this reduction to the decrease in workability and the 
increase in air content with increasing the fiber content in FRC 
composition. Additionally, when the fiber content exceeds the 
optimal rate, more initial voids and a lack of adhesion between 
the cement paste and fibers will be created and lead to a de-
crease in the compressive strength.

5.5 Ultrasonic pulse velocity 

Fig 8 displays the ultrasonic pulse velocity of the FRC 
mixtures at 28 days. The control mixtures had an ultrason-
ic pulse velocity of 4.84 km/s, whereas the FRC containing 
0.4% of SSF and SF had 4.93 and 4.88 km/s with an increase 
of 1.86 and 0.83% respectively. With a further addition of 
SSF and SF above 0.4%, the ultrasonic pulse velocity tends 
to gradually decrease. It can also be seen that the incorpora-
tion of PPF negatively affects the ultrasonic pulse velocity 
values. The FRC containing 0.4 and 0.8% of PPF showed a 
decrease in ultrasonic pulse velocity by 3.72 and 7.85% re-
spectively. The decrease in the ultrasonic pulse velocity val-
ues is explained by the increase in the internal porosity of the 
FRC containing a higher fiber content. It should be noted that 
according to ASTM C597, which considers concrete to be of a 
very good quality when the ultrasonic pulse velocity is higher 
than 4.50 km/s, all the FRC mixtures are classified to have a 
very good quality.

5.6  Flexural strength

The results of the flexural strength test are illustrated in 
Fig 9. The addition of SF and SSF in the FRC composition 
has a beneficial effect on the flexural strength. The flexural 
strength of the FRC gradually increases with an increase in 
the SF and SSF fiber content. At 56 days, the flexural strength 
increased from 7.46 to 9.60 and 9.76 MPa when 1.2% of SF 
and SSF were used respectively, i.e., an increase of 28.68 and 
30.83% respectively. For FRC containing PPF, the improve-
ment in the flexural strength is more pronounced at an early 
age and is shown when the PPF rate does not exceed 0.4%. 
With 0.4% of PPF, the flexural strength increases by 46.69, 
0.54, and 0.4% at 7, 28, and 56 days respectively. The en-
hancement of concrete’s flexural strength was attributed to 
the arresting and bridging effects played by the fibers on the 
crack (Khaloo et al., 2014; Li et al., 2018; Marthong, 2019; 
Sabri and Walid, 2020).  When the fiber content exceeds the 
optimal rate, the workability decreases and more initial voids 
and weak interfaces are produced, thereby causing flexural 
strength reductions (Song et al., 2005; Huang et al., 2016). 
Afroughsabet and Ozbakkaloglu (2015) also reported that the 
improvement in the flexural strength of FRC containing SF is 
attributed to the higher tensile strength and elastic modulus 
of SF.

5.8  Water absorption

The water absorption represents the permeable pore vol-
umes and their connectivity inside the concrete. It constitutes a 
major factor that affects the durability (Nagarkar et al., 1987). 
The water absorption values of FRC mixtures are presented in 
Fig 10. As shown, all the FRC mixtures have water absorption 
values higher than that of the control concrete. The water ab-
sorption gradually increases with increasing the fiber content 
regardless of the type of fibers. The water absorption of the 
control concrete was 2.60%, while the maximum water ab-
sorption of the FRC was 3.80, 4.46, and 3.80% for the FRC 
containing SF, PPF, and SSF respectively. It can also be shown 
that the FRC containing 1.2% of PPF exhibits the maximum 
increase in the water absorption value by 71.53% compared to 
that of the control concrete. The increase in the water absorp-
tion values is attributed to a) the increase in the air content of 
FRC in the fresh state, which increases the air content in the 
hardened state b) the reduction of the workability of FRC, in 

Fig. 7 Compressive strength of FRC mixtures

Fig. 9 Flexural strength of FRC mixtures

Fig. 8 Ultrasonic pulse velocity of FRC mixtures
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particular, FRC containing PPF, which promotes the creation 
of voids inside the FRC and facilitates the water penetration 
into FRC (Hughes and Fattuhi, 1976; Guerini et al., 2018). 
According to (CEB-FIP, 1989), concrete having a water ab-
sorption of less than 3%, between 3 to 5%, and higher than 5% 
can be classified as good, average, and poor quality. According 
to this classification, the FRC containing 0.4% of SSF exhib-
its good quality, whereas all the other FRC mixtures have an 
average quality. 

5.9 Dynamic elastic modulus

The dynamic elastic modulus of the concrete mixtures was 
evaluated using the following equation (Uysal and Yilmaz, 
2011):  

(1)

E is the dynamic elastic modulus (GPa); V is the ultrasonic 
pulse velocity (m/s);  is the bulk density of the concrete (kg/m3); 
and g is the gravity acceleration (m/s2).

As with the compressive strength, the dynamic elastic 
modulus increases with 0.4% of SF and SSF. With further ad-

ditions, the dynamic elastic modulus tends to decrease (Fig 
11). With 0.4% of fibers, the dynamic elastic modulus increas-
es by 2.50 and 1.61% for SF and SSF respectively. This im-
provement is mainly due to the increase in the compressive 
strength values of FRC containing 0.4% SF and SSF and also 
to the higher mechanical properties of SF (Afroughsabet and 
Ozbakkaloglu , 2015) . However, all the FRC mixtures con-
taining PPF exhibit a gradual decrease in the dynamic elastic 
modulus. A maximum decrease of 20.02% was shown with 
1.2% of PPF. The reduction in the dynamic elastic modulus 
values is explained by the increase in the FRC porosity and 
the drop in the compressive strength with the increase in the 
fiber content.

6 CONCLUSIONS

In this study, the fresh and hardened properties of FRC 
containing SSF were investigated and compared with those of 
FRC containing SF and PF. Through this experimental work, 
the following conclusions can be drawn:

• �As for all types of fibers, the incorporation of SSF in
an FRC composition decreases the workability values.
This decrease does not significantly alter the ability of
the concrete to flow as long as the SSF content does not
exceed 1.2%. The workability of FRC was found to be
reduced by 16.66% when the SSF content reached 1.2%.

• �Due to the lower density of SSF, the inclusion of SSF in
an FRC composition reduces the bulk density values and
makes FRC less dense than ordinary vibrated concrete
and FRC containing SF. The introduction of SSF led to a
gradual decrease in the bulk density, which reached 2.31
with 1.2% of SSF.

• �The addition of SSF in the FRC composition increases
the porosity and causes a gradual increase in water ab-
sorption in the hardened state and the air content in the
fresh state.

• �The FRC containing SSF has a behavior similar to that of
the FRC containing SF. In fact, the addition of SSF in the
FRC composition improves the mechanical properties of
FRC with an optimal rate of 0.4% for the compressive
strength and dynamic elastic modulus and 1.2% for flex-
ural strength. This improvement is due to the arresting
and bridging effects that the SSF plays on cracks.

In addition to the ecological interest coming from the val-
orization of SSF waste, this study showed promise as to the 
technical interest in of the introduction of this waste in the 
composition of FRC. From the results obtained, SSF can be 
considered as fibers having a mechanical behavior similar to 
SF. Future research should be established to study the dura-
bility and behavior of FRC containing SSF towards different 
chemical attacks. Also, it could be very interesting to study the 
ductility and energy absorption capacity for beams made of 
FRC containing SSF.

Fig. 10 Water absorption of FRC mixtures

Fig. 11 Dynamic elastic modulus of FRC mixtures
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Abstract

This study presents a numerical approach to an analysis of the 
mechanical behavior of double-layered tensegrity grids. We 
present a comparative study on the behavior of tensegrity grids 
through geometric nonlinear analysis (GNA) and combined non-
linear analysis (CNLA) (geometric and material), considering the 
possible effect of evolution in the elasto-plastic domain of the ca-
ble elements. The effect of the relaxation of cable on the amplifi-
cation of the displacement of these grids was taken into account. 
The updated Lagrangian formulation, which modifies the New-
ton-Raphson iterative scheme with incremental loading, was 
adopted. We have developed a numerical computational model 
specific to tensegrity structures that simulates the geometric and 
material nonlinear behavior. The reliability of the calculation tool 
developed has been validated. Additionally, the results of the ap-
plication of the numerical model on a grid, which was generated 
based on demi-cuboctahedral tensegrity cells, are presented.

Key words

● �Tensegrity, 
● Double layer grids,
● Geometrical nonlinearity,
● Material nonlinearity,
● Relaxation.

1 INTRODUCTION

Double-layer tensegrity grids are spatial and tensile re-
ticulated systems containing two parallel arrays of tension 
members forming top and bottom chords, the nodes of which 
are connected using vertical and/or inclined web members un-
der compression and tension (Gómez-Jáuregui, 2012; Kaveh 
and Ghazaan, 2018). These lightweight constructive systems 
are frequently employed to cover large-span areas. Although 
Snelson (2013) was the inventor of these structures, they were 
first studied from a technical point of view in 1975 by Full-
er, who presented most of their geometric properties (Fuller, 
1982). In recent years, methods to analyze these structures 
have been developed, and regular and systematic research has 
been carried out to provide a theoretical basis for the analysis 
and design of these structures. Studies by (Pellegrino,1990; 
Pellegrino and Caladin,1986; Motro,1992; Motro et al., 1990), 
and Hanaor (1991) play an important role in understanding the 

mechanical behavior of tensile systems. In terms of behavioral 
studies, methods have been developed to describe the behav-
ior of tensegrity systems in the context of large displacements 
(Zhang, 2013; Foroughi and Lee, 2014; Nuhoglu and Kork-
maz, 2011; Feng and Guo, 2017).  

Obara and Tomasik (2020) have conducted a compre-
hensive study focusing on a qualitative analysis of plate-like 
tensegrity structures constructed with modified Quartex mod-
ules. The main goal of their research was to evaluate and un-
derstand the unique properties of tensegrities, which enable 
control over static and dynamic parameters.

Bel Hadj Ali et al. (2021) conducted a static analysis of 
tensioned structures with sliding cables. They integrated fric-
tion induced by cable sliding into finite element and dynamic 
relaxation analysis methods using a linear complementarity 
approach. The study demonstrated the significance of consid-
ering sliding-induced friction through various examples, by 
there revealing its significant effects on the mechanical be-
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havior of the structures without impacting computation time.
Kan et al (2021) introduced an innovative approach for the 

mechanical analysis of clustered cable structures. Their multi-
body-based method, which utilizes generalized coordinates to 
describe the configurations of rigid bodies, departs from tra-
ditional finite element formulations; the results demonstrated 
that friction between the cables and bars significantly affects 
the mechanical behavior of a clustered cable.

The dynamic behavior of double-layer tensegrity systems 
has been analyzed using the time integration algorithms devel-
oped (Greco and Ferreira, 2013). Ben Kehla et al. (2020) stud-
ied the dynamic response of a pentagonal ring-based tensegri-
ty bridge, while considering the sudden cable break selected.

A finite element formulation, based on the co-rotational ap-
proach by (Feng and Guo, 2017), was developed for geomet-
rically nonlinear elastoplastic analyses of a classical and clus-
tered tensegrity. Murakami (2001) derived the basic equations 
for static and dynamic analyses of tensegrity structures with 
large deformations in Eulerian and Lagrangian formulations.

Tran and Lee (2011) developed a similar study; however, 
instead of the incremental load method for nonlinearities, they 
used total and updated Lagrangian formulations to establish 
the equations and a variant of the Newton-Raphson method 
to solve them, which was similar to the approach used by 
(Murakami, 2001). Bel Hadj Ali and Smith (2010) developed 
a modified dynamic relaxation method to simulate the static 
response of a clustered tensegrity beam and a quasi-static de-
ployment of a clustered tensegrity tower.

Logzit and Kebiche (2022) developed a fatigue analysis 
model for Geiger-type cable domes subjected to in-phase bi-
axial loads. They used multiaxial fatigue criteria based on the 
critical plane approach and formulated a specific fatigue crite-
rion for cable domes. This model makes it possible to predict 
the lifetime of these structures as a function of the response in 
a monotonic loading mode.

 Shekastehband et al. (2012) studied the progressive col-
lapse behavior under static loading on a tensegrity grid of 
(3x3x0.7). Logzit and Kebiche (2020) adopted a model based 
on the verification of iterative stability for a tensegrity cable 
dome using a geometric nonlinearity analysis.

As to the static studies carried out on these structures, we 
have focused on (Kebiche et al., 1999; Khellaf and Kebiche, 
2013), who developed a calculation code treating geometric 
and combined nonlinear analyses (geometric and material) of 
the elements based on tensegrity modules. The code was ap-
plied to linear structures (columns or beams), where the focus 
was on the effect of local instabilities (slackening and plasti-
cization of cables) on the global behavior of the structure. In 
addition, (Khellaf and Kebiche, 2014) studied the geometric 
and material nonlinear mechanical behavior of reconstructed 
tensile systems of hexagon-based rings by adopting the arc 
length driving technique imposed.

These studies aim to establish a strategy for the safe di-
mensioning of these innovative construction systems intended 
for different applications, such as covering large spaces. The 
present study, which is a part of these investigations, focuses 
on an analysis of the non-linear behavior of double sheet ten-
sile grids. This study presents a novel numerical approach for 
analyzing the mechanical behavior of double-layered tensegri-
ty grids. With their complex geometric and material nonlinear 
behavior, tensegrity structures have been thoroughly investi-

gated through a comparative study utilizing both geometric 
nonlinear analysis (GNA) and combined nonlinear analysis 
(CNLA). The study accounts for the evolution in the elasto-
plastic domain of cable elements and for their relaxation on the 
displacement amplification of tensegrity grids. The motivation 
for this research was driven by the need to better understand 
tensegrity grid behavior and overcome the challenges posed by 
their unique nonlinear characteristics. It aims to develop and 
validate a specialized numerical computational model that as-
sociates material and geometric nonlinearity and demonstrates 
interest numerically in various tensegrity grid configurations. 
The interest of this model, once validated, makes possible the 
extension of a study to deal with more complex problems such 
as the phenomena of cable fatigue or buckling struts.

2 ANALYSIS METHOD

The tangential stiffness matrix of a tensile structure is de-
rived from its equilibrium, compatibility, and ratio constitu-
tion. A numerical model has been developed to simulate and 
highlight the amplification of the displacements of the tenseg-
rity plates, known for their great flexibility, considering the 
large deformations (plastification) and large displacements 
(slackening) of the cables.

2.1 Nonlinear resolution method

The nonlinear behavior of tensegrity grids (load-displace-
ment), which is due to their great flexibility, can be amplified 
by the geometric or material nonlinearity of their constitutive 
elements (struts or cables).

The resolution method used is iteratively incremental. For 
an increment, a balance correction is introduced, using an it-
erative process. The Newton-Raphson method, which is based 
on a tangent stiffness matrix re-estimated at each iteration in 
order to reach equilibrium, is used.

The use of this method has the advantage of ensuring fair-
ly rapid convergence with reliable results; its major drawback 
arises in the time spent updating the tangent stiffness matrix at 
each iteration.

The following figure shows an example of a non-linear 
process using the incremental method. The values used in the 
non-linear calculations are displayed:

Fig. 1 Nonlinear calculation process.
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2.1.1 Modeling of the grid elements (cables, struts)

The cable is an element that works only in traction (pal-
isade). Owing to its non-linearity, an analysis of a structure 
containing cable elements requires the use of calculation algo-
rithms defined for an analysis integrating geometric non-lin-
earity.

The following equations were used (Khellaf and Kebiche, 
2013):

(1)

 (2)

where σ is the axial engineering stress; is the stress limiting 
the elastic behavior of the material; ET is the elastic stiffness 
modulus of the material (‘Young’s modulus’),  is the axial en-
gineering strain; and represents the one-dimensional flow law 
(Khellaf and Kebiche,2014; Abedi and Shekastehband,2008). 
The work-hardening rule will be defined later.

As to struts, which are assumed to have a perfect elastic 
plastic behavior, the constitutive law is:

 (3)

3 VALIDATIONS OF THE CALCULATION MODEL

3.1 Validation using numerical results from ANSYS

In this section, we validate our simulation results by com-
paring the simulation results obtained using commercial soft-
ware (ANSYS V20.2) with the results of the calculation model 
developed.

Geometric and mechanical characteristics of the grid

All the geometric and mechanical characteristics as well as 
the values of the initial self-stressing applied to the elements 
composing the structure (bars and cables) of the grid are spec-
ified in Table 1.

The nodal loads were applied as shown in Fig. 2. For prac-
tical realization conditions, we assumed that all the peripheral 
nodes on the bottom sheet of the grid were fixed according to 
the X, Y, and Z directions (Fig.2).

The vertical displacements (Zmean) of the central nodes 
(6,7,10, and 11) as a function of the increasing load applied 
are plotted in Fig. 3. As shown in Fig. 2, the results were com-
pared with those obtained using the ANSYSV20.2 software 
and were found to be in perfect agreement.

3.2 Validation using experimental results

To confirm the reliability of the simulation model devel-
oped, a comparison with the data obtained from experimental 
tests carried out on a double-layer tensegrity grid was per-
formed. 

 Geometric specifications of the grid tested

An experimental study was conducted by (Shekastehband 
et al., 2012) on a tensile grid consisting of nine modules in a 
demi-cuboctahedron (3 m × 3 m × 0.7 m). The module and 
the assembled structure are shown in Fig.5, and the material 
properties are presented in Table 2. The grid was composed 
of 132 elements, including 36 compressed struts (steel tubes) 
and 96 tensioned cables (steel), which were connected 
through the nodes, as shown in Fig. 5.

Fig. 2 Geometry and loading of the 9-module double-layer grid

Tab. 1 Geometric and Mechanical Characteristics of Cables and Struts Elements

Group Component Type Initial yield stress 
σy (daN/cm2)

E
(daN/cm2)

A
(cm2)

Critical buckling 
stress (daN/cm2)

Initial tension (daN)

1 struts 2350 2000000 3.25 1116.9 -1469.64

2 Base cables 4800 400000 0.28 - 600.0

3 Upper and braced 
cables

4800 400000 0.28 - 848.52

4 common cables 4800 400000 0.56 - 848.52
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Fig. 4 Displacement of nodes obtained by Ansys under load 1200 
daN.

The load was applied on Node 25 (Fig.5). Nodes 1, 7, 23, 
34, 15, 17, 29, and 40, were blocked along the X and Y direc-
tions, as shown in Fig. 5. The experimental investigation was 
carried out under a load control; there was therefore no control 
on the displacements.

