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Abstract

Reinforced concrete roof and floor structures have the highest heating 
temperatures and are exposed to the most difficult conditions during 
fires that occur in buildings and structures. The standardized fire resist-
ance of hollow-core slabs made of heavy concrete from Portland ce-
ment is regulated as REI 45 or REI 60. The aim of the work is to develop 
a composition of lightweight fire-resistant concrete and architectural 
engineering for floor slab devices. The composition of lightweight fire-re-
sistant concrete made from expanded clay aggregates and alumina ce-
ment was developed as a result of the work. The degree of fire resistance 
of the lightweight concrete composition with a bulk density of 1475 kg/
m3 has been practically determined; i.e., REI 90. The structural solution of 
the floor slab has been improved; at the same time, we propose to devel-
op a slab with a flat section made of lightweight fire-resistant concrete. 
Such floor slabs, along with an increase in the fire resistance limit, im-
prove the heat-insulating ability of a floor due to a significant reduction 
in the coefficient of the thermal conductivity of lightweight concrete.
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1 INTRODUCTION

Significant damage to buildings and structures is caused by fires 
that periodically occur in buildings and structures. It is necessary 
to pay special attention to the correct determination of the actual 
fire resistance limit of the reinforced concrete structures used and 
to establish the possibility of the further operation of the structures 
after a fire, due to the constantly increasing number of fires.

Reinforced concrete roof and floor structures have the highest 
heating temperatures and are exposed to the most difficult 
conditions among all load-bearing structures. According to (DBN 
V.1.1-7-2002, 2002), for hollow-core slabs of buildings and 
structures of I-II degrees of fire resistance, the fire resistance limit 
is regulated as REI 45 or REI 60, which is significantly less than 
the limits for columns and walls in which the fire resistance limit 
is regulated as REI 120 – 150.

The value of the heating temperature of the concrete surface 
in the structure primarily depends on the temperature of the fire 

and on the location of the combustion site. When establishing the 
actual limit of fire resistance of reinforced concrete structures, it 
is necessary to know the intensity of the fire, since the normalized 
fire resistance of the structure will depend on the temperatures at 
which the combustion occurs and the duration of the fire.

2 SURVEY OF THE LITERATURE

According to (Milovanov, A. F., 1986), in the case of fires in 
residential and office buildings, the temperature on the premises 
rises to 1000-1100 0C with a fire duration of 1-2 hours. In 
industrial buildings, shops, and theater buildings, fires lasting 2-3 
hours increase the temperature in the building to 1100-1200 0C.

According to (Yakovlev, A. I., 1985), the maximum 
temperatures that are reached during a fire are established 
according to a real regime of a “standard fire”. This temperature 
regime of a “standard fire” can be presented in the form of Tab. 1, 
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which determines the air temperature in °C for a certain duration 
of the fire.

Tab. 1 Temperature values

Time τ, min Temperature tϐ , °С

0 20

5 576

10 678

15 739

30 842

45 902

60 945

90 1006

In addition, the values of the maximum heating temperatures 
can be determined by the color of the concrete and some physical 
and mechanical effects of the material of structures (NIIŽB, 1987).

For the fire resistance limit of building structures, the duration 
in hours and minutes from the beginning of a standard fire test to 
the occurrence of one of the fire resistance limit states is considered 
the fire resistance limit of building structures. According to (DBN 
V.1.1-7-2002, 2002), building structures are classified according 
to their fire resistance and ability to spread fire.

The indicator of fire resistance is the fire resistance limit of a 
structure, which is determined by the duration (in minutes) from 
the start of the fire test according to the standard temperature 
regime to the onset of one of the limiting states of the structure:

• �loss of bearing capacity (R);
• �loss of integrity (E);
• �loss of heat-insulating ability (I).

According to (Milovanov, A. F., 1986), integrity signs (E), 
which indicate the loss of a structure’s ability to block the path 
of a fire, and the heat insulating ability (I), which indicates the 
loss of the ability to block the ignition of materials located on an 
unheated surface, do not require special consideration.

The characteristic of the bearing capacity (R), which indicates 
the degree of decrease in the strength characteristics of the 
structure, must be calculated according to (DSTU-N B EN 1992-
1-2:2012, 2012) by zonal and tabular methods.

In addition to calculation methods for determining fire 
resistance, it is also necessary to consider the structural and 
technological requirements in relation to various reinforced 
concrete structures. When designing floor slabs according to 
(Phan, L. T. et al., (2010), it is necessary to consider the possible 
layer-by-layer explosive destruction of concrete, which can occur 
on a concrete surface from the flame side due to tensile stresses 
arising from the pressure of water in the pores, as well as from 
a decrease in the strength of the concrete after the loss of bound 
water.