Tab. 2 Mechanical properties of elements used in the tensegrity 
model

Element Initial yield 
stress [daN/cm2]

Elasticity module  
[daN/cm2]

E l emen t 
S e c t i o n  
[cm2] 

Struts 3450 2040000 2.07240

cables Type 1 13500 1250000 0.50240

Type 2 13800 1370000 0.50240

Type 3 16400 1930000 0.50240

Figure 6 shows the experimental and numerical load-de-
formation responses of the tensile grid at Node 25. The Z-dis-
placements of Node 25 are plotted as a function of the increas-
ing load applied.

Fig. 5 Regularly arranged tensegrity grid composed of 36 
spacers and 96 cables. a) Perspective view. b) The quadruplex 
module .c) Plan view.

Fig. 6 Behavior curve at node 25

Fig. 3 Average z displacements of nodes (6,7,10,11) in the Z 
direction.

a

b

c
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Discussion

It can be seen from Fig. 6 that the experimental and numerical 
values obtained from the present model are very close. The 
table below shows the maximum divergence (%) between the 
two calculation methods:

Load P(daN) 1850

Z numerical value(cm) 4.21589

Z experimental value(cm) 4.64265

Difference 10%

This small difference may be owing to some imperfections, 
such as the application of initial tensions at the cables and pos-
sible looseness at the connection nodes in the experimental 
execution.  

4 APPLICATION

4.1 4x4 Tensegrity grid

This section describes the application of a proposed code 
for the analysis of a 4 x 4 double-ply quadruplex tensile grid 
under a bending load (Fig. 7). The results are presented as the 
evolution of the displacements of the stressed nodes as a func-
tion of the external loads. The Elastic and elastoplastic defor-
mations are studied as a function of the external loads.

4.1.1 Geometric and material specifications of the grid

Fig. 7 shows a square (4 x 4) plane tension grid generat-
ed based on 16 quadruplex cells. It is composed of 65 nodes, 

64 struts, and 168 cables. The nodal coordinate, mechanical 
characteristics, and self-tension vector of the grid are given in 
Tables 4, 5, and 6, respectively.

Tab. 3 Nodal coordinates (cm) of a quadruplex

Node X[cm] Y[cm] Z[cm]

1 0 0 0

2 0 100 0

3 0 50 50

4 50 0 50

5 50 100 50

6 100 0 0

7 100 100 0

8 100 50 50

For practical purposes, we assumed that all the peripheral 
nodes on the bottom sheet of the grid were fixed along the X, 
Y, and Z directions. The vertical load ‘F’ was applied as shown 
in Fig. 8.

Fig. 9 shows the load-displacement curves for the NEA 
and NEPA of the tensile grid (4x4) (Fig.8). The displacements 
were measured in cm at Node 13 in the center of the plate. 
The effect of the cable slack was taken into account for both 
types of analyses. The purpose of this study was to highlight 
the impact of the material nonlinear behavior of cables on the 
amplification of the maximum displacements of the structure. 

It should be noted from Fig. 9 that the behavior of the 
grid in NEA presents a barely detectable non-linearity. The 
divergence between the two curves starts from the load at 
F=850daN. When this load reaches its maximum value at 
F=1300 daN, the difference between the displacements corre-
sponding to the two types of analysis is approximately 1 cm. 

C)

Fig. 7 Regularly arranged tensegrity grid: a) perspective view, (b) plan view, (c) elevation view.
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Therefore, it can be concluded that the effect of the cable plas-
ticization on the increase in grid flexibility is certain. 

Figures 10 and 11 show a comparison between the 
variations in the internal tension in Cables 137 and 77 of the 
grid for NEA and NEPA. The two figures show that there is a 
difference in the internal forces. For NEPA, Cable 137 relaxed 
at F= 850 daN, while for NEA the same cable relaxed at 
F=900daN (Fig. 10).

In figures 12, 13, 14, and 15 and Table 6, we have 
attempted to present the NEPA of the response of the grid 
during bend-ing, considering the evolution of the internal 
forces in the ca-ble and bar elements of Modules C1 (corner 
module) and C2 (central module). 

Tab. 4. Geometric and mechanical characteristics of cable and bar elements

Group Component Type Initial yield stress σy (daN/cm2) E (daN/cm2) A (cm2) (daN/cm2) Critical buckling stress  
(daN/cm2)

1 Struts 2350 2,000,000 3.25 2350 1116.9

2 Base cables 4800 400,000 0.28 4800 -

3 Upper and braced cables 4800 400,000 0.28 4800 -

Tab. 6 Analysis of the variation of internal forces in the struts and cables at the center and corners of the 4X4 grid based on the demi-
cuboctahedron.

Corner area (Module C1) Central zone (Module C6)
Cable states Only one cable was released (slack cable).

Most of the cables in the module displayed an almost con-
stant development of  tension. Cable K, whose tension 
increased visibly and approached the breaking point, was 
a spacer cable (Fig.10).

Three cables were released (top and bottom sheet cable).
The release of Cables D, G, and F caused a rapid increase 
in tension in the other cables of the module. Cable B ap-
proached breaking tension (T=2100daN) (Fig.11).

Status of the struts In Fig.12, we can clearly see the effect of slackening the 
cables (F=1150daN) on the increase in compression in 
struts C and D 

The compression in the four bars showed an increasing 
beam influenced mainly by the loss of Cables D, G, and F 
through relaxation under F=1150daN.

which shows that the internal forces are too far from the value of critical buckling force equal to 3629.925 daN, in 
both NEA and NEPA.

Tab. 5 Initial Self-Stress Values Used in (daN)

Nature of Element S1(daN)

struts -1469.64

Base cables 600.0

Upper and braced cables 848.52

Ordinary cables 848.52

Fig. 8 Geometry and loading of the tensegrity grid.

Fig. 9 Comparison of elastic and elastoplastic behavior under 
flexion.

Fig. 10 Tension in Cable 137.
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The results obtained were validated experimentally and 
through the ANSYS commercial software; the validity and ef-
ficiency of the proposed method have been illustrated using 
numerical examples. The elastic and elasto-plastic responses 
of a double-layer quadruplex tensegrity grid were studied us-
ing the proposed formulation.

The proposed program plots the responses of the quadru-
plex double-layer tensegrity grid of the quadruplex module 
under external loads. From the numerical results obtained, the 
following conclusions can be drawn:

– �The proposed program can accurately predict the geo-
metric and material nonlinear behavior of tensegrity sys-
tems using both updated Lagrangian descriptions.

–�The inclusion of a geometric non-linear analysis has gen-
erated a decrease in internal stresses. This suggests an op-
timization in the dimensioning of the structural elements
(weight optimization).

–�The results of the code we developed, which is specific to
tensegrity structures in geometric and material nonlinear-
ities, are in agreement with the results obtained from the
commercial ANSYS software and the experimental work
by Shekastehband et al. (2013).

Fig. 11 Tension in Cable 77.

Fig. 14. Variation of compression in the struts of cell C1 
considering an N.EP.A

Fig. 15. Variation of compression in the struts of cell C6 
considering an N.EP.A

Fig. 12 Variation of Tension Forces in Cable Elements of Cell C1 
Considering  an N.EP. A

Fig. 13 Variation of Tension Forces in Cable Elements of Cell C6 
Considering an N.EP. A   

5 CONCLUSION

A numerical method implemented in a computer program 
has been proposed for an inelastic analysis of a large deflection 
of tensegrity systems. The Newton-Raphson iterative solution 
method in the updated Lagrangian formulation was adopted, 
taking into account the geometric and material nonlinearities. 
Two types of analyses, i.e.s NEA and NEPA, are proposed.     
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Abstract

This article reports on the development, validation, workflow and 
implementation of a simplified method for evaluating the non-
visual (melanopic) potential of daylight in typical side-lit rooms. 
The method is suitable for climatic areas with a dominant occur-
rence of cloudy skies. The non-visual daylight evaluation tool is 
based on a modified average daylight factor method. A simplified 
daylighting model improves the calculation of the vertical day-
light factor and the passage of daylight through a vertical lighting 
opening. The proposed calculation method makes it possible to 
determine the illuminance of a vertical plane in the interior. The 
method is based on the uniform sky and the external diffuse hori-
zontal illuminance at the location of interest. The outputs of the 
tool can also be used to quickly estimate visual levels of daylight. 
The article also proposes a classification of the availability of mel-
anopic daylight in side-lit rooms, which is based on the outputs of 
the proposed calculation method.

Key words

● Daylighting,
● Non-visual potential,
● Evaluation tool,
● Circadian light,
● Healthy lighting.

1 INTRODUCTION

The availability of daylight in buildings and the built envi-
ronment significantly affects the quality of life (Boyce, 2010; 
Aries et al., 2015). Landmark discoveries in the chronobio-
logical research of novel blue light-sensitive photoreceptors 
in the human eye at the turn of the millennium (Provencio, 
2000; Brainard et al., 2001; Berson et al., 2002) confirm the 
earlier empirical observation that light has non-visual effects 
that are involved in the regulation of several fundamental bi-
ological functions of the body; it also affects mood, reduces 
fatigue and stress, and increases work productivity (Pyeritz 
et al., 2019; Nagare et al., 2021). The basic reason for these 
effects is the fact that the production and oscillations of many 
hormones and enzymes are directly related to the alternation 
of night and day and to the spectrum and intensity of natural 
light. Recent research shows that non-visual responses are not 
only dependent on the blue component of light, but non-visual 

effects depend on the interaction of information from multiple 
photoreceptors in the human eye, while their processing de-
pends on the spectral composition of light, its intensity, dura-
tion, time of exposure within a day and year, as well as other 
influences (Gooley et al., 2012; Schlangen and Price, 2021; 
Lucas et al., 2022).

There is currently a general consensus that light stimulates 
both visual and non-visual systems in the human body. The 
main practical questions for architects, lighting engineers, 
and other professionals are how to incorporate new medical 
knowledge about the non-visual effects of light into the every-
day practice of designing buildings and their interiors. In re-
sponse to these new challenges, research has been conducted, 
particularly in the field of artificial lighting, which has brought, 
among other things, several new color-based methods for as-
sessing “circadian lighting” (Rea et al., 2010; CIE S 026/E, 
2018; IWBI, 2022). Several metrics have also been proposed 
to guarantee “healthy” lighting in buildings. Using multi-spec-
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tral simulation software (Inanici, M. & ZGF Architects, 2015; 
Solemma&Alertness, 2018), many studies have been conduct-
ed that analyze photopic and melanopic ocular light exposure 
in cases of daylight, artificial, and combined lighting (e.g., 
Amundadottir et al., 2017; Acosta et al., 2019; Innanici et al., 
2015; Saiedlue et al., 2019; Pierson et al., 2023). 

The spatial distribution of daylight in both exterior and in-
terior spaces, as well as its spectral composition, is constant-
ly changing over time (Diakite-Kortlever and Knnop, 2021; 
Ezpeleta et al., 2021). Detailed simulations of “vertical circa-
dian daylighting” over the course of a year indicate difficul-
ties with a criteria-based evaluation of the data calculated. The 
movement of people and their behavior in space can only be 
predicted to a limited extent. The amount of daylight entering 
the eyes of users of indoor spaces with lateral daylighting de-
pends to a large extent on the direction of their glance. When 
someone is looking towards the window, vertical daylight illu-
minance is several times higher than when looking at a wall. If 
the window is equipped with a shading device, which is usu-
ally the case, its brightness changes, depending on the type of 
shading device and the way it is used. The illuminance on the 
eyes of office workers from computer screens can be higher 
than from windows, especially in the deeper parts of rooms. 
The results of detailed simulations of “circadian” light envi-
ronments in buildings are significantly dependent on the eval-
uation scenario, are complex, and difficult to interpret.

This article focuses on the global and practical assessment 
of circadian (melanopic) daylight availability in side-lit rooms. 
The assessment is based on the melanopic average daylight 
factor method and on the availability of local exterior diffuse 
daylight. The simplified assessment method proposed allows 
for a clear assessment of the impact of various geometric ur-
ban and architectural parameters and the optical properties of 
materials and building surfaces on the level of visual and non-
visual (melanopic) side daylighting of buildings in the early 
stages of their design.

2 �SIMPLIFIED CALCULATION METHOD OF THE 
AVAILABILITY OF NON-VISUAL DAYLIGHT IN 
SIDE-LIT ROOMS

After World War II, building regulations gradually 
changed, moving from a prescriptive approach based on past 
experience to performance-based building regulations and 
building design. The amount of daylight in individual interior 
spaces was assessed in many countries using the daylight fac-
tor (DF) at a point in the room; subsequently, in several coun-
tries, the average daylight factor (ADF) of a reference plane 
in the room began to be used (Crisp and Littlefair, 1984). DF 
is the ratio of the horizontal indoor to horizontal outdoor day-
light illumination under standardized overcast sky conditions. 
DF is a performance indicator that allows for the specification 
of the impact of the size and configuration of a room, the size 
and distribution of transparent parts of a building envelope and 
their light transmittances, and the reflectances of all surfaces 
on the distribution of diffuse daylight in side-lit rooms. DF 
provided architects, designers, and stakeholders with informa-
tion on compliance with daylight legislation in the early stages 
of building design. In the early 21st century, the climate-based 

daylight modeling (CBDM) method began to be widely used 
for the design and assessment of daylight in buildings (Mard-
aljevic, 2000).

CBDM provides for the possibility of assessing daylight 
throughout the year in dynamic conditions of the local daylight 
climate, including direct sunlight. This performance-based ap-
proach to daylight design has many benefits but also pitfalls. 
The CBDM method is not considered suitable for use in the 
early stages of design. In the early stages, conceptual designs 
often, and significantly, change. Architects and designers pre-
fer simple and yet sufficiently reliable methods for determin-
ing the availability of daylight in buildings. Many practical 
designers consider the ADF method to be a sufficiently proven 
method for assessing daylight in buildings in locations with 
a dominant occurrence of cloudy days. For the assessment 
of both visual and non-visual daylight in side-lit rooms, we 
propose a modified mADF (melanopic Average Daylight Fac-
tor) method that respects the principles of daylight theory and 
captures the essential parameters determining the non-visual 
potential of daylight.

2.1 Computational procedure

A well-known average daylight factor method will be 
modified to account for external obstacles with different re-
flectance factors and the vertical daylight component on the 
window. The proposed mADF method also includes several 
computational procedures, which improve the calculation of 
both melanopic and photopic daylight illuminance. During the 
year, a wide range of luminance patterns occur in the sky. We 
assume that the variability of luminance patterns noticeable 
in the annual average better reflects a uniform luminance sky 
model than a standard heavily overcast sky model. In mADF, 
the sky illuminance is determined from a sky of constant 
brightness. The interreflection of daylight in the outdoor and 
indoor environments is calculated under overcast sky condi-
tions (an overcast sky is used in the ALFA software (Solemma 
& Alertness, 2018)) and standard overcast sky (CIE, 1955). 
mADF is a simplified flux-type method. Lynes (1979) pro-
posed a formula for calculating the average illuminance over 
all interior rectangular indoor space in order to simplify the 
computational assessment of daylight in buildings based on 
point daylight factors. This formula was later modified (Crisp 
and Littlefair, 1984) based on measurements in a classroom 
model under an artificial standard overcast sky, so that the cal-
culation results were the average illuminance on the reference 
plane according to the formula:

	    [%]	 (1)

where
AW	 is the area of the window (m2),
θ	� is the vertical angle subtended by the visible sky in de-

grees (Fig. 1),
τo	� is the overall loss factor for diffuse light passing 

through the daylight opening (-),
At	� is the total area of the room surfaces (ceiling, floor, 

walls, windows) (m2),
ρ	� is the area weighted mean reflectance of all the interior 

surfaces (-).
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Angle αe in Fig. 1 is the equivalent obstruction angle, 
which can be determined for any obstructing geometry by us-
ing the method described by Hraška and Štujber (1997) and 
Hraška (2000). Later, several other authors analyzed and test-
ed equation (Eq.) (1) (Naeem and Wilson, 2007; Bonaiuti and 
Wilson, 2007; Reinhart and LoVerso, 2010), primarily using 
the Radiance simulation program (Radiance, 2023). These au-
thors concluded that the ADF method is adequate for the initial 
design of daylight provision in buildings. The ADF method 
has gained significant popularity in practice due to its sim-
plicity and relatively loose interpretation of criteria. The ADF 
method is suitable for the work of architects because it simply 
and clearly relates the geometric and spatial characteristics of 
the creation of a building’s environment to the requirements 
for daylight provision, especially in climatic conditions with a 
dominant occurrence of overcast skies. 

From a practical point of view, the ADF method has the ad-
vantage of restricting the possibility of “creative manipulation” 
with computation parameters so that it can be used by the major-
ity of designers and not only by specialists. On the other hand, 
the ADF is a certain mathematical construct, which is only valid 
for small rooms under a strict set of parameters. One of the disad-
vantages of the ADF is that it does not allow for the consideration 
of different reflectance factors of surfaces in front of a window. 
The proposed mADF method is based on the vertical daylight 
factor (VDF) on the window Dw. The value of Dw takes into ac-
count the range of external obstructions of the window as well as 
the reflectance factors of light from external surfaces. In mADF, 
the photopic and melanopic photometric properties of materials 
and surfaces are determined by the D65 light source, which rep-
resents the spectral composition of “average daylight”.

Dw is the sum of the sky component of daylight factor Ds 
and the exterior reflected factor Dρ, due to the interreflection 
of daylight between the terrain and the external surfaces of 
buildings, or other objects located in front of a window:

	     [- or %]	 (2)

The sky component of the daylight factor on a window is 
determined by the following formula:

	    [-]	 (3)

Where αU is obstruction angle, according to Fig. 2, in de-
grees.

According to (Li et al., 2009), the ratio of the ground-re-
flected component of the daylight factor at a vertical window 
DρT to the unit horizontal ground illumination can be calculat-
ed from the equation:

	    [-]	 (4)

Where
ρG	 average light reflectance of the ground (melanopic or 

photopic) [-], 
EG = 0.9 – 0.009 αB  [-],
αL and αB are the angles marked in Fig. 2 [degrees].

The reflected component of the daylight factor on a vertical 
window from a shading building, DρB, is determined as follows:

	    [-]	 (5)

Where 
DB 	� is the average vertical daylight factor on the obstacle 

according to (Li et al., 2009)

�

ρB	� average light reflectance of obstructing building 
(melanopic or photopic).

Parameter S expresses the size of the obstacle (an in-
finite-length urban canyon), and δ is the angle between the 
window normal and the height center of the obstacle:

	
	

The effective reflectance of daylight, ρo, of the cavity 
among buildings and the ground can be approximately deter-
mined from the following equation:

	     [-]	 (6)

We can estimate the reflected component Dρ of Dw using 
the following formula:

Fig. 1 Angle θ

Fig. 2 Angles αU, αL and αB 



A SIMPLIFIED APPROACH FOR THE EVALUATION OF THE NON-VISUAL POTENTIAL OF DAYLIGHT... 21

Vol. 32, 2024, No. 1, 18 – 28

	    [-]	 (7)

The daylight illuminance in the room is determined by the 
value of the daylight flux falling on the window, whoch is re-
duced by light losses when passing through the window. The 
mADF on the reference plane is directly proportional to the Dw 
according to the following equation:

	    [-]	 (8)

Chaiyakul (2005) presents a relationship for determining 
the value of k, which has the following form after our correc-
tion factors are added:

	    [-]	 (9)

The parameter τo takes into account the loss of diffuse light 
when it passes through the daylight opening:

	    [-]	 (10)

Where τd is the light transmittace of glazing. For ordinary 
glazing τd = 0.9 × τ1.

The meaning of τ parameters is:
τ1	� light transmittance when light hits the glazing perpen-

dicularly (melanopic or photopic),
τ2	 correction factor for the window framing,
τ3	 correction factor for glazing dirt,
τ4	� correction factor for elements that permanently shade 

the window glazing (e.g., fixed window grilles).

The parameter ψ takes into account the loss of daylight due 
to the thickness of the window wall. The meaning of the pa-
rameters in Eq. (11) is obvious from Fig. 3.

	    [-]	 (11)

Where
	

If x > 10, then x = 10; and if y > 10, then y = 10.

The correction factor μ takes into account the leakage of 
light through the window due to the internal interreflection of 
light (Meshkov, 1957, p. 201).

	    [-]	 (12)

In smaller rooms with bright interior surfaces and large 
windows, light leakage from a room can be noticeable.

Using Eq. (13), we can calculate the required size of the 
window to achieve the desired mADF (or photopic pADF) on 
the reference plane:

	    [-]	 (13)

Whether it is a photopic or melanopic daylight factor de-
pends on whether the light transmission factors through the 
glazing and the light reflectance factors from the outer and 
inner surfaces are entered as photopic (pADF) or melanopic 
(mADF). In the mADF and pADF methods, the same D65 
light source is considered.

The parameter k includes the geometry of the room and the 
daylight opening, as well as the photometric properties of the 
glazing and interior surfaces, and the interreflection of light in 
the room. The parameter k is significantly more suitable for 
predicting the average illuminance of a side-lit room than the 
commonly used wall-to-window ratio (WWR) or the ratio of 
the window area to the floor area (WFR), which only considers 
the geometry.

Fig. 4 Melanopic average daylight factor (mADF) values plotted 
as a function of the vertical daylight factor at a window (Dw) 
and smaller values of the parameter k

Fig. 5 Melanopic average daylight factor (mADF) values plotted 
as a function of the vertical daylight factor at a window (Dw) 
and larger values of the parameter k

Fig. 3 The dimensions in Eq. (11)
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The mADF method can be used to assess the side daylight-
ing of smaller rooms, whose shape can be approximated by a 
prism, the length of which is not significantly larger than twice 
the height. The limiting size of a side-lit room can be consid-
ered to be a room with floor dimensions smaller than 7 × 7 m, 
whose ceiling height is up to 3.5 m.

2.2 �Comparison of the mADF method with 
measurements under an artificial sky and with 
simulations by the ALFA software

The ALFA (Adaptive Lighting for Alertness) circadian light-
ing software (Solemma, 2017) was used for numerical mode-
ling of non-visual (circadian) daylighting potential. Circadian 
lighting simulations in ALFA were compared to measurements 
on a model room (Fig. 6) under a hemispheric artificial CIE 

uniform sky (Fig. 7). The calculations in ALFA were carried 
out on December 21, at 12 o’clock in Bratislava (Lat 48°08’, 
Lon 17°10’) under a cloudy sky. Under these conditions, the 
orientation of the room to the cardinal points does not affect 
its daylighting. The ALFA software uses its own sky models 
(Mayer and Kylling, 2005), which differ from the standardized 
models by CIE (CIE, 2003). In the vicinity of the window in the 
model room, the measured values of the horizontal and vertical 
illuminance were significantly higher than the ALFA outputs 
for all the obstruction angles. In the middle of the room, the 
calculated and measured illuminances were almost equal, and 
the software-calculated illuminance values were slightly higher 
than the measured values in the back of the model room. One 
of the reasons for the large differences between the measured 
and ALFA-calculated DF values is likely the difference in sky 
models. Due to the fact that we do not know the luminance 
distribution on the cloudy sky in the software used, we cannot 

Fig. 7 Scheme of the artificial sky of the Slovak Academy of Sciences in Bratislava (Slovak Republic)

Fig. 6 A room model and obstruction that was used to test a simplified calculation method by measurements under an artificial sky
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analyze the differences between the measured and calculated 
DF in more detail. ALFA sky models have not been validated 
against measured data (Diakite-Kortlever, 2022). The determi-
nation of the interreflection component of daylight illuminance 
in the proposed simplified calculation tool mADF is based on 
the results of the ALFA simulations.

Fig. 8 shows a comparison of the vertical daylight fac-
tors Dw on the window of the room in Fig. 6 calculated by the 
mADF method and the ALFA program with measured values 
under the artificial sky with uniform luminance. The values 
of Dw were measured and calculated for the light external sur-
faces and various angles of obstruction, at which the mADF 
method slightly overestimated the vertical illuminance of the 
vertical window.

The ALFA software and the proposed simplified method 
were used to calculate the ADF in the room in Fig. 6 on a hori-
zontal reference plane 0.85 m above the floor. The calculation 
parameters of the room and the window were defined as follows: 
room width 2.7 m, room depth 6 m, room height 3 m, window 
width 2 m, window height 1.5 m, sill height 0.9 m, wall thick-
ness 0.18 m, ratio of glazing area to window area 0.82, glazing 
transmittance τ1 = 0.88, and correction factor for glazing dirt τ3 = 
1. The values of the surface reflectance factors were determined
as follows: gray floor and exterior terrain ρv = 0.30, light gray 
interior walls and obstacle ρv = 0.51, white ceiling ρv = 0.72, and 
reflectance of the inner side of the window ρv = 0.25. In the case 
considered, the value of the parameter k is 0.0586. A compari-
son of the results of the ADF calculations on the horizontal ref-
erence plane using the simplified mADF method and the ALFA 
program for multiple obstruction angles is shown in Fig. 9.

Fig. 9 shows a relatively good agreement between the av-
erage illuminance of the reference plane of the above-charac-
terized model room calculated by the numerical simulations 
using the ALFA software and calculated using the proposed 
simplified mADF method. This is quite surprising, given that 
the methods use different sky models. 

Additive glazing in loggias, the occupant’s use of shad-
ing devices, dark carpets on the floor, dusky wall and ceiling 
paints, trees and other plants in front of buildings, furniture, 
the user’s behavior, etc., influence the daylighting of a room 
much more than a slight degree of uncertainty in a calculation 
method. 

2.3 Calculation example

In the room shown in Fig. 6, with the photometric proper-
ties of the materials and surfaces listed in Tab. 1, we calculated 
the mADF and photopic ADF (pADF) on the reference plane. 
In Tab. 2, the values of mADF and pADF and their ratios were 
calculated using the proposed calculation method for several 
obstruction angles. The orange and yellow surfaces are spec-
tral filters of blue light. For this reason, the values of mADF 
are lower than pADF. The impact of the pale orange obstacle 
on the reduction of mADF increases with the increasing ob-
struction angle. 

Tab. 1 Melanopic and photopic photometric characteristics of 
glazing and surfaces

Surface (material) / 
color

Light reflectance / transmittance
M/P ratio

[-]Melanopic (M)
ρmel  [-]

Photopic (P)
ρv  [-]

Walls / pale yellow 0.54 0.79 0.68

Ceiling / white 0.79 0.84 0.94

Floor / grey 0.33 0.34 0.97

Glazing
reflectance 0.24 0.25 0.96

transmittance 0.66 0.65 1.02

Obstacle / pale orange 0.28 0.57 0.49

Terrain / dark grey 0.20 0.20 1.00

Tab. 2 The average melanopic (mADF) and photopic (pADF) 
daylight factors on the reference plane in the room assessed with 
different melanopic and photopic surface reflectances

Obstruction angles  
αB = αU mADF  [%] pADF  [%] M/P ratio [-]

0° 2.98 3.89 0.77

10° 2.53 3.41 0.74

20° 2.12 2.97 0.71

30° 1.74 2.56 0.68

40° 1.38 2.15 0.64

50° 1.04 1.70 0.61

60° 0.71 1.21 0.59

70° 0.40 0.68 0.59

Fig. 8 Measured and calculated values of Dw, depending on the 
obstruction angle αB

Fig. 9 Average daylight factors in a model room calculated by the 
mADF method and the ALFA software for different obstruction angles
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The calculation example shows that the difference between 
the melanopic and photopic daylight illuminance is significant 
in the case considered. The decrease in the M/P ratio with the 
increasing obstruction angle of the window is caused by the 
low reflectance of melanopic light from the orange obstruct-
ing obstacle. The data in Tab. 2 show that the optimization of 
daylighting in terms of non-visual effects can differ from the 
evaluation, taking into account only the visual effects of light. 

The proposed method makes it possible to evaluate day-
light by photopic measures and, at the same time, to evaluate 
the non-visual potential by melanopic ADF, which can be con-
verted into melanopic illumination.

2.3 �Indicator of the non-visual potential of daylight 
in side-lit rooms

The latest metrics of non-visual effects are mostly based 
on the melanopic illumination of the eyes (Lucas et al., 2012). 
Melanopic illuminance is currently typically calculated using 
the melanopic action spectrum according to the CIE standard 
(CIE S 026/E, 2018). For practical reasons, melanopic illu-
minance is usually calculated on a vertical plane, typically at 
a height of 1.2 m above the floor level. Various studies have 
shown that exposure to melanopic illuminance levels of 100-
300 lux can have a significant impact on non-visual effects 

of light. For example, in (Brown et al., 2022), a large group 
of experts recommended a minimum indoor melanopic light 
exposure of 250 mlx (“melanopic lux”) vertically at eye level 
during the day in indoor environments. 

Unfortunately, this recommendation does not specify either 
the time of day nor the places in the interior where the stated 
level should be achieved, nor the type of lighting. This recom-
mendation also does not specify at what angle viewing the ver-
tical illuminance of 250 mlx should be achieved. The direction 
of the view is of key importance for the evaluation of vertical 
illuminance in the case of lateral daylighting. Many authors and 
practitioners use the WELL Building Standard v2 methodology 
(IWBI, 2022) to assess circadian lighting. In section “L03: Cir-
cadian Lighting Design”, Tier 1 requires a vertical illuminance 
of at least 136 melanopic equivalent daylight illuminance D65 
(m-EDI) for artificial lighting in regularly occupied spaces. In 
the case that a physically unspecified level of daylight illumi-
nance in the interior space is provided in the WELL method, 
Tier 2 requires a minimum of 109 mlx. In Tier 2, in the case of 
“enhanced daylight access”, a minimum of 163 mlx is required 
for such a solution to receive 3 points in the evaluation system. 
During the several years of the existence of the WELL method, 
the criterion values for circadian lighting and the corresponding 
professional terminology have changed several times. In most 
cases, vertical illuminance is significantly lower than horizon-
tal illuminance in artificially lit interiors. On the other hand, in 

Fig. 10 Vertical photopic and melanopic daylight factors (DFv,v and DFmel,v) and horizontal daylight factors (DFv,h and DFmel,h) 
plotted against the daylight factor on a window (Dw) at a position 2 m from the window in the room in Fig. 6

All the surfaces are orange except for the grey terrain.
ρv = 0.48, ρmel = 0.17, ρG = 0.20

All the surfaces are dark red except for the grey terrain.
ρv = 0.16, ρmel = 0.04, ρG = 0.20

All the surfaces are dark blue except for the grey terrain.
ρv = 0.05, ρmel = 0.15, ρG = 0.20

All the surfaces are orange except for the grey terrain.
ρv = 0.48, ρmel = 0.17, ρG = 0.20



A SIMPLIFIED APPROACH FOR THE EVALUATION OF THE NON-VISUAL POTENTIAL OF DAYLIGHT... 25

Vol. 32, 2024, No. 1, 18 – 28

the case of lateral daylighting, vertical illuminance is typically 
twice as high as horizontal illuminance at the same point, when 
looking towards a window with little external shading. 

In general, it can be stated that daylight in buildings is the 
most suitable for circadian lighting in terms of its intensity, 
spectral quality, and the timing of the exposure. The intensity 
and spectral composition of daylight are constantly changing. 
The spatio-temporal distribution of daylight in a room is con-
stantly changing at each point during days and over years.

A detailed assessment of the non-visual potential of day-
light in short time periods throughout the year has many chal-
lenges. In addition to dynamic changes in the local light cli-
mate and its spectral composition, it is necessary to take into 
account the difficult-to-predict dynamics in the use of shading 
devices and the behavior of the users of the spaces.

Using the ALFA simulation software, melanopic and 
photopic illuminance on vertical surfaces at a height of 1.2 
m above the floor and horizontal illuminances at a height of 
0.85 m above the floor were calculated in the same positions 
in side-lit rooms. The calculations were carried out under a 
cloudy sky in the location of Bratislava, Slovakia. At the same 
time, the average photopic and melanopic illuminances on the 
reference planes of rooms at a height of 0.85 m above the floor 
were calculated. In the calculation variants, the colors of the 
exterior and interior surfaces were changed. The colors of the 
surfaces were either the same on all the surfaces or the colors 
and light reflectances on the individual surfaces of the room 
were combined. Fig. 10 illustrates a part of the calculation re-
sults for a position 2 m from a window, with vertical photopic 
and melanopic daylight factors (DFv,v and DFmel,v) and horizon-
tal daylight factors (DFv,h and DFmel,h) plotted against the day-
light factor on the window (i.e. Dw). The graphs shown apply 
to the room in Fig. 6 and for the same colors of the exterior 
and interior surfaces, whose photopic and melanopic reflec-
tances are shown in Fig. 10. As expected, both the DFv,v and 
DFmel,v values were higher than DFv,h and DFmel,h. The size of 
the obstruction and surface reflectances significantly affected 
the distribution of light in the room, the average DF value on 
the reference plane, and the ratios of the vertical and horizontal 
illuminance in virtually every location in the room.

As the size of the obstruction increases, the difference be-
tween the values of the horizontal and vertical illuminance de-
creases, but the vertical illuminance always remains higher. In 
a very unlikely scenario of extremely dark interior surfaces, a 
larger dark obstruction and dark interior surfaces will cause a 
rapid decrease in both the vertical and horizontal illuminanc-
es to very low values. In the case of dark blue surfaces, the 
favorable ratio of the melanopic to photopic reflectance has 
only a small impact on the value of the melanopic illuminance. 
Spectrally neutral light surfaces are more effective in terms of 
melanopic illuminance than darker blue colors, even though 
they have a much more favorable ratio of melanopic to pho-
topic reflectance (about 2.6).

Fig. 11 shows the ratios of vertical to horizontal illumi-
nance calculated by ALFA at a distance of 2 m from the win-
dow in the room shown in Fig. 6 for ordinary spectrally neu-
tral surfaces. The reflectances of the floor of the room and the 
external terrain were assumed to be ρv = 0.31, the reflectances 
of the walls of the room and obstacles to be ρv = 0.51, and the 
ceiling reflectance of the room to be ρv = 0.72. If we compare 
the values of the photopic average daylight factor (pADF) and 

DFv,h at a distance of 2 m from the window, their values are 
similar throughout the range of the Dw values. The vertical il-
luminance DFv,v is significantly higher than the horizontal il-
luminance, which is also due to the relatively bright external 
obstruction. With a small obstruction, the vertical illuminance 
towards the window is twice as high as the horizontal illumi-
nance in a cloudy sky. As the obstruction increases, this differ-
ence decreases, but it is still significant. 

The ratio of the vertical illuminance to the average illumi-
nance on a reference plane in a side-lit room in a zone near a 
facade is nonlinear and is significantly affected by the size of 
the obstruction and its reflectance. 

We propose to assess the non-visual potential of daylight in 
side-lit rooms using an indicator, which is the melanopic verti-
cal illuminance of a sensor at a height of 1.2 m above the floor 
at a distance of 2 m from a window; this sensor is oriented per-
pendicular to a window. After analyzing the results of the simu-
lations using the ALFA software in the case of light reflectance 
of the terrain in front of a window of around 0.20 and the light 
reflectance of an obstacle in the range of 0.25 – 0.55, we can 
approximately determine the ratio of the vertical illuminance to 
the average illuminance on a reference plane R at a distance of 
approximately 2 m from the window from the formula: 

[-]  (14)

Where Dw and ρB are dimensionless numbers.
The functional dependence of the value R on the daylight 

factor at the vertical window Dw and the light reflectance of the 
obstruction ρB according to Eq. (14) is shown in Fig. 12.

3 �THE AUTONOMY OF THE NON-VISUAL 
POTENTIAL OF DAYLIGHT IN SIDE-LIT 
ROOMS 

The intensity of daylight and the amount of time it is 
available throughout the year varies greatly from location to 
location on the Earth. At mid-latitudes and in locations with 
predominantly overcast skies, daylighting criteria have tradi-
tionally been linked to the availability of diffuse natural light. 
We assess the autonomy of the non-visual potential by the 
availability of melanopic daylight on the potential non-visual 
indicator, which is defined above.