An analysis of the literature on the effect of various factors 
on the fire resistance of structures leads us to believe that, along 
with the effect of high temperatures and the structural features of 
reinforced concrete elements, one of the factors that significantly 
affects the fire resistance of structures is the use of concrete 
component materials that have a high fire resistance.

3 MATERIALS AND METHODS

3.1 Consequences of a fire

Figs. 1-4 show the consequences of the damage to and 
destruction of hollow-core floor slabs in a room of a residential 
building during a fire that lasted for 35-40 minutes at a maximum 
temperature of 850 °C at the epicenter of the fire. The hollow-core 
floor slabs received significant damage, and their condition was 
assessed as unsuitable for normal use, although the maximum fire 
temperatures were not reached.

Fig. 1 Two sections showing the complete destruction of the 
protective layer of concrete with a length of l = 2400 × 1360 mm 
and a width of a = 77 × 72 mm, respectively

Fig. 2 Explosive layer-by-layer destruction of the protective layer 
of concrete on the side of the flames. The through cracks in the 
concrete bridges between the voids have opening widths of a = 11.5 
and 21.5 mm, respectively

Fig. 3 An area showing the falling off of the surface layer of the 
concrete (part of the concrete layer is hanging down), Sarea = 0.32 
m2 (pink color of concrete). The crack in the protective layer of the 
concrete has a length of l = 1440 mm and a width of a = 2.6 mm
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1.2 �Characteristics of lightweight fire-resistant 
concrete compositions and their test procedure

In our opinion, in order to increase the fire resistance and 
heat-insulating ability of concrete slabs, they should be made of 
lightweight fire-resistant concrete, the components of which are 
expanded clay, alumina cement, and water.

The choice of such components of the mixture is dictated 
primarily by the high fire resistance indicators of expanded 
clay and 26 mm alumina cement, namely, the refractoriness of 
expanded clay is 1000-1100 °C and that of alumina cement is 
1480-1500 °C. In addition, alumina cement is able to harden when 
mixed with water without the presence of other active additives, 
due to the presence in its chemical composition of a significant 
amount of free oxide Al2O3.

The composition of the mixture components and their 
fractional composition are shown in Tab. 2, and their chemical 
composition is shown in Tab. 3.

Since the technical solutions for the compositions of 
lightweight fire-resistant concretes are new, and the copyright and 
intellectual property rights for these compositions belong to the 
authors, Tab. 2 does not list the content of the components of the 
concrete mixture.

As can be seen in Tab. 2, expanded clay aggregate is classified 
as light, since it has a poured bulk weight of 550 kg/m3, and its 
fractional composition is 1.25-20 mm. Alumina cement refers to 
powder additives, since it contains 83 % of a fraction less than 
0.14 mm.

Tab. 3 indicates that silicon and aluminum oxides are the main 
chemical components that make up expanded clay, and its phase 
composition is mainly represented by aluminosilicates. Alumina 
cement is represented by aluminum and calcium oxides, and its 
phase composition is represented by calcium aluminates.

All the compositions of the lightweight fire-resistant 
concrete were made in the following order: first, the free-flowing 
components are thoroughly mixed for 2 minutes; then the resulting 
mixture and water are mixed for 2-3 minutes until a homogeneous 
mass is obtained.

The samples of the fire-resistant concrete were made by 
a  vibration-compaction technique of mixtures on a laboratory 
vibrating platform. The air temperature was 18-20 °C, and the 
humidity reached 45-50 % during the manufacture and holding 
of the samples.

As can be seen in Figs. 1-4, the floor slab underwent significant 
damage and destruction in the epicenter of the fire, where 
temperatures up to 850 °C occurred. As a result of the action of 
the flames and high temperatures, two sections of the slab were 
completely destroyed, i.e., the concrete collapsed, and through 
cracks appeared in the concrete lintels between the voids. At a 
distance from the epicenter of the fire, there are areas showing the 
falling off of the surface layer of the concrete with pink colored 
concrete and areas that expose the working reinforcement.

Such floor slabs need to be reinforced or replaced after 
exposure to a fire.