Fig. 11 Vertical and horizontal daylight factors (DFv,v and DFv,h) at a 
distance of 2 m from the window in the room in Fig. 6 and the average 
photopic daylight factor (pADF) on the reference plane of the room
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The occurrence of diffuse horizontal illuminance in 
Bratislava is variable throughout the year, see Fig. 13. Fig. 13 
shows the cumulative frequency distribution of the exterior 
diffuse horizontal illuminance Evd in Bratislava (Ferenčíková 
and Darula, 2019). In the winter, the levels of illuminance are 
significantly lower than in the other seasons. While on average 
throughout the year, horizontal illuminance above 10 klx oc-
curs 60 % of the time of days, in the winter months it is less 
than 30 %. Relatively high intensities of diffuse illuminance in 
the summer months increase the average annual illuminance. 
Due to the purpose and method of the proposed simplified as-
sessment of the non-visual potential of daylight in buildings, 
we consider that assessing it on the annual occurrence of dif-
fuse daylight is a reasonable choice. However, the availability 
of diffuse light can be easily determined from Fig. 13, even in 
individual months of the year.

The illuminance at the window is calculated from the  
given exterior horizontal diffuse illuminance Evd as follows:

	    [-]	 (15)

The average illuminance on the reference plane is:

	   [-]	 (16)

The average daylight factor (melanopic or photopic) on the 
reference plane is:

	    [-]	 (17)

We can assess the vertical illuminance of the virtual sensor 
(melanopic or photopic) approximately 2 m from the window 
(i.e., the indicator) using the following formula:

	    [-]	 (18)

The percentage probability of exceeding a certain value of 
the annual average diffuse horizontal illuminance Evd in Brati-
slava P is determined by the following formula:

	 P = -�8 × 10-6 × Evd
4 + 5 × 10-4 × Evd

3 + 4 × 10-2 × 	  
	 Evd

2 – 4,4 × Evd + 100   [%]	 (19)

Assume that the mADF in a room in Bratislava is 1.5 %. 
The vertical daylight factor at the window is Dw = 0.45, and 
the melanopic light reflectance of the obstacle is ρB = 0.30. 
According to (EN 17037, 2018), the median exterior diffuse 

Fig. 12 Dependence of the parameter R on the daylight factor 
at the vertical window Dw and the light reflectance of the 
obstruction ρB

Fig. 13 Cumulative frequency distribution of available exterior diffuse horizontal illuminance in Bratislava, Slovakia (Ferenčíková 
and Darula, 2019)
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horizontal illuminance in Bratislava is Evd = 16,300 lx. The 
average median illuminance of the reference plane in the giv-
en hypothetical room will be Eaver = 244.5 mlx. From Eq. (14) 
under the given conditions, we can determine R = 1.66. From 
Eq. (18), we find Ever,2 m = 406 mlx. The value of 406 mlx or 
higher will be achieved only half the time of the year with 
daylight. The median autonomy of the non-visual potential is 
50 % in this case. The probability of exceeding 7,500 lx within 
the average annual availability of diffuse horizontal lighting 
Evd in Bratislava is P = 69 %. In this case, the value of Ever,2 
m will be above 187 mlx during 69% of all hours in the year 
with daylight.

4 CONCLUSIONS

This article describes a simple analytical method for assess-
ing the non-visual potential of rooms with lateral daylighting. 
The proposed assessment method is based on the well-known 
average daylight factor method and was tested using model 
measurements under an artificial sky with constant luminance 
and simulations of photopic and melanopic horizontal and ver-
tical illuminance in laterally lit rooms in the ALFA simulation 
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Abstract

The concept of smart cities is gaining momentum with efforts to 
go greener and be more sustainable along with the growing de-
mand for data-driven policies. The European Union (EU) is highly 
committed to fostering sustainable urban development through 
targeted funding programs that encourage innovation, collab-
oration, and practical solutions for climate-neutral and smart 
cities. We have used data mining on the data of the Community 
Research and Development Information Service (CORDIS) and 
Eurostat during 2014 – 2022, to analyze such projects. Firstly, we 
can report that in absolute measures, Germany, Spain, France, 
Sweden and Lithuania have obtained the largest amounts of 
money fromthe EU Horizon program to support the development 
of smart cities. Secondly, we have found that when accounting for 
the size of funding per capita, Estonia leads in terms of funds in-
vested in smart cities followed by Luxembourg, the Netherlands, 
Finland, and Cyprus. Focusing our attention on the cost of out-
comes, i.e., the efficiency of spending funds on smart cities, we can 
see that the leading countries in the EU are Romania, Switzerland, 
Norway, and Luxembourg. The authors have compared the suc-
cess of European projects in their different phases, while consider-
ing the overall results as most relevant for our evaluation.
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1 BIBLIOGRAPHICAL REVIEW

The European Union is highly committed to fostering 
sustainable urban development through targeted funding pro-
grams that encourage innovation, collaboration, and practical 
solutions for climate-neutral and smart cities. The European 
Union is actively supporting the development of smart cities 
through various funding programs. One significant initiative is 
the Horizon Europe research and innovation program for the 
years 2021-2027. The EU Missions is a novel approach within 
Horizon Europe and aims to address pressing challenges by 
delivering concrete solutions and tangible results by 2030. 
The goal of the Cities Mission is to make cities smart and cli-

mate-neutral, as they are key to reaching climate neutrality by 
2050. This is essential because most EU citizens (75%) live in 
cities, which only cover 4% of the EU’s land area. Globally, 
cities are responsible for more than 70% of the CO2 emissions 
and use over 65% of the world’s energy. The Cities Mission 
wants to achieve 100% smart and climate-neutral cities by 
2030 and turn these cities into hubs of innovation and exper-
imentation, thereby encouraging other European cities to do 
the same by 2050. 

There are many funding opportunities, and the estimat-
ed budget is more than €70 million (European Commission, 
2021).The European Commission has been actively support-
ing the development of smart cities through its Horizon 2020 

Vol. 32, 2024, No. 1, 29 – 35
DOI: 10.2478/sjce-2024-0004

© 2024 The Author(s). This is an open access article licensed under the Creative Commons Attribution
4 .0 License (https://creativecommons.org/licenses/by/4.0/)



ON RELATIVE SUCCESS IN OBTAINING GRANTS FOR SMART CITIES IN THE EUROPEAN UNION...30

Vol. 32, 2024, No. 1, 29 – 35

research and innovation programs by which the European 
Commission has funded the Smart Cities and Communities 
Project Clusters. The aim of these clusters is to bring together 
various stakeholders such as cities, industry, knowledge insti-
tutes, and citizens to showcase solutions and business models 
that have the potential to be scaled up and replicated. The EU 
has supported the development of innovative solutions for cit-
ies that could improve the quality of life for citizens and tackle 
urban challenges by investing around €3.1 billion in research 
on urban sustainability and development under the Horizon 
2020 programme (European Commission, 2020). The Europe-
an Structural and Investment Funds, which include the Euro-
pean Regional Development Fund, offer financial assistance to 
EU regions for urban development projects, such as smart city 
initiatives.These funds aim to reduce regional disparities and 
promote sustainable growth (European Commission, 2020). 
Caragliu et al. (2021) have stated that the Cohesion policy also 
plays a significant role in funding smart cities with a focus on 
improving infrastructure, innovation, and environmental sus-
tainability. The policy’s goal is to enhance the economic and 
social integration of EU member states. 

Galati (2018) argues that implementing smart cities is not 
inexpensive. It requires a strategic and comprehensive plan 
to secure funding for individual smart projects or entire pro-
grams. Investors seek a clear understanding of the potential 
return on their investment before committing funds. Mean-
while, municipal bodies aim to enhance technology, mobility, 
and system capabilities to maintain the attractiveness of their 
cities. 

Clerici et al. (2019) note that the European perspective on 
smart cities encompasses diverse visions, social goals, and da-
ta-driven approaches to enhance urban living. The European 
vision of smart cities is not uniform; it varies based on the di-
verse realities and perspectives of European citizens. Europe-
an cities aspire to be more than just technologically advanced, 
they aim to be platforms for social progress, democratic dia-
logue, cultural diversity, and environmental regeneration. Da-
ta-driven transition is one of the key elements in the creation 
of smart cities. Over the last decade, cities have transitioned 
toward becoming smart cities, and data from information and 
communication technology applications play a crucial role in 
understanding, analysing, and planning cities for improved ef-
ficiency and equity. 

Orejón-Sánchez et al. (2022) mention generational shifts 
that reflect the dynamic evolution of smart cities, from tech-
nology-driven initiatives to comprehensive, multi-dimension-
al approaches that consider various aspects of urban life and 
sustainability. The main focus of current smart city concepts is 
the inhabitants and societal goals, and they have the following 
dimensions: social cohesion and governance, smart city plat-
forms, urban planning, international outreach, software (apps 
and websites), mobility, technology, the environment, and hu-
man capital. 

Trindade et al. (2017) tried to understand the relation-
ship between environmental sustainability and smart city 
concepts. Through a systematic review of the literature, the 
authors examine sustainable development in smart cities and 
provided the baseline idea that smart cities emerge from the 
intelligent use of digital information across various domains 
(health, mobility, energy, education, governance) and that 
sustainable urban development aims at the use of renewable 

resources within smart cities. Their review sheds light on the 
intersection of smart cities and sustainability, thereby provid-
ing valuable knowledge for future research and practical im-
plementation. 

The concept of an integrated smart city has been explored 
by Attaran et al. (2022). They claim that current smart city 
models do not have ideal solutions for integration and that as-
pects such as security and the information and communica-
tions technology infrastructure (ICT), created in a society are 
not fully incorporated. They suggested that new sub-compo-
nents and extra-components are required for a comprehensive 
structure. They introduced an improved general model with 
six components: smart people, smart government, smart en-
vironment, smart transportation, smart economy, and smart 
life. These components are meant to ensure the integrity, dy-
namism, flexibility, and performance of a smart city, as well 
as to facilitate life cycle management and enable the better 
prediction and prevention of events such as natural disasters 
and pandemics. The model aims to address the integration 
challenges for sustainable urban development.

Javidroozi et al. (2023) has run an extensive review of 
smart, sustainable, and green cities and declares that smart cit-
ies should be integrated and collaborative. Their key points 
include a shared vision of all stakeholders, an integrated cre-
ative approach based on urban planning that fosters synergies 
across sectors and minimizes negative trade-offs, societal 
well-being and equity, and the incorporation of a green and 
blue infrastructure. Public–private partnerships can secure 
resources for smart, sustainable, and green city initiatives. 
Myeong et al. (2022) provides a comprehensive analysis of 
smart city research over the past decade (from 2011 to 2020). 
The authors emphasize that rapid urbanization has intensified 
the need for smart cities that can tackle problems invovlving 
transportation, the environment, welfare, the economy, safety, 
energy, and resource distribution. They note that future cities 
can benefit from data-driven applications for performance ef-
ficiencies, climate mitigation, and the well-being of citizens. 
Furthermore, by using data innovations, workplace paradigms 
and environmental biodiversity can be stimulated. Addressing 
security and privacy concerns is critical for responsible data 
handling, digital literacy, and online connectivity. Access to 
real-time data is crucial, especially during pandemics and oth-
er disasters. 

2 INTRODUCTION 

Smart cities have acquired a higher degree of relevancy 
since the technology has become a greater part of our lives. In 
recent years, governments, researchers, and the private sector 
have been investing heavily in smart cities. Ismagilova et al. 
(2019) has noted that smart cities  are gaining in importance 
because of the rapid growth of the population in today’s cities 
in a close connection with persistent advances in technology. 
Thanks to the increasing annual expenses of the municipalities 
themselves, which are cofinanced directly from state budgets 
or from the budgets of supranational entities with the generous 
cooperation of the private sector, there is an acute need for 
systematic research into the concept of smart cities, which can 
lead to the further development of this concept.
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2.1 Characteristics and definitions of a smart city

With the growing role of contemporary cities as well as 
the irreplaceable role of technology in our lives, the concept 
of “smart cities” is gaining public attention. According to the 
European Commission, a “smart city” is a place where tradi-
tional networks and services are made more efficient with the 
use of digital solutions for the benefit of its inhabitants and 
businesses. A smart city goes beyond the use of digital tech-
nologies for better resource use and fewer emissions. It means 
smarter urban transport networks, upgraded water supply and 
waste disposal facilities, and more efficient ways to light and 
heat buildings. It also means a more interactive and respon-
sive city administration, safer public spaces and meeting the 
needs of an aging population” (European Commission, 2023). 
Countless smart city definitions can be divided into groups 
according to the professional focus of a specific group; nev-
ertheless, we still lack a definition of a smart city that legally 
matters. This term is currently more prevalent in technical and 
economic fields of the sciences than in terminology intended 
for the legal sector.

There is an approach to constructing smart city definitions 
on various bases that give information and communication 
technology an irreplaceable role in constructing and connect-
ing other functional qualities of a smart city, such as the joint 
definition from the International Organization for Standard-
ization and the International Electrotechnical Commission: 
“An innovative city that uses information and communication 
technologies (ICT) and other means to improve the quality of 
life, the efficiency of urban operations and services, and com-
petitiveness, while ensuring that it meets the needs of pres-
ent and future generations with respect to economic, social, 
environmental as well as cultural aspects” (The International 
Organization for Standardization, 2014). 

Caragliu et al. (2009) adds another holistic definition, 
which highlights other tools and characteristics of the concep-
tualization of a smart city, while maintaining the importance 
of ICT, stating that an urban area might be determined to be 
“smart” when factors like human and social capital with the 
modern ICT drive for economic growth, which is sustainable 
and has a good quality of life, is coupled with a clever manage-
ment of resources on the one hand and collective participatory 
governance on the other hand. 

According to Gracias et al. (2023), the results of the word 
cloud analysis shown in Figure 1 clearly demonstrate that the 
quality of life for inhabitants in cities is a criterium whitch 
plays a significant role when creating smart city definitions.

The leading position of the placement of the terms “tech-
nology” and “information” in Figure 1 highlights the impor-
tance of ICT as a primary factor in the implementation of smart 
city projects. Despite the unequivocal prevalence of individual 
terms in smart city definitions from different authors across the 
smart city sector, according to the subject analysis conducted 
by Gracias et al. (2023), smart cities lack a generally world-
wide recognized definition.   

2.2 Smart cities in the context of global investment

Even though the division of the investment domains of the 
smart city concept varies from source to source, we can state in 
general that the development and implementation of the smart 
city initiatives typically require significant investments in sev-
eral areas. According to www.statista.com, “the global smart 
city market value will be worth approximately $1.38 trillion 
by 2030, while in 2019, it was only $392.9 billion” (Statista, 
2021).  Over the last ten years the European Union has distrib-
uted 1.32 billion EUR via its funding programmes into various 
smart city projects totalling 1.77 billion EUR overall invest-
ments (European Commission, 2023).  The scale and scope of 
the investment can vary significantly, based on the size of the 
city, its existing infrastructure, the specific technologies be-
ing implemented, and the extent of integration. Governmental 
funding, private sector partnerships, and public-private col-
laborations often play a significant position in financing smart 
city projects. The long-term benefits of such investments are 
typically seen in the increased efficiency of city administra-
tions on the one hand, thereby leading to improved public ser-
vices, coupled with a better and healthier life for its residents 
on the other hand. Furthermore, net zero plays a central role 
in smart city projects and their further development. The Eu-
ropean Commission has revealed a mission platform, the main 
objective of which is to  prepare and accomplish 100 net zero 
smart cities by no later than 2030. There has already been a 
selection of 100  cities in the EU and 12 other cities in coun-
tries associated with Horizon Europe aiming for net zero by 
2030, involving the testing of multi-sectoral approaches and 
applying the stakeholder engagement and management model 
whilst internally governed. Looking to the future, successful 
smart cities will play the role of innovative centres and will 
spread their innovations among the other European cities  to 
achieve climate neutrality by 2050, which is the main goal of 
the European Green Deal  (European Commission, 2023). In-
vestments in large smart city projects require careful planning, 
strategic partnerships, and the prioritization of key areas to 
achieve success. 

2.3 �Smart city rankings and their meaning in smart 
city funding

With the rise of the smart cities concept and the subse-
quent competition for funds that flow from various sources, 
the level of the smartness of cities based on various rankings 

Fig. 1 Word Frequency Plot Generated Using Compiled List of 
Smart City Definitions
Source:https://doi.org/10.3390/smartcities6040080
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has experienced a boom and attracted the attention of profes-
sionals from this area as well as the general public. There are 
countless ways as to how to evaluate smart city models, as 
well as a wide range of outputs from evaluations anchored in 
the form of smart city rankings. The methodology for ranking 
smart cities varies, depending on the organization conducting 
the rankings or the study. 

For instance, the IESE Business School’s Center for Glo-
balization and Strategy looked at 174 cities around the world 
and analyzed them across nine metrics: “human capital, social 
cohesion, the economy, the environment, governance, urban 
planning, outreach technology, and mobility” (IESE Business 
School’s Center for Globalization and Strategy, University of 
Navara, Spain 2023). 

Similarly, the Smart Cities Index Report 2022 analyzed 
31 smart cities using categories such as “service innovation, 
urban intelligence, urban sustainability, urban openness, infra-
structure integration, urban innovativeness, collaborative part-
nerships, and smart city governance” (Institute for Manufac-
turing, University of Cambridge, and Digital Transformation 
Research Center at Yonsei University, China 2022). 

Respectively, the smart city evaluation model developed 
by a team of scientists from Techniche Universität WIEN, 
Delft University of Technology, and the University of Ljublja-
na is based on an evaluation of 6 main areas, i.e., “the smart 
economy, smart people, smart governance, smart mobility, a 
smart environment, and smart living” (Techniche Universitat 
WIEN, Delft University of Technology, University of Ljublja-
na, 2023). 

We believe that the importance of a place in the smart city 
rankings is self-contained at this time and that the potential 
value of creating smart city rankings is not used when allocat-
ing funds. This is also probably because no official and legally 
recognized smart city evaluation model can be found, where it 
would be possible to derive a legally recognized entitlement 
to the allocation of grant funds, or at least, the data of which 
could serve as one of the criteria for an entitlement to funding 
from public sources intended for the concept of  smart cities.

As can be understood from the Horizon 2020 factsheet, the 
ability to seek funding and the allocation of funds for the smart 
cities sector is mostly based on the quality of a city’s proposal, 

the project’s feasibility, the projected costs or fullfilling other 
prescribed criteria, rather than the city’s smartness ranking. 
We are not aware of any direct connection between the overall 
smart city rankings and the allocation of funds intended for 
smart cities (European Commission, 2020).

3 MATERIAL AND METHODS

In our analysis we applied data mining methods based on 
the Community Research and Development Information Ser-
vice (CORDIS) and Eurostat databases. CORDIS is the Eu-
ropean Commission’s main public portal and repository for 
disseminating information on funded EU research projects 
and their results. CORDIS belongs to the Research and Inno-
vation community platform of the European Commission and 
complements the Funding and Tender Opportunities website, 
where one can apply for funding and search for partners (Eu-
ropean Commission, CORDIS, 2023). 

The Cordis database contains broad datasets, such as 
those containing past funding programmes (e.g. FP7), data for 
non-member participating countries, and all kinds of domains 
driven by EU programmes. Therefore, our data selection had 
to be narrowed as follows:

● Funded and finished smart city projects
● Horizon 2020 and Horizon Europe
● Full years 2014 - 2022
● �28 EU member countries (but including Great Britain as

well until 2022)
● �Population data taken from Eurostat (European

Commission, Eurostat, 2023)

4 RESULTS

Over the last decade some 319 smart city projects, repre-
senting 1.43% of all programme funding, have been financed 
by the EU Horizon funding programmes. This represents a 
group of nearly 3400 participants including SMEs, NGOs, 
academia, public organizations, and other institutions actively 
involved in smart city research and innovation projects. Fig-

Fig. 2 EU-funded smart city projects over the last 10 years
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ure 2 shows the distribution of net EU contributions as well 
as the amount of signed grants for the years 2014-2022 for 
two programmes, i.e., HORIZON EUROPE and H2020. Their 
evolution over the last ten years indicates relatively stable EU 
contributions with a correlating trend for signed grants. The 
years 2014 – 2021 represent the Horizon 2020 funding period, 
while 2022 marks the starting year of Horizon Europe. While 
2015 was the strongest year in terms of EU smart city project 
contributions, the Covid-impacted year 2020 had the lowest 
level of EU funding. 

4.1 �Overall project success does not equal funding 
success 

It should not come as a surprise that the largest EU econ-
omies such as Germany, Spain, the Netherlands, France, and 
Italy account for more than half (59%) of the Horizon funding 
awarded in the smart city domain. To put these figures into a 
broader perspective, we have added a “per capita” view, which 
changes the country ranking (Figure 3). Leaving all countries 
but the Netherlands out of the top 5 list and considering the 
size of funding per capita, Estonia leads the ranking with a 
solid 22.18 EUR contribution per citizen, followed by Lux-
embourg (10.81 EUR) and the Netherlands (8.16 EUR). These 
statistics indicate that large countries have a higher critical 
mass by imposing stronger penetration in EU projects while 
consuming a larger portion of the EU funding. From that per-
spective such countries can be seen as more successful, while 
underrepresented countries are less successful, since the first 
group deliver better results at the funding stage of projects and 
thus receive more funding for smart cities as a whole. In our 
view, however, it would be beneficial to increase visibility of 
the overall smart city project outcomes and results, i.e., in their 
final stage.

To provide a way forward, we decided to link project man-
agement perspectives to the rate of success. Instead of eval-
uating smart city projects as success-based relative to fund-
ing consumed (the participant’s view), we aimed to analyze 
success through the optics of delivered project results and 
outcomes (the sponsor’s view). It is important to note, that 

from a funding perspective, all the projects delivered might 
be seen as successful, assuming that the project grant has been 
consumed and maintained by the participants after the proj-
ect has finished. Nevertheless, we are arguing that despite all 
319 projects being funded in the end, the smart city projects 
analyzed should not be seen as equally successful. In this pa-
per we provide a simplified framework for understanding the 
differences in success on a ranking scale. In our model, we 
have considered the following delivered outcomes as project 
success criteria for 319 smart city projects: 

● �Amount of intellectual property rights: patents, trade-
marks

● �Number of scientific publications: book chapters, peer
reviewed articles

● �Number of deliverables: demonstrators’ pilots, proto-
types, websites

● �Amount of project reports: periodic report summaries,
etc.

As our model incorporates a project management context, 
two major success milestones will be analysed: (M1) funding 
success - a participant’s view, and (M2) outcome success – a 
sponsor’s view. A comparison of the M1 and M2 results leads 
us to the following research questions:

1) 	�What is the level of success when measured in the
funding stage of a project?

2) 	�What is the level of success in the outcome stage of a
project?

3) 	�Can all SMART CITY PROJECTS funded be consid-
ered equally successful?

4) 	�How can the success of SMART CITY PROJECTS be
measured?

To provide perspectives to the above research questions, 
we refer the reader to Tables 1 and 2, which prove that a high-
er success rate of reaching the SMART CITY PROJECTS´ 
funding milestone will not correspond to the same success rate 
of delivered project results. Therefore, all the funded projects 
cannot be seen as equally successful. Applying the cost of out-
comes in our model should help us understand the price EU 

Fig. 3 Net EU contributions in absolute and relative measures
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taxpayers have to pay for delivered smart city projects. The 
cost of the outcome has the following formula:

� (1)

In that sense, projects with the lowest outcome cost can be 
seen as more efficient and thus more successful (Table 2).

While Table 1 ranks countries by the amount of SMART 
CITY PROJECTS funding, sorting the same dataset by the 
Cost of Outcome (Table 2) changes the ranking significantly, 
i.e., the leading countries now become Romania, Switzerland,
and Norway, while Germany and Spain leave the top 10 list 
completely. It is interesting to note that low-cost countries do 
not necessarily top the list. 

5 CONCLUSION

Despite the growing importance of smart cities in the con-
text of net zero goals, the net EU contribution in the last ten 
years has been rather stable, i.e., showing an increase in the 
recent years of 2021 and 2022. The importance of smart cit-
ies, coupled with the relatively low visibility of EU-funded 
project successes, has motivated us to deepdive into differenc-

es among member countries participating in SMART CITY 
PROJECTS. Even though all the funded projects are deemed 
more or less successful from a Horizon point of view, it is not 
clear how they perform after post-funding or how they per-
form relative to each other. Therefore, we decided to apply 
project success analyses to help us find subtle differences in 
terms of project results and their success as such. Currently, 
the EU Commission reports on project results in a somewhat 
limited way, such as listing only limited types of results (de-
liverables, publications, project websites or patents), while 
leaving the commercial point of view completely out of the 
equation. Having a higher visibility of the commercial and in-
dustrial impacts such as the improvement in the technological 
readiness level before/after a project, market share, the amount 
of customers, post-project activity, etc., would probably make 
the outcomes more transparent to EU taxpayers. We also hy-
pothesize that a higher degree of transparency could lead to 
more efficient smart city project governance while opening 
new opportunities for researchers, policymakers, and poten-
tial project participants in this domain. Horizon might foster 
this by delivering more specific success information such as 
results-oriented project reporting, success KPIs on dedicated 
Horizon dashboards, and extended datasets. 

We have recognized a few limitations in our analysis that 
require further attention. The first downside is the relatively 
low availability of commercial and industrial project results. 

Tab. 1 Total contribution by country 

Rank Country Projects ecMaxContribution Deliverables Publications Patents Cost of outcome

1 Germany 19 105,902,015 409 624 1 102,420

2 Spain 33 86,923,889 348 216 3 153,305

3 France 19 53,488,379 212 297 2 104,674

4 Sweden 10 29,266,015 93 47 0 209,043

5 Lithuania 7 27,549,917 114 231 9 77,825

6 Italy 19 26,476,447 203 222 0 62,298

7 Denmark 3 24,744,149 78 111 0 130,921

8 the United Kingdom 13 15,623,913 138 140 2 55,800

9 Finland 3 12,767,625 100 62 0 78,813

10 Norway 4 10,085,201 116 108 0 45,023

Tab. 2 Cost of outcome 

Rank Country Projects ecMaxContribution Deliverables Publications Patents Cost of outcome

1 Romania 2 1,496,610 14 176 2 7,795

2 Switzerland 10 4,585,583 68 59 0 36,107

3 Norway 4 10,085,201 116 108 0 45,023

4 the United Kingdom 13 15,623,913 138 140 2 55,800

5 Luxembourg 2 3,624,795 1 61 0 58,464

6 Italy 19 26,476,447 203 222 0 62,298

7 Belgium 4 8,459,890 63 64 0 66,613

8 the Netherlands 6 10,072,340 52 78 0 77,480

9 Lithuania 7 27,549,917 114 231 9 77,825

10 Finland 3 12,767,625 100 62 0 78,813
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Acquiring such data will require in-depth data mining for proj-
ects that continue to exist beyond their funding life cycle. The 
second issue we recognize is the dimension of quality, which 
should be taken into consideration when talking about results. 
This could be the impact factor of published articles, the num-
ber of citations to publications, etc., to name a few. A further 
investigation could involve adjusting the cost of outcome indi-
cators to various price levels in EU countries, particularly the 
costs per person-month. We plan to address these opportuni-

ties in a follow-up study with the application of more robust 
econometric models.
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Abstract

The relationship between stress and strain tensors in soil is de-
scribed by the soil constitutive equation, which depends on the soil 
type and deformation conditions. The development of various con-
stitutive models has enabled a better understanding of the mac-
romechanical properties of soil. One such model is hypoplasticity, 
which was discovered more than three decades ago. The purpose 
of this study is to determine whether hypoplasticity could accurate-
ly represent the behavior of Danube sand, a specific type of sand. 
The researchers conducted laboratory measurements to obtain the 
eight basic hypoplastic parameters of Danube sand and employed 
the intergranular strain concept as an extension of hypoplasticity to 
achieve a more precise material behavior. All the parameters were 
then utilized to simulate the cyclic triaxial test using the SoilTest 
Module of PLAXIS. The results showed that the hypoplastic consti-
tutive simulation model for Danube sand was capable of making 
relatively accurate predictions for accumulative settlement.

Key words

● �Hypoplasticity, 
● Intergranular strain,
● Cyclic triaxial test,
● Coarse-grained soil,
● Constitutive model.

1 INTRODUCTION

In recent decades, various numerical techniques have been 
developed to model soil behavior under static and cyclic loads. 
A suitable constitutive model must be used to effectively 
depict the interaction between soil and structures, especially 
in the case of geotechnical structures on water-saturated soils 
subjected to cyclic stress. The Mohr-Coulomb frictional 
constitutive model is often used, but it fails to account 
for the complex historical dependence of soil behavior. 
Therefore, more advanced models, such as the hypoplastic 
constitutive model with a critical state, have been proposed. 
The calibration of these models requires high-quality cyclic 
laboratory tests with a variety of boundary conditions (Gajári 
et al., 2021; Niemunis et al., 2005; Stutz et al., 2017a; Wei 
and Yang, 2020; Wichtmann and Triantafyllidis, 2018; Wu et 
al., 2017).

In this paper, the hypoplasticity parameters of Danube sand 
are calibrated to obtain an accurate set of soil properties for 
simulating pavement-subsoil interactions. It is important to 
consider the accumulation of cyclic traffic loads and residual 
stresses, which can cause tensile cracks in asphalt. Moreover, 
cyclic loading can cause irreversible strains and excessive 
pore pressure, leading to soil liquefaction and loss of overall 
stability. Therefore, the accumulation strain phenomenon is 
of practical importance.

By defining the relationship between stress and strain 
through mathematical equations, constitutive laws are 
responsible for describing how materials deform. Various 
mathematical equations have been developed to describe 
the deformation behavior of soil. Hypoplastic equations, 
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which are based on non-linear tensor functions, have proven 
to be particularly useful for modeling granular soils (von 
Wolffersdorff, 1996). Unlike plasticity-based equations, 
hypoplastic equations do not rely on yield surfaces or the 
decomposition of a strain into elastic and plastic components, 
thereby resulting in simpler initial formulations with fewer 
parameters. These equations can also account for the effects 
of pressure and density changes and can be validated 
through laboratory tests. Over time, hypoplastic equations 
have been improved to include additional state variables, such 
as porosity, and can be determined through lab tests. The stress 
tensor is the only state variable in the basic hypoplastic 
equations (Bauer et al., 2020; Fellin, 2002; Wang and Wu, 
2020).

Initially, the hypoplastic state equation only considered 
the stress tensor as a variable, and the basic hypoplastic 
equations included four polynomial expressions, four material 
characteristic coefficients, two linear coefficients, and two 
nonlinear coefficients to describe the strain rate. Over time, 
improvements were made to hypoplastic equations by adding a 
new state variable, i.e., porosity. The advantage of hypoplastic 
equations is that the main parameters can be obtained through 
triaxial equipment. The stress tensor remains the only state 
variable in the basic hypoplastic equations (Wu et al., 2017).

The hypoplastic behavior model has been extensively used 
to study the behavior of sandy soils and has been shown to 
accurately express uniform settlement. It can even be used 
for soft soils with a high internal friction angle. However, 
when using the hypoplastic behavior model for clay soils, 
the stiffness of the modeled soil is much lower than in reality 
(Herle and Kolymbas, 2004).

The hypoplastic model correctly predicts the arrangement 
of the grain skeleton causing sediment deformation, density, 
and pressure using material constants and a simple formula. 
However, without an intergranular strain (IS) parameter, 
it cannot predict soil behavior in certain cases, such as the 
soil‘s initial high degree of stiffness and cumulative plastic 
deformations generated by small stress loading cycles (Herle 
and Gudehus, 1999; Kolymbas and Wu, 1990; Mohammadi-
Haji and Ardakani, 2020).

Model parameters for granular materials should directly 
depend on grain properties, such as shape, angularity, size 
distribution, and the friction coefficient, as well as the grain’s 
hardness or strength. However, determining these parameters 
from experimental investigations of single grains is not 
realistic (Herle and Gudehus, 1999).

2 METHODS ANDS PARAMETERS

The behavior of granular soils under a load is primarily 
determined by their stress level. As a confining pressure 
increases, the maximum shear strength of granular soils typically 
increases, while residual shear strength and stiffness may also 

increase or remain relatively constant, depending on the specific 
material properties and conditions. Cumulative deformation is a 
major concern for the long-term serviceability of structures 
susceptible to differential defor-mation. “Hypoplasticity” is a 
model used to describe the behavior of sand, which does not 
require a yield surface or other elements related to elastoplasticity. 
Wu and Bauer (1994) proposed a four-parameter model that 
could describe various characteristics of sand in both drained 
and undrained states. Niemunis and Herle (1997) presented the 
formulation of small strain stiffness, while Poblete et al., (2016) 
proposed the framework of intergranular strain anisotropy 
(ISA), which allows for improved model performance under 
cyclic loading conditions, such as memory effects and increased 
stiffness upon stress reversal (Mohammadi-Haji and Ardakani, 
2020; Moussa et al., 2020; Yang et al., 2020).

2.1 Basic parameters

The hypoplastic model for sand is comprised of eight 
parameters, which can be divided into

four major categories. The first category pertains to the 
critical friction angle, denoted as φc.

The second category includes two parameters, i.e., hs, which 
stands for granular stiffness, and n, which serves as an exponent 
for hs. The third category is dedicated to various types of void 
ratios, where ed0 represents the minimum void ratio at zero 
pressure; ec0 represents the critical void ratio at zero pressure; 
and ei0 represents the maximum void ratio at zero pressure. The 
fourth and final category encompasses the last two parameters, 
α and β, which respectively impact the peak of the friction angle 
and control the stiffness. Wolffersdorff‘s hypoplastic model is 
used in this paper (von Wolffersdorff, 1996).

2.1.1 Friction Angle φc  of the Critical State

The parameter φc represents the critical angle of internal 
friction, which is a fundamental parameter in soil mechanics 
and geotechnical engineering. It describes the minimum angle 
at which a soil mass will fail or slide under shear stress and 
determines the soil‘s shear strength. The critical friction angle 
varies, depending on the soil type and state of stress and can be 
determined through laboratory and field tests.

Herle and Gudehus (1999) showed that the angle of repose 
measured on a dry granular soil provides a good estimate 
of the critical friction angle determined through shear box 
measurements.

In coarse-grained soils, the angle of repose test is a 
straightforward method for determining φc. However, for soils 
with a larger proportion of fine grains, triaxial shear tests on 
normally consolidated samples are recommended.

Soil, typically reaches its critical state under monotonic 
shear loading when the volumetric deformation rate stabilizes 
while maintaining a constant mean stress. Triaxial tests are 
commonly used to determine the critical state.

Tab. 1 Critical friction angle from angles of repose and from shear tests (Herle and Gudehus, 1999)

Material Hochstetten gravel Hochstetten sand Hostun sand Karlsruhe sand Lausitz sand Toyoura sand Zbraslav sand

Angle of repose 35.7 34 32 29.1 33 30.4 30.8

φc 36.5 34 32 30 32.2 30.9 29.7
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The term „granulate hardness“ refers to the extent of 
resistance or firmness displayed by granular materials when 
subjected to an applied force or load. The measurement of 
granulate hardness is valuable for gathering information 
on the particle size distribution, packing density, and flow 
characteristics of the material, which can aid in optimizing 
handling and processing operations. Various techniques, such 
as penetrometers, compressive testing, and shear testing, are 
available for measuring granulate hardness.

Granular hardness (hs) is the only parameter that measures 
stress and should not be confused with the hardness of individual 
grains. The exponent „n“ accounts for the pressure-sensitivity 
of the grain skeleton, allowing for a non-proportional increase 
in incremental stiffness with increasing pressure. An oedometer 
test is a simpler way of determining “hs” and “n”. Directly 
obtaining “hs” and “n” from measured data is not recommended 
due to strong non-linearity. The knowledge of “n” is necessary 
for determining “hs”, but “n” can be calculated independently 
of “hs”. An oedometric test can replace isotropic compression 
for calibration asit is easier to perform and allows for reaching 
higher pressure, as “hs” and “n” control the slope and curvature 
of the compression line, respectively.

Performing an oedometer test and plotting the compression 
curve yields a graph similar to Figure 1, which represents a 
schematic of the compression curve. The calculation of 
the exponent „n“ is the first step, as it is not dependent on 
the parameter „hs,“ which is absent in Equation 1. The 
determination of „n“ is crucial in determining „hs,“ which 
can be calculated using Equation 2. Thus, the value of „hs“ 
depends on knowledge of „n.“

(1)

(2)

2.1.3  Minimum ed0, critical ec0, and maximum ei0 of a void 
ratio at zero pressure

Generally, the most effective way to achieve the optimal 
compaction of a granular soil is by applying cyclic shearing 
with a small amplitude under constant pressure. When this 
technique is implemented following static compression, it will 
gradually approach a minimum void ratio ed, which decreases 

with increasing pressure. Equation 3 below can be used 
to describe the relationship between ed and ps, enabling the 
extrapolation of the value of ed at zero pressure.

(3)

Typically, a minimum void ratio (emin) is determined using 
index tests outlined in several standards. However, these tests 
are not as efficient as cyclic shearing. As a result, the measured 
value of emin may be higher than that of ed. Upon comparing ed0 
with emin, it is determined that they are relatively similar, with 
emin being slightly higher than ed0. Therefore, in the absence 
of data for ed0, emin can be used as a substitute (Herle and 
Gudehus, 1999).

Similarly to ed0, the critical void ratio value at zero pressure 
can be computed using equation 4 below:

(4)

The parameter ec can be determined through a shear test on 
a soil element while calculating φc. An undrained triaxial test is 
usually sufficient for establishing ec. It has been noted that the 
value of ec0 is comparable to emax.

Previously, Herle and Gudehus (1999) indicated a narrow 
range of 0.52 to 0.64 for the ratio of ed0/ec0. Mašín (2019) also 
proposed an empirical formula of ed0=0.5*ec0 to be used when 
experimental data is not available. Tables 2 and 3 include 
39 sets of hypoplastic parameters obtained from previous 
investigations. Based on Tables 2 and 3, the range for 
the aforementioned ratio is 0.37 to 0.77, with an average ratio 
of 0.56, which is very similar to the earlier empirical formula.

The parameter ei0 represents the highest possible void ratio of 
a basic grain skeleton achieved during an isotropic consolidation 
of a grain suspension in an environment without gravity. There 
are several ways to determine the maximum void ratio emax in the 
laboratory, with most standards involving pouring dry soil into a 
calibrated mold. However, the soil often reaches a critical state 
during pouring, which is denser than the theoretical emax. While 
the maximum void ratio in a gravity-free space is proposed, it 
cannot be measured in a laboratory. Herle and Gudehus (1999) 
discovered that for spherical grains, this value is 1.2 times the 
emax, while for cube grains, it is 1.3 times the emax.

By examining Tables 2 and 3, it can be observed that the 
ratio of ei0 to ec0 is generally less than 1.3, and sometimes even 
less than 1.2. The average value for this parameter is 1.14.

2.1.4 Exponents α and β

The stiffness and pyknotropy factors are controlled by 
parameters α and β, which can be determined through a 
parametric study involving simulations of the triaxial shear 
test. To obtain α, Herle and Gudehus (1999) suggested using 
equation (2) and considering the peak state in a triaxial 
compression test.

(6)

Equation 6 above involves Kp, a and tan(νP), which can be 
calculated using equations 7, 8, and 9 below, respectively.

Fig. 1 Schematic of compression curve (Herle and Gudehus, 1999)

2.1.2 Granulate Hardness (hs) and exponent (n)
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(7)

(8)

(9)

To determine tan(νP), equation 10 can be used to calculate 
parameter A. An evaluation of α and β requires knowledge of 
these preceding parameters.

(10)

The parameter β is significant only when the void ratio e 
is significantly lower than the initial void ratio ei. According 
to Herle and Gudehus (1999), for natural sands, assuming β = 
1 is usually adequate, regardless of granulometric properties. 
However, among the 38 data sets in Tables 2 and 3, it can be 
observed that only 10 out of 38 have a value of 1 for β, while 
the β parameter for the remaining sets is greater than 1.

The impact of the α and β parameters on stress-strain curves 
can be understood through Figures 2 and 3. A drained triaxial 
test on a dense sample and curve simulation using various 
amounts of α can be conducted to calibrate these parameters. 
Fitting the resulting curves will yield the optimal value for α. 
Figure 2 shows that increasing α decreases the stress peak on 
the stress- strain curve, while Figure 3 shows β changes the 
location of the peak by reducing the strain value and shifting 
the peak to the left.

2.2 Intergranular strain parameters

Basic hypoplastic models are inadequate in predicting 
high initial stiffness and ratcheting, which is the accumulation 
of strains in stress cycles and stresses in strain cycles. The 
intergranular strain concept is the most widely-used approach 
for overcoming this limitation (Niemunis and Herle, 1997). 
The ISA theory provides a useful mathematical platform for 
developing constitutive models to simulate cyclic loading in 
soils by considering the effect of recent strain history. The 
intergranular strain evolution equation is elasto-plastic and 
based on a simple bounding surface approach. The concept 
assumes that the reversible deformation of the intergranular 
strain layer, combined with the elastic deformation of the 
grains, accounts for all the measured soil deformations at the 
beginning of the loading process until a certain amount of strain 
is reached, and the grains start to rearrange. This reversible 
deformation is described by an additional component of 
the model, while the deformation associated with the grain 
rearrangement is irreversible and predicted by the standard 
hypo-plastic model. Introducing the intergranular strain adds 
five more parameters, namely, mR, mT, βr, R, and χ to the 
basic parameters; they are discussed in detail in the following 
sections (Yang et al., 2020). Niemunis‘ IS model is used for 
this investigation (Niemunis et al., 2005).

2.2.1 Stiffness factor (mR)

The mR parameter has a crucial role in regulating the shear 
modulus strength at extremely low strain values, whether 
it is during initial loading or when the strain path direction 
is reversed by 180 degrees. The most precise approach for 
ascertaining the value of mR is via shear wave propagation 
experiments such as bender element tests. Although static 
shear tests can also measure the shear modulus, this method is 
less dependable as it relies on local measurements of sample 
deformations, and strain transducers have limitations regarding 
their accuracy.

2.2.2 Parameter mT

Determining the mT parameter (or mrat ratio = mT / mR) 
through experimentation is a difficult task. The mrat value 
indicates the ratio of the initial shear stiffness (G0) to the shear 
stiffness after a 90-degree change in the strain path direction 
(G90), expressed as G90/G0. Measuring G90 requires precise 
local strain transducers as it cannot be measured through 
wave propagationtechniques. To make it more convenient, 
Mašín (2019) recommends a default value of 0.7 for mrat if 
there is no experimental data available for the soil of interest. 

Fig. 2 Effect of α on the peak of a stress- strain curve (Mašín, 2015) 

Fig. 3  Effect of β on the peak of a stress-strain curve (Mašín, 2015) 
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Figure 5 illustrates the relationship between mR and mT based 
on 14 sets of data collected in Tables 2 and 3. Therefore, in the 
absence of experimental data for mT, according to Figure 4, a 
value of mT=0.5*mR can be used.

2.2.3 �Elastic strain amplitude, Intergranular strain 
hardening parameter and exponent 

The intergranular strain concept model utilizes three 
parameters, namely R, βr, and χ, each with a distinct physical 
interpretation. The parameter R specifies the extent of the 
elastic range in the strain space, whereas βr controls the rate of 
evolution of the intergranular strain tensor. On the other hand, 
χ regulates the interpolation between the reversible elastic 
and nonlinear hypoplastic response. Despite their varied 
interpretations, these parameters work together to determine 
the rate of stiffness degradation with increasing strains, which, 
in turn, affect the predictions of the model. The calibration of 
these parameters usually involves triaxial shear experiments, 
which measure local deformations, and obtains shear moduli 
versus shear strain curves. An increase in R causes a decrease 
in βr and shifts the stiffness degradation curve horizontally 
in the G versus ln(εs) diagram. Conversely, χ influences the 
rate of a decrease in stiffness with a strain, and a higher χ value 
leads to a larger quasi-elastic range size and a faster subsequent 
rate of decrease in stiffness. To calibrate the χ parameter, an 
experimental trial-and- error process is required to fit the data.

Fig. 4 Relation between mT and mR

Tab. 2 Basic hypoplastic parameters of different types of soil

Basic hypoplastic

φc ( ̊ ) hs (MPa) n ed0 ec0 ei0 α β

Hochstetten gravel (Herle and Gudehus, 1999) 36 3.2000E+04 0.18 0.26 0.45 0.5 0.1 1.9

Hochstetten sand (Herle and Gudehus, 1999) 33 1.5000E+03 0.28 0.55 0.95 1.5 0.25 1

Hochstetten sand (A. Niemunis and Herle, 1997) 33 1.0000E+03 0.25 0.55 0.95 1.5 0.25 1

Hostun sand (Herle and Gudehus, 1999) 31 1.0000E+03 0.29 0.61 0.96 1.9 0.13 2

Karlsruhe sand (Herle and Gudehus, 1999) 30 5.8000E+03 0.28 0.53 0.84 1 0.13 1

Lausitz sand (Herle and Gudehus, 1999) 33 1.6000E+03 0.19 0.44 0.85 1 0.25 1

Toyoura sand (Herle and Gudehus, 1999) 30 2.6000E+03 0.27 0.61 0.98 1.1 0.18 1.1

Zbraslav sand (Herle and Gudehus, 1999) 31 5.7000E+03 0.25 0.52 0.82 0.95 0.13 1

Uncemented gravel (Fu et al., 2021) 39.5 7.5000E+01 0.55 0.17 0.40 0.48 0.06 1.5

Uncemented sand (Fu et al., 2021) 28.6 9.5500E+01 0.45 0.48 0.75 0.86 0.15 1.25

Karlsruhe fine sand (Poblete et al., 2016) 33 8.6260E+01 0.32 0.67 1.9 1.21 0.21 1.5

Karlsruhe fine sand (Fuentes et al., 2020) 32.6 4.0000E+03 0.27 0.677 1.054 1.212 0.14 2.5

Prague sand (Kadlíček et al., 2016) 35.47 9.0530E+01 0.56 0.33 0.66 0.79 0.03 1.9

Komorany sand (Mašín, 2019) 35 5.0000E+01 0.2 0.35 0.87 1.4 0.26 4

Dobrany (Kadlíček et al., 2022) 41.1 6.5339E+01 0.207 0.592 1.183 1.42 0.05 4

Hrusovany (Kadlíček et al., 2022) 42.6 1.9030E+00 0.162 0.591 1.182 1.418 0.07 6.3

Jablonec (Kadlíček et al., 2022) 42.6 1.0370E+00 0.232 0.616 1.232 1.478 0.02 4.1

Kralupy (Kadlíček et al., 2022) 41.2 1.7560E+00 0.149 0.809 1.1618 1.942 0.23 4.8

Stvanice (Kadlíček et al., 2022) 35.8 8.5300E-01 0.199 0.844 1.689 2.026 0.23 4.9

Hochstetten sand (Khalaj, 2021) 33 1.5000E+03 0.28 0.55 0.95 1.5 0.25 1.5

Toyoura sand (Ng et al., 2013) 30 2.6000E+03 0.27 0.61 0.98 1.1 0.14 3

Firoozkuh sand (Mohammadi-Haji and Ardakani, 2020) 32.7 3.5000E+02 0.24 0.58 0.91 1.1 0.5 1

Hostun sand (Moussa et al., 2020) 32 1.0000E+03 0.29 0.61 0.96 1.9 0.13 2

Tehran silica sand (Namaei-kohal et al., 2022) 38.4 4.6000E+02 0.26 0.41 0.82 0.98 0.3 1.5

Used for model (Niemunis et al., 2005) 32.8 1.5000E+02 0.4 0.575 0.908 1.044 0.12 1 ⇒
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Basic hypoplastic

φc ( ̊ ) hs (MPa) n ed0 ec0 ei0 α β

Original model (Yang et al., 2020) 34 3.6000E+03 0.43 0.72 0.934 1.2 0.24 1.2

Karlsruhe sand (Stutz et al., 2017b) 31 1.0000E+03 0.29 0.61 0.96 1.9 0.13 2

Toyoura sand (Stutz et al., 2016) 30 2.6000E+03 0.27 0.61 0.98 1.1 0.25 1

Ticino sand (Stutz et al., 2016) 31 1.0000E+03 0.29 0.61 0.96 1.9 0.13 2

Density sand (Stutz et al., 2016) 32 7.5000E+02 0.25 0.62 0.97 1.6 0.13 1.5

Toyura sand (Stutz and Wuttke, 2018) 31 1.0000E+03 0.29 0.61 0.96 1.9 0.13 2

Berlin Sand (Le et al., 2017) 31.5 2.3000E+03 0.30 0.391 0.688 0.791 0.13 1

Castro sand (Tsegaye et al., 2010) 30.5 1.1070E+03 0.26 0.5 0.8 0.97 0.2 2

Karlsruhe fine sand (Wichtmann et al., 2019) 33.1 4.0000E+03 0.27 0.677 1.054 1.212 0.14 2.5

Kolny sand, set 1 (Mašín, 2019) 35 4.8000E+02 0.26 0.33 0.87 1.4 0.06 1.47

Kolny sand, set 2 (Mašín, 2019) 36 1.2000E+02 0.49 0.28 0.74 0.89 0.03 1.41

Parameter used (Sturm, 2009) 32.8 6.2500E+02 0.33 0.67 1.5 1.21 0.18 1.12

Toyoura sand (Arnold, 2008) 30 2.6000E+03 0.27 0.61 0.98 1.1 0.18 1

Tab 3. Intergranular strain parameters of different types of soil

Intergranular strain

mR mT R × 10–4 βr χ

Hochstetten sand (Niemunis and Herle, 1997) 5 2 1 0.5 6

Karlsruhe fine sand (Poblete et al., 2016) 5 3.5 1.4 0.35 7

Karlsruhe fine sand (Fuentes et al., 2020) 5 3.5 1.4
0.25 5

3 17.7

Komorany sand (Mašín, 2019) 3.4 1.7 2 0.12 0.7

Toyoura sand (Ng et al., 2013) 8 4 0.2 0.1 1

Firoozkuh sand (Mohammadi-Haji and Ardakani, 2020) 5 2 1 0.5 3

Tehran silica sand (Namaei-kohal et al., 2022) 3.5 1.5 0.7 0.7 0.8

Used for model (Niemunis et al., 2005) 6.5 3 1 0.1 6

Original model (Yang et al., 2020) 1 -- 3.3 0.5 3

Berlin Sand (Le et al., 2017) 4.4 2.2 1 0.2 6

Castro sand (Tsegaye et al., 2010) 5 2 1 0.5 6

Karlsruhe fine sand (Wichtmann et al., 2019) 2.2 1.1 1 0.1 5.5

Parameter used (Sturm, 2009) 6 3.5 1 0.2 6

Toyoura sand (Arnold, 2008) 5 2 1 0.12 1

3 RESULTS

3.1 Basic Parameters

3.1.1 Critical state friction angle (φc)

The critical state line (CSL) in the q-p plane was utilized 
to determine the value of the critical state friction angle, φc, 
using the equation:

(11)
and the formula:

(12)

Three monotonic triaxial tests were conducted, and the 
final point for each test was plotted on the q-p diagram. To 
obtain the M constant, a trendline was drawn, and the constant 
slope of the resulting linear equation 12 was designated as the 
M parameter.
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By using equations 11 and 12, the critical state friction 
angle, φc, was computed to be 27.89289 degrees.

3.1.2 Granular hardness (hs) & Exponent (n)

It is worth mentioning that the maximum compression 
stress utilized in the experiment has a significant impact 
on granulate hardness. One might consider conducting an 
oedometer test on a loose sample to get these two parameters:

The following table is the result of the oedometer test:

 Tab. 4 Result of oedometer test

Vertical stress (kPa) 2 100 200 400 800

Void ratio 0.73 0.71 0.7 0.69 0.67

Table 4 and equations 1 and 2 lead the parameter n and hs 
as follows:

n =0.303153655
hs =3.085316 (GPa)

3.1.3  Minimum (ed0), Critical (ec0) and Maximum void ratio
at zero pressure (ei0)

The values of emin and emax were obtained through 
laboratory measurements, yielding 0.62 and 1.01, respectively. 
Additionally, ei0 was defined using the empirical formula 
ei0=1.2*ec0, which resulted in a value of 1.2 for ei0. Although 
ec0 should be similar to emax, previous investigations have 
suggested that its value is slightly lower, i.e., around 0.971. 
Finally, emin and ed0 were found to be the same, with a value of 
0.62 for this parameter.

3.1.4 Dilatancy (α) and Exponent (β)

In order to obtain the calibrated value for the parameters, 
several simulations with different values for α were performed. 
According to the comparison between the experimental 
drained cyclic triaxial test and the simulated cyclic triaxial 
test, the optimized value for α is 0.3. The initial void ratio for 
the simulated test was e0=0.65.

β seems to mostly be independent of granulometric 
features, and 1 may be assumed for many natural sands.

To gain a deeper comprehension of the impact of β, multiple 
simulations were conducted using various values of β. The 
test involved 10,000 cycles, each lasting 2 seconds. The most 
accurate curve was identified when β was set to 1.1.

3.2 Intergranular parameters

3.2.1 Stiffness factor (mR) and Parameter mT

A comparison was conducted between the results of a 
drained cyclic triaxial test performed on a soil sample and a 
simulated triaxial test using the SoilTest Module of PLAXIS 
software to calibrate the intergranular strain parameters. 
Figure 9 shows that an increase in stiffness leads to a decrease 
in the amount observed of the average axial strain. According 
to Figure 10, setting the parameter mT to 1 results in a similar 
amount of the average axial strain observed in both the 
simulated and laboratory samples.

Fig. 5 Results of triaxial tests to determine CSL

Fig.  7 Value of the strain over time for different α’s

Fig.  8 Value of the strain over time for different β’s

Fig. 6 Compression Curve
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3.2.2 �Elastic strain amplitude, Intergranular strain 
hardening parameter and the exponent

According to Mašín (2019), it is difficult to differentiate the 
effect of mR, βr, and χ on the accumulation of strain caused by 
cyclic loading. Hence, he suggested a calibration method that 
involves treating R=10−4 and χ=1 as constants independent of 
the material. Then, mR can be calibrated using bender element 
measurements, which are relatively simple to perform. 
Moreover, mT can be set at 0.7*mR. Finally, the cyclic behavior 
can be controlled by adjusting only the parameter βr.

Figure 12 demonstrates that increasing Rmax alters the 
curvature behavior to a linear one. Furthermore, Figure 11 
shows that decreasing βr results in a reduction in the final 
average axial strain observed. From Figure 13, it can be 
inferred that the optimal value of the parameter χ is 1.2, as both 
higher and lower values lead to a decrease in the final average 
axial strain value.

4 CONCLUSIONS

This paper describes the calibration of the hypoplastic 
constitutive model with an intergranular strain for Danube sand 
using experimental static and dynamic soil tests, analytical 
solutions, and numerical simulations. The required parameters 
and their appropriate computation are provided, and the 
calibration technique used eliminates the need for complex 
geotechnical experiments. The accuracy of the constitutive 
parameters determined in this study was verified through 
numerical modeling and analytical solutions.

The values for the basic hypoplastic model parameters 
φc, n, hs, ei0, ed0, ec0, α, and β were determined using drained 
triaxial and oedometer testing, and previous research provided 
suggested values for ed0 and ei0. α and β were adjusted to ensure 
a good fit between the simulated curve and the drained cyclic 
triaxial test. Similarly, the intergranular parameters mR, mT, 
βr, Rmax, and χ were determined through drained cyclic triaxial 
tests and numerical simulations to achieve the best fit.

Fig.  9 Value of the strain over time for different mR’s

Fig.  11 Value of the strain over time for different βr’s

Fig.  10 Value of the strain over time for different mT’s

Fig.  12 Value of the strain over time for different Rmax’s

Fig. 13 Value of the strain over time for different χ’s
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The results show that both overestimating and under
estimating χ and β lead to a lower predicted average axial 
strain in the final cycle. The predicted average axial strain in 
the first regular cycles is the same as in the experiment for all 
substitutional values. Thus, for long-term cyclic loading, the 
first cycles should not be considered. Tables 5 and 6 display 
the hypoplastic constitutive parameters of Danube sand, which 
were adjusted based on laboratory measurements. It also 
provides information on the range of values for each parameter, 
with the minimum and maximum values taken from Tables 2 
and 3, which were derived from previous research.

Tab. 6 Danube Sand data and range of intergranular strain 
parameters

mR mT Rmax βr χ

Danube Sand 8 1 2e-4 0.5 1.2

Minimum 1 1 2e-5 0.1 0.7
Maximum 8 4 3.3e-4 0.7 7

Tab. 5 Danube Sand data and range of basic hypoplastic parameters

φc (°) hs (GPa) n ed0 ec0 ei0 α β
Danube Sand 27.89 3.08 0.30 0.62 0.971 1.2 0.3 1.1

Minimum 28.6 8.53e-4 0.149 0.17 0.4 0.48 0.02 1
Maximum 42.6 32 0.56 0.844 1.689 2.026 0.5 6.3
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Abstract

As part of a change in the division of transport work, bicycle trans-
port has made the most progress in recent years. As the largest 
city in Slovakia Bratislava, is trying to keep up with foreign cities. 
In recent years, it has developed projects that have made it pos-
sible to increase the development of cycling in the city. The last 
major cycling survey was conducted in 2011 by Cyklokoalicia. This 
survey aims at determining the momentum of bicycle traffic by 
identifying its greatest shortcomings or, conversely, the most posi-
tives. The data from the analysis given will also be used to develop 
a concept for the development of bicycle transport in the city of 
Bratislava.
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1 INTRODUCTION

Slovakia is a country that still lags behind other countries 
in the world in the development of transport. Cities should 
focus on all modes of transport when determining their de-
velopment and growth. In recent years, emphasis has been 
placed on non-motorized transport, such as bicycle transport, 
which has a positive effect on the environment and overall sus-
tainability in a city. The problem of sustainable mobility is a 
longstanding issue in Slovakia that needs to be addressed. The 
city of Bratislava was chosen, as it lacks a developed cycling 
infrastructure. Based on the missing documentation, a survey 
which could help us to take a closer look at people’s views on 
the matter and also initiate the basis for a design of the devel-
opment of bicycle transport was created. The questionnaire ad-
dresses the basic issues affecting the attitude of the inhabitants 
of the capital of Slovakia on the issue of bicycle transport. It 
was shared on social networks and also in cooperation with 
Cyklokoalícia. After the gathering of sufficient answers, the 
questionnaire was evaluated and compared with the question-
naire conducted in 2011 by Cyklokoalícia to determine how 
people’s attitudes towards cycling in the city of Bratislava 
have changed over the past 10 years.

2 �THE IMPACT OF CYCLING ON SUSTAINABLE 
MOBILITY

Based on a methodology (European Commission, 2011) 
written by European Union experts, individual Member States 
(MS) plan to reduce their greenhouse gas emissions by 60%. 
As the current transport system is still unsustainable, it is clear 
that transport in the next 40 years cannot develop in the same 
way as before. If the current approach were to continue, trans-
port’s dependence on fossil fuels would only not increase, but 
would reach 90%. In this way, CO2 emissions from transport 
would be one-third higher in 2050 than in 1990. In order to 
reduce greenhouse gas emissions, Member States have set 10 
targets for competitive and resource-efficient transport sys-
tems. The first goal is to halve the use of “conventionally pow-
ered” urban transport cars by 2030 and phase them out of cities 
by 2050. Also, MS intend to achieve the introduction of essen-
tially CO2-free urban logistics in large city centres by 2030. 
This measure would also significantly reduce other harmful 
emissions in public areas of a city. Some Western European 
countries have been making progress on sustainable mobility 
plans for years and are trying to create acceptable conditions 
for cycling in their cities. These countries are based on their 
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national cycling strategies, which currently serve as a model 
for other European countries, as they have managed to ensure 
that the share of cycling in urban mobility is significantly high-
er than in other countries (The Netherlands 27%, Denmark 
19%). In 2015, Slovakia adopted its own national strategy for 
the development of bicycle transport (Ministry of Transport, 
Construction and Regional Development of the Slovak Re-
public, 2015). The national strategy sets out several priorities 
for achieving the sustainable development of cycling. One of 
these priorities is the development of a cycling infrastructure. 
It tells us that it is necessary to ensure the conditions for the 
creation and updating of planning and strategic documents 
integrating cycling and ensuring sustainable urban mobility. 
An equally important condition is the construction of a new 
cycling infrastructure, which can be divided into a main one, 
which includes the bike paths themselves, and an additional 
one, which includes bicycle stands and shelters, information 
boards and signs. Based on the set priorities of the National 
Strategy, various benefits can be expected for the development 
of bicycle transport (Fig. 1).

Fig. 1 Priorities and benefits of the national cycling development 
strategy

Each city has specific conditions, so it must adapt the Na-
tional Strategies and create its own documents to meet the 
goals of sustainable mobility. The city of Bratislava has cre-
ated several strategic documents that take bicycle traffic into 
account. These documents include a zoning plan, transport 
master plan, the principles for the development of cycling, and 
pedestrian transport, which are included annually in the action 
plans for the development of cycling and pedestrian transport 
for the given years. Although the city has these documents, the 
problem is their interconnection, and the concept of bicycle 
transport in the future is not addressed in detail. This is based 
on the statement that: “Cycling routes in Bratislava are not 
safe or interconnected, there are few of them. This is despite 
the fact that the number of bicycles in Bratislava is greater 
than the number of cars. Almost every household has access 
to a bicycle, while only 65% of households own a car” (Vallo 
et al., 2018). 

The importance of increasing the share of bicycle traffic is 
addressed not only in Slovakia but also abroad (Vaismaa et al., 
2012) (Ton et al., 2019). An increase in the share of bicycle 
traffic has a positive effect on improving air quality and the as-
sociated reduction in emissions from traffic (Neves and Brand, 
2019). The creation of concepts at individual levels should be 
comprehensively devoted to individual elements of the cycling 

infrastructure, such as, for example, bicycle parking (CROW 
platform, 2011) (European Cyclists Federation, 2018). All 
these elements should be included in a single manual for a 
given city or state (CROW platform, 2016) (Manoela et al., 
2014) (Nabors et al., 2012). Improving cycling infrastructure 
will help to change the division of transport labour, which will 
not only be reflected in environmental and economic terms 
(Floater et al., 2014) (Gehl Architects, 2010), but also in terms 
of accessibility (Rode et al., 2014). With shorter commuting 
distances using walking or cycling, the sales of local business-
es can be increased (Guy, 1983) (Guers, 2018) (Koopmans et 
al., 2013). Cities where such local economic growth have oc-
curred include New York City, which by building bike lanes, 
BUS lanes, and increasing public spaces, has achieved eco-
nomic growth just in local stores. The above considerations 
show the importance of multimodal planning in urban trans-
portation network design, where, if designed properly, a city 
can support different social groups of residents and improve 
their living standards (Litman, 2018) (Schlosser and Schlosser, 
2018).

3 EVALUATION OF SURVEY

In December 2021, a questionnaire was created, which was 
in electronic form due to the ongoing pandemic situation. It 
was created on the my.survio.com website, where the collec-
tion of responses took place until the end of January 2022. 
It consisted of 11 questions, which were used to find out the 
basic viewpoints of respondents on cycling. Information was 
also obtained on the regularity of the use of bicycle transport, 
the purpose of the transport, parking sites, accidents, etc. 
The questionnaire was published on the Facebook and Insta-
gram social networks. To increase awareness of the survey, 
Facebook groups such as Cyklokoalícia, Bicykluj Bratislava, 
Švihaj šuhaj, and STU Bratislava helped.

A total of 280 people participated in the survey, 194 of 
which were male, which represents 69% of the total number of 
respondents, 80 were female (29%), and 6 people (2%) chose 
the option of a different gender (Fig. 2).

Of the 280 people surveyed, people aged 26 to 40 most of-
ten use cycling. It is this age group that accounts for 50.7% of 
the total responses. The next most common response was from 
riders aged 19 to 25, with a percentage of 23.9%. Between 
the ages of 41 and 60, the percentage was 21.4%. The survey 
involved 6 people aged 61 and over, 4 people aged 16 to 18, 
and 1 person under 15 years old. From the resulting data, the 
small representation of age groups 61 and older and respon-
dents under 18 years of age could be due to the publishing of 
the questionnaire mainly on Facebook and Instagram groups, 

Fig. 2 Evaluation of the question asking about gender 
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in which seniors and youth under 18 years have little active 
representation (Fig. 3).

The third question in the survey was to obtain information 
on the use of cycling in terms of time. Seven response op-
tions were created, which included the regular use of bicycle 
transport during the year. It was determined that the weekly 
regularity of rides of our respondents is 66.4%, where 27.96% 
are the number of people who use the bicycle as a source of 
transport every day. From the data obtained, it can be seen that 
respondents aged 26-60 mostly ride every day and, conversely, 
young people aged 19-25 only ride seasonally (Fig. 4).

Question No. 4 dealt with transport by bicycle in terms of 
ownership. According to the options chosen for the answer, it 
seems that respondents use only their own bicycle for trans-
port, which corresponds to 70.4% of the respondents. Anoth-
er option is to get around using public bicycles (bikesharing), 
where 6.4% of respondents answered us. It can be assumed 
that due to the pandemic situation, the preference for only 
this type of transport has not grown among people, which 
resulted in a low percentage. Of all the respondents 19.6% 
use both public and private bicycles. The data show us that 
bikesharing companies are popular mainly in the age cate-
gory of 26-40 years, while they are not so preferred among 
young and older people, and the possibility of owning a bicy-
cle prevails (Fig. 5). 

One of the questions of interest was whether our respon-
dents have a place to park their own bicycle. Of the 280 re-
spondents, it seems that 40.7% carry a bicycle with them, 
while 47.1% of the respondents also use public stands or cov-
ered spaces for parking. An interesting finding was that only 
37 of the 117 respondents who carried a bicycle with them 
also indicated the possibility of missing bicycled stands, which 
means that a lack of parking stands is not a reason to carry a 
bicycle with you (Fig. 6).

Question No. 6 addressed the purpose of using a bicycle. 
The respondents were able to choose the answers that agreed 
with their most frequent rides. Most respondents (71.4 %) 
ticked recreation as one of the options. On the other hand, 
70.7% chose travel to the post office, bank or shopping as the 
most common option, while 59.6% of the respondents chose 
the option of using a bike for work or education. The least cho-
sen option was entertainment, which was given by only 36.4% 
of the total number. Young people in the 19-25 age group pre-
fer cycling mainly for recreation and not for education and 
work, while respondents in the 26-40 age group use a bicycle 
at least three times a week for work (Fig. 7).

Another important aspect was the identification of defi-
ciencies in the infrastructure for cyclists. Respondents chose 
from the 9 options that they think are most lacking in their city. 
According to the percentage results, we see that the inhabi-
tants of the city of Bratislava noted a lack of cycling routes the 
most, which was indicated by up to 82.5% of respondents, as 
well as separation from car transport, which corresponded to 
77.5%. A major shortcoming was also the condition of the ex-
isting bicycle paths (42.5%), separation from pedestrian traffic 
(39.3%), or missing parking stands (32.5%). Less than 20% 
of the respondents chose more information about the possi-
bilities of using bicycles (maps, tips) or technical equipment 
(charging stations, pumps, tools, etc) (Fig. 8).

Fig. 3 Evaluation of the age-related question

Fig. 4 Evaluation of the question asking about the use of bicycle 
transport

Fig. 6 Evaluation of the question asking about parking options

Fig. 7 Evaluation of the question asking for the purpose of 
bicycle use

Fig. 5 Evaluation of the question asking about the bicycling 
method used
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Also of interest was whether the respondents used bicycle 
transport after dark and also when it is raining or snowing. 
Surprisingly, up to 80.7% said that they ride even after dark, 
and 48.9% use bicycle transport even in bad weather such as 
snow or rain. It was found that respondents who ride after dark 
cited the lack of bike paths and separation from car traffic as 
the biggest problem.

The accident rate was 23.2%, which was higher than ex-
pected. Of the 65 respondents who have had an accident, as 
many as 41 checked the possibility that they were riding when 
it was snowing, raining and even after dark. It is assumed that 
some accidents may be caused by these factors.

4 �DEVELOPMENT OF A VIEW OF A CYCLING 
INFRASTRUCTURE

Based on the two completed surveys, the change in peo-
ple’s view of the cycling infrastructure and their attitude to the 
basic issues related to their relationship to cycling was of inter-
est. One of the larger surveys on bicycle transport in Bratisla-
va, which was conducted in 2011, was compared with our sur-
vey, so that we could see how the creation of newer projects in 
the city of Bratislava affected people’s attitudes on the issue. In 
addition to the new projects that had arisen in the city, attitudes 
may have been influenced by the attempt to change the divi-
sion of transport work, i.e., when cities are trying to reduce car 
traffic and cycling is gaining ground. The results of this year’s 
survey are marked in blue in the tables. The results of the 2011 
survey are in green.

Gender representation has not changed after ten years. 
From the given data we can see that there is still a higher inter-
est in cycling by men than by women (Tab. 1).

Tab. 1 Comparing the question asking about gender

What is your gender?

Man 69.3% Man 67%

Woman 28.6% Woman 32%

According to the percentage result of the 26-40 year old 
age group, where in 2011, there was a higher interest in bicycle 
transport compared to 2021, it was assumed that two thirds of 
this age group have moved to the category of older than 41 
years after ten years. It can also be seen that young people’s 
interest has not changed (Tab. 2).

Tab. 2 Comparing the question asking for age

What is your age? 

19-25 23.9% 19-25 21%

26-40 50.7% 26-40 66%

41+ 23.5% 41+ 13%

As can be seen, the respondents’ interest in cycling has in-
creased on a more regular basis after ten years, as they only 
rode once a week ten years ago, while they currently use bicy-
cles daily or at least three times a week (Tab. 3).

Tab. 3 Comparing the question asking about the use of bicycle 
transport 

How often do you use a bicycle?

Every day 18.2% Every day 16%

At least 3 
times a week 29.6% At least 3 

times a week 38%

At least 1 time 
a week 18.6% At least 1 

time a week 38%

The data show that respondents stopped carrying bicycles 
with them, but began to use covered parking and also outdoor 
stands. Based on the data, it can be assumed that the number of 
these bicycle storage places has increased (Tab. 4).

Tab. 4 Comparing the question asking about parking options

Do you have a place to park your bike outside your home?

Yes, covered parking 24.6% Yes, covered 
parking 16%

Yes, outside on a rack 22.5% Yes, outside on 
a rack 5%

No, I carry my bike with 
me 40.7% No, I carry my 

bike with me 61%

After ten years, it can be seen that the interest in using a 
bicycle for ordinary things such as a trip to the post office, to 
the bank or for shopping has increased, which may be due to 
the greater number of indoor and outdoor storage spaces, as 
follows from the question before (Table 4). But it can also be 
seen that interest in a journey for recreation has dropped sig-
nificantly, which would be worth further examination (Tab. 5).

Tab. 5 Comparing the question asking for the purpose of use

What purpose do you use a bicycle for?

Work/education 59.6% Work/education 53%

Post, bank,... 40.0% Post, bank,... 33%

Shopping 30.7% Shopping 20%

Recreation 71.4% Recreation 83%

It can be seen that, according to the percentages, the cy-
cling infrastructure has in general improved considerably, 

Fig. 8 Evaluation of the question asking about infrastructure 
deficiencies 
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which may be a consequence of the successful implementation 
of cycling projects over the last 10 years (Tab. 6).

The percentages found after ten years show us that the ac-
cident rate has increased slightly (Table 7), which may be due 
to the increased use of bicycle traffic even when it snows, rains 
or is after dark (Table 8, Table 9).

Tab. 7 Comparing the question asking about the accident

Have you had an accident on your bike?
Yes 23.2% Yes 19%
No 76.8% No 81%

Tab. 8 Comparing the question asking about riding after dark

Do you ride after dark?
Yes 80.7% Yes 75%
No 19.3% No 25%

Tab. 9 Comparing the question of riding in the rain or snow

Do you ride in the rain or snow?
Yes 48.9% Yes 38%
No 51.1% No 62%

5 CONCLUSION

Although some 112 kilometres of cycle lanes and other in-
frastructure have been constructed in Bratislava between 2012 
and 2022, and larger companies have begun to promote bicy-
cle transport by creating covered storage areas or providing 
various benefits compared to using other modes of transport, 
this division of transport work still has not reached a suffi-
cient share. Although fewer people took part in the survey than 
in 2011, the situation was affected by the coronavirus, where 
it was not possible to conduct a field survey. Cyklokoalícia, 
which conducted the 2011 survey, also participated in the pro-
motion. The data from the survey was mainly used to compare 
the change in public opinion of the population over the last 
10 years. The results helped the city evaluate improvements 
in the overall bicycle infrastructure. The system of building a 
bicycle infrastructure is not uniform, which is due to an insuf-
ficient concept for the development of a bicycle infrastructure 
in the city. In order to achieve a higher share of bicycle traffic, 
the city of Bratislava will have to proceed strategically when 
procuring new projects and building bicycle infrastructure. 
An important aspect is also the support of bicycle transport 
by employers or educational institutions. Construction of fa-

cilities, the provision of various benefits by the employer, and 
the construction of sufficient cycling infrastructure by the city 
will lead to increased interest in this mode of transport and 
a gradual positive change in the division of transport work, 
which could affect other cities not only in Slovakia but also in 
surrounding countries.

Tab. 6 Comparing the question asking about infrastructure deficiencies

What infrastructural deficiencies does cycling transport have?

Cycle routes 82.5% Cycle routes 94%

Parking racks 32.5% Parking racks 57%

Better signage 16.8% Better signage 51%

Information about the possibilities of using a bicy-
cle (maps, tips,...) 11.1% Information about the possibilities of using a bicycle (maps, 

tips,...) 52%
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Abstract

In countries that are big producers of olive oil such as Spain, Ita-
ly, or Greece, large amounts of olive husk remain as waste from 
processing olives and pose a serious environmental issue. One of 
the solutions could be to use this waste to partially replace sand 
in cement mortar to preserve the environment, decrease the con-
sumption of cement, and improve economic benefits. This work 
presents our initial results which show the viability of using olive 
waste as an aggregate in cementitious mortars, indicating that 
the organic materials studied can be promising for this purpose.
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1 INTRODUCTION

Green building materials and the valorization of waste 
from various industries have gained ever-increasing interest 
from the construction industry in recent years. Almost 50 % 
of global CO2 emissions come from the civil engineering sec-
tor (Aouba et al., 2016). The construction sector is the largest 
energy consumer and the largest producer of waste. Therefore, 
it is currently a great challenge to develop more sustainable, 
environmentally friendly, and economically efficient building 
materials. In recent decades, many researchers have investi-
gated the use of various waste materials, including olive waste, 
in the civil engineering sector in order to achieve environmen-
tally viable materials that are in accordance with the relevant 
standards (Aouba et al., 2016; Bourema et al., 2023; Junaid et 
al., 2022). 

Natural lightweight aggregates, such as those provided 
from natural lightweight rocks (Shafigh et al., 2014), are eco-
nomically rather feasible in comparison with artificial light-
weight aggregates. The production of artificial lightweight 
aggregates is rather energetically demanding, and much of this 
energy is due to the burning of coal and combustible liquid 
waste products (Priyanka et al., 2013). However, since the 
building industry uses large amounts of raw materials and 

since natural resources are limited, it is very convenient and 
ecofriendly to utilize as much waste material and by-products 
as possible. 

Alkheder et al. (2016) studied the behavior of cement paste 
and mortar after the use of olive waste in their production of 
samples. The results showed that the normal consistency and 
workability of cement pastes containing different percentages 
of olive waste are slightly worse than that of normal cement 
paste and slightly decrease with increasing the percentage of 
substitutes. The use of expanded clay in mortar and concrete 
not only helps in obtaining lighter materials, but also improves 
their thermal and acoustic properties (Merino et al. 2017). The 
thermal conductivity of cement composites mixed with olive 
waste was investigated in (Liuzzi et al. 2017). A decrease in 
density and thermal conductivity in the mixture with olive 
waste was measured in comparison with a reference sample. 
An analogous result was concluded for plasters with a content 
of fibers from olive waste. Based on the study, it can be stated 
that if the percentage of olive fibers increases, the thermal in-
sulation will increase. Cheboub et al. (2020) replaced natural 
sand in cement mortar with olive waste and investigated its 
physical, mechanical, thermal, and acoustic properties. The 
results showed a decrease in both compressive and bending 
strengths. The heat insulating and acoustic properties of these 
samples were also better compared to the reference samples. 
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The relationship of the density, thermal conductivity, and com-
pressive strength to the proportion of the olive waste in the 
samples mixed with olive waste was observed in (Belkhar-
chouche et al. 2016). In this research, all the results obtained 
in the thermal and mechanical tests showed that the addition 
of olive pomace fibers slightly improved the thermal and me-
chanical parameters. More studies on the use of olive waste in 
lightweight concrete can be found in a review paper (Junaid et 
al., 2022).

In this paper a preliminary characterization of the aggre-
gates, olive waste, and sand is presented. To determine the 
geometric properties of the aggregate, a sieving and granulom-
etry method is applied. In addition, tests using a pycnometer 
are carried out to determine the apparent volume density and 
water absorption. The potential of olive waste for possible use 
as a lightweight aggregate in cement mortars is stressed; it is 
worth pointing out that replacement of expanded clay could 
be viably used in olive producing countries. The main goal is 
to prepare mortars with properties similar to traditional ones, 
but which are more ecofriendly. Another goal that could be 
achieved simultaneously would be to recycle organic (olive) 
waste in the large amounts produced in many countries that 
would not be otherwise used industrially, thereby providing 
the potential for a new production cycle.  

2 EXPERIMENTAL PART

2.1 Specimens

The cement used in this study was CEM II / A-V 42.5 R 
according to EN 197-1, which was supplied by CEMEX. The 
cement complies with what is specified in the Instruction for 
the reception of Spanish cement RC-16, published by RD 
256/2016 (MTMAU, 2016) as ordinary cement, CEM II, Port-
land cement with fly ash, strength class 42.5, and high initial 
strength.

As a result of their being crushed in the oil mills as res-
idue from the olive industry, olive stones could be a partial 
substitute for natural sand. Specifically, two different types of 
olive stones have been used with different granulometric char-
acteristics called (see Fig. 1): MIX (1 mm – 4 mm), and FINE 
(0.1 mm – 2 mm). All these products have been supplied by 
the company Peláez Renovables S.L. located in Jaén, southern 
Spain.

2.2 Granulometry test 

The first test to characterize an aggregate to be used in 
mortar is the granulometry test (see Fig. 2). This sand granu-
lometry test is conducted according to standards EN 933-1 and 
EN 933-2. This test provides the sizes of the aggregates that 
make up the sand; it also allows us to determine the content of 
fines or fillers (whose coarse sizes are less than 0.063 mm in 
sand). The size of sieve openings is 2 mm – 1 mm – 0.5 mm – 
0.25 mm – 0.125 mm – 0.063mm – bottom. All the equipment 
meets the general requirements according to EN 932-5.

We used the following equipment: test sieves with open-
ings as specified in EN 932-5 according to standards ISO 
3310-1 and ISO 3310-2. The minimum sample mass for the 
granulometry test for aggregates with a grain size of up to 4 
mm is 200 g. 

This process was carried out as follows:
1. �A sample weighing over 800 g was taken from the base.

In order to obtain an evenly divided sample of 200 g into
different fractions, a distributor was used.

2. �The test portion was placed in a tray, and sufficient
water was added to cover it; all the organic waste and

(a)	 (b)
Fig. 1 Fractions of olive stones: the FINE fraction (0.1 mm – 2 
mm) on the left and the MIX fraction (1 mm – 4 mm) on the right.

(a) 	 (b) 	 (c)
Fig. 2 A set of sieves (a). Quartering, dividing the sample (b). Screening method and material used (c).
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fine aggregates were washed away. The samples were 
washed with a sufficient force of water flow to obtain 
the complete separation and suspension of the fines. The 
retained aggregate and residue were dried in a laboratory 
drying oven of (110 ± 5) ºC, over 24h, up to a constant 
mass. Then it was allowed to cool; it was weighed, and 
its mass was recorded.

3. �The washed and dried material was set into the sieving
column. The column was shaken manually for approxi-
mately 1 min. The sieves were then removed one by one,
starting with the larger opening size (4 mm). Each indi-
vidual sieve was shaken again manually for 1 min. All the
material that passed through each sieve was transferred to
the next sieve in the column. This procedure was repeat-
ed down to the smallest sieve (0.063 mm). The sieving
process should be considered completed when additional
sieving does not entail a change in the mass of the material 
retained on any sieve greater than 1.0 % of the mass. The
finest particles (less than 0.063 mm) that were collected at
the bottom were weighed and added to the total mass of
the fines (i.e., the washed particles along with the sieved
particles amounted to the total mass of fine particles).

4.�The material retained by the sieve was weighed, and its
mass was recorded. The same operation was continued
for all the sieves in the column in order to obtain the
masses of the different particle sizes. Then, the test was
repeated three times with different samples and masses to
get an average value.

 �The material fractions obtained by this process are shown 
in Fig. 3.

2.3 �Determination of the bulk density and 
absorbency of a material

The test to determine the bulk density of the grain and the 
water absorption of the test sample was carried out according 
to the standard EN 1097-6. The samples were selected in ac-
cordance with standards EN 932-1 and EN 932-2.

We used a pycnometer in the measurement with a 500 ml 
volume, a metal mold in the form of a cone stem (40 ± 3) mm 
in diameter at the top, (90 ± 3) mm diameter at the bottom, and 
(75 ± 3) mm high (a minimal thickness of 0.8 mm), and a me-
tallic rammer of mass (340 ± 15) g with a flat circular ramming 
surface of (25 ± 3) mm diameter for use with a metal mold. 

The pycnometer method was used for aggregate particles 
passing the 4 mm test sieve that were retained on the 0.063 
mm test sieve. The mass of the 0.063 mm / 4 mm test aggre-
gate portion was not less than 300 g. 

The prepared test portion was immersed in water at 
(22 ± 3)  ºC in the pycnometer; trapped air was removed by 
turns and careful shaking of the pycnometer in an inclined 
position (see Fig. 4). The pycnometer was left in the wa-
ter bank, and the test portion was kept at a temperature of  
(22 ± 3) ºC for (24 ± 0.5) h. At the end of the immersion peri-
od, the pycnometer was removed from the water bath, and any 
trapped air was removed by twisting and carefully shaking the 
pycnometer.

The water temperature was recorded. Most of the water 
covering the test portion was decanted, and the pycnome-
ter was emptied into a tray. The submerged test portion was 
spread in a single uniform layer over the bottom of the tray. 
The sample was exposed to a tempered air stream carefully to 
evaporate any surface moisture (see Fig. 4). To assess whether 
the state of the surface drying had been reached, a metal con-
ical mold with its larger opening face down on the bottom of 
the tray was held. The conical mold was filled with part of the 
portion of the sample in the drying test.

Fig. 3 Material divided according to factions.

(a) 	 (b) 	 (c)
Fig. 4 A pycnometer filled with an aggregate sample and water immersed in a tank with water and a thermostat (a). The content of 
the pycnometer in the container, drying (b). A testing cone with a rammer (c).
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Through the hole in the upper part of the mold, the metal 
tamper-rammer was placed on the surface of the sample (see 
Fig. 4). The surface was compacted 25 times by dropping the 
rammer by its own mass. The mold was not refilled after com-
pacting. After that, the mold was carefully lifted; if the cone 
of the aggregate did not crumble, it continued drying, and the 
cone test was repeated until crumbling occurred upon removal 
of the mold.

The saturated and surface dried test portion was weighed. 
The aggregate was dried in a ventilated stove at a temperature 
(110 ± 5) ºC until a constant mass was reached. The sample 
was allowed to cool to room temperature and then weighed.

Drying took place in stages. With the help of the test cone 
(see Fig 4), the moisture status of the sample was determined. 
A metal conical mold with a wider surface was placed on the 
container and filled with the mass. Through the hole in the 
upper part of the mold, the surface of the mass was compacted 
with a rammer (see Fig 4). The hammering took place with 
25 drops of the hammer from a height of 2 cm from the upper 
edge of the cone onto the surface of the sample. The mold 
was later carefully lifted without shaking the aggregate. If the 
cone of the aggregate did not fall apart, it was compact; the 
drying and pounding procedure was repeated. According to the 
standard EN 1097-6, the moisture status of the sample was 
checked until the sample was surface dried. The methods of 
evaluation are shown in Fig 5.

The slightly inner saturated and surface-dried sample (to-
gether with the container) was weighed. The surface-dried ag-
gregate together with the container was placed in a dryer for 
(24 ± 0.5) h at a temperature of (110 ± 5) ºC. After this time, 
the sample was removed from the dryer, allowed to cool to a 

constant room temperature, and then weighed. Then, the test 
was repeated three times with different samples and masses to 
get an average value.

The same pycnometer method used for the sand aggregate 
was applied to determine the bulk density and water absorp-
tion of the olive stones (see Fig 6). The pycnometer was filled 
with olive stones only to 1/3 of its volume due to dimension-
al changes. Norm EN 1744-1:2010+A1 and the pycnometric 
method for aggregate particles of an organic origin were fol-
lowed. The surface-dried aggregate together with the container 
were placed in a dryer for (24 ± 0.5) h at a temperature of  
(85 ± 5) ºC. 

The determination of (a) the bulk density of particles, ρa, 
(b) the bulk density of particles after drying, ρrd, and (c) the 
bulk density of particles saturated only on the surface, ρssd 
was made using the formulas:

(1)

where ρw is the density of water at the temperature during the 
test (in thousands of kg/m3 according to norm EN 1097-6); 
m1 (kg) is the mass of a saturated sample dried only on the 
surface; m2 (kg) is the mass of a pycnometer filled with water 
and a sample; m3 (kg) is the mass of a pycnometer filled only 
with water; and m4 (kg) is the mass of a dried sample cooled 
to a stable temperature. The water absorption of particles after 
24 h was calculated as

(a) 	 (b) 	 (c)
Fig. 5 The cone test to determine the water absorption of sand: a compact cone, a saturated sample (a); a less compact cone, a less 
saturated sample (b); a broken cone, an almost unsaturated sample (c).

(a) 	 (b) 	 (c)
Fig. 6 The cone test to determine the water absorption of FINE olive stones: a compact cone, a saturated sample (a); a less compact 
cone, a less saturated sample (b); a broken cone, an almost unsaturated sample (c). 
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(2)

The calculations were verified by the formula 
. 

3 RESULTS

According to the granulometry test, the size parameters 
of the aggregate and sand grains were distinguished. This test 
made it possible to determine the content of the fine particles. 
The fraction of the aggregate used was Ø 4 mm / 0.063 mm. 
The test results, which are presented in Fig. 7, showed that the 
fine particles washed away together with the particles caught 
at the bottom of the sieves had a mass of 29.78 g. The total 
percentage of the share of fine particles in the aggregate was 
14.9 %. Then, to get an average value, the test was repeated 3 
times with different samples and masses. The average value of 
the fine particles in the aggregate was 15.3%. The test results 
also showed that the percentage of fine particles in the aggre-
gate was not sufficient for the optimal dosage of cement mortar 
and that the addition of fine additive particles is necessary. The 
optimal parameter is 20 % to 25 % of the content of fine parti-
cles of the total mass of the dry mixture of the cement mortar. 
We could achieve the required percentage of fine particles by 
adding another inorganic aggregate, such as fly ash.

To determine the bulk density and water absorbency of the 
materials, the pycnometer method was used for the aggregate 
particles (sand) falling through a 4 mm test sieve and retained 
on a 0.063 mm sieve. The results from a single experiment are 
given in Table 1. To get average values, the test was repeated 3 
times with different samples and masses. The results show that 
the average water absorption of the aggregate is WA24 = 0.35 
% and that the bulk density of the particles is 2710 kg/m3 (see 
Fig. 8). The water absorption of the arid aggregate was 0.35 % 
on average with a standard deviation of 0.02 %.

The bulk density and water absorption of the olive stones 
were determined by the pycnometric method for aggregate 
particles of an organic origin. Examples of a single test for 
both the FINE and MIX samples are given in Table 1. The cal-
culations and procedures were the same for the pycnometric 
method as for the aggregate. Again, to get the average values, 
the test was repeated 3 times with different samples and mass-
es. As expected, the water absorption of the olive stones was 
much higher than that of the conventional aggregate, which is 
normally below 1%.

The average water absorption of the FINE olive waste 
was WA24 = 28.2 %, and the bulk density of the particles was  
1380 kg/m3, while for the MIX olive waste it was WA24 = 25.1 %, 
and the bulk density of the particles was 1390 kg/m3 (see  
Fig. 8). Thus, the FINE olive stones absorbed more water than 
the MIX olive stones. The standard deviations for the water 
absorption were 0.16 % for the FINE and 1.12 % for the MIX 
olive stones.

Fig. 7 The granulometric curve of the aggregate particles.

Tab. 1 Data from a single set of experiments used to calculate the water absorption. Three sets were used to calculate the average 
values and standard deviations.

Material m1 (g) m2 (g) m3 (g) m4  (g) ρa  (kg/m3) ρrd (kg/m3) ρssd (kg/m3) WA24  (%) St.dev. (%)

Aggregate 401.60 953.50 700.90 400.25 2711 2686 2695 0.35 0.02

FINE 127.60 726.10 698.90 99.40 1377 990 1271 28.24 0.16

MIX 130.00 728.80 699.90 103.90 1385 1028 1286 25.12 1.12

Fig. 8 The average water absorption (a) and bulk density (b) of the aggregate particles and FINE and MIX olive stones.
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4 CONCLUSIONS

A  preliminary analysis of the materials originating from 
olive waste (two types of crushed olive stones, i.e., FINE and 
MIX) was carried out with a view to its further use as part of 
building materials. Their use would result in a decrease in the 
amounts of aggregate or sand that are used in building materials, 
thereby leading to both environmental and economic benefits. 
Measurements of granulometry, bulk density and water absorp-
tion were performed. The average value of fine particles in the 
aggregate was 15.3 %, whereas the optimal value (20 % to 25 
%) of fine particles would require adding a suitably fine inor-
ganic aggregate, such as fly ash. It would not be a good idea to 
use milled olive stones because they have a different bulk den-
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sity in comparison to inorganic additives (a different cohesion 
with a cement matrix) and a much higher absorption coefficient 
of water (causing a major swelling effect). In addition, the aver-
age value of the water absorption for the aggregate (0.35 %) was 
much lower than for the FINE and MIX olive stones (28.2 % 
and 25.1 %, respectively). Thus, the water absorption for either 
organic material attained values common in the scientific litera-
ture. Finally, the bulk densities of the olive stones (1380 kg/m3 
and 1390 kg/m3) are satisfactory, thereby resulting in a decrease 
in the bulk densities of the final products. All the results indicate 
that both organic materials can be promising for their use as an 
input aggregate for the production of lightweight building ma-
terials. Further research on their effect on the physical and me-
chanical properties of the final cement composites is required. 