Our analysis of the consequences of the fire and destruction 
of the floor slabs allowed us to identify our main tasks, the 
implementation of which could lead to an increase in the 
normalized fire resistance of floor slabs. These tasks are:

1) �The application of fire-resistant materials with a high 
degree of refractoriness for the manufacture of reinforced 
concrete structures;

2) �Lightening the weight of floors, which will lead to an 
increase in their heat-insulating and sound-insulating 
capacity;

3) Improving the design of floor slabs.

Vol. 30, 2022, No. 1, 1 – 7

Tab. 2 The composition of the components of the concrete mixture and their characteristics

Component name Poured Bulk Weight, kg/m3
Total residue in % in a sieve with a mesh size in the clear, mm

20 10 5 2.5 1.25 0.63 0.315 0.14 less 0.14

Expanded clay 550 6.0 63.8 22.2 5.0 3.0 - - - -

Alumina cement 1200 - - - - - - 3.2 13.8 83.0

Water - - - - - - - - - -

Tab. 3 Chemical composition of lightweight fire-resistant concrete components

Component names
Chemical composition, %

SiO2 Al2O3 Fe2O3 CaO MgO Na2O +K2O ∆mпрк

Expanded clay 69.5 14.7 6.2 3.7 2.25 1.6 2.05

Alumina cement 3.5 45.0 13.4 36.8 0.3 0.5 0.5

Fig. 4 Areas showing the destruction of the protective layer of the 
concrete, Sarea = 0.04, 0.07 and 0.065 m2, respectively, and the 
exposure of the working reinforcement (in the middle section, there 
are traces of soot on the reinforcement)
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The samples of the concrete mixes were kept for 24 hours 
before stripping. The concrete compositions on the alumina 
cement were kept for 4 days under normal conditions after 
stripping and then dried to a constant weight at a temperature of 
105-110 °C.

The physical-mechanical and fire characteristics of the 
lightweight fire-resistant concrete were investigated. Its physical 
and mechanical characteristics included its volumetric weight, 
volumetric shrinkage, thermal conductivity coefficient, cubic and 
prismatic strength, and modulus of elasticity. These characteristics 
were determined after drying the samples to a constant weight. 
The fire characteristics included the strength of the samples and 
the integrity of the concrete after heating it at a temperature of 
1000 °C for 90 min, as well as the thermal conductivity coefficient 
and bulk density after similar heating.

Concrete specimens with a size of 70 × 70 × 70 mm were 
produced to study their volumetric weight, shrinkage, and 
compressive strength. Prisms were produced with a cross-
sectional size of 100 × 100 mm and a height of 400 mm to study 
the prismatic strength and elasticity modulus of the concrete. 
Samples with dimensions of 140 × 160 × 40 mm were produced 
to determine the thermal conductivity coefficient and assess the 
integrity of the concrete when exposed to high temperatures

The compressive strength of the concrete MPa was determined 
according to the normative document (DSTU B V.2.7. - 214: 
2009, 2009) on samples dried to a constant weight. The samples 
were brought to failure on a 10-ton UMM-20 press with a load 
lifting speed of 10 kgf per second. The compressive strength was 
determined by the ratio of the breaking load to the cross-sectional 
area of the sample.

The volumetric shrinkage in percentages was determined by 
fixing the change in the volume of the samples according to the 
formula:

	 	 (1)

where 	 V1 was the initial volume of the sample after stripping;
	� V2 was the volume of the sample after storage for a 

specified number of days and drying.

The shrinkage of the concrete samples was determined after 
drying them after they were stripped.

The thermal conductivity of the concrete after drying and 
heating to a temperature of 1000 0C (and subsequent cooling) was 
determined by a surface transducer in accordance with the source 
(DSTU B.V.2.7 - 41-95, 1995). Samples with dimensions of 
140 × 160 × 40 mm were produced; they had smooth flat surfaces 
for placing the primary transducer and ensuring thermal contact 
between them.

To determine the prismatic strength and modulus of elasticity 
of the concrete, the nature of the dependence of the stresses on 
the concrete deformations was investigated when the prisms 
were loaded with a stepwise load (DSTU B.V.2.7 - 41-95, 1995). 
Dial indicators were installed on the four opposing faces of the 
prisms, and the prism was loaded with a load of 6.25 kN in stages 
on a P-125 press. The values of the indicators were recorded, and 
the average deformations of the concrete were determined after 
each stage of the loading. The load was brought to a destructive 
level.

The average elastic moduli, which were used in the calculations 
at loads that were 30 % of the destructive ones, were determined.

The compressive strength of the concrete after heating was 
determined in accordance with the source (DSTU B.V.2.7 – 
217:2009, 2009). The samples were heated in an electric heating 
furnace to a temperature of 1000 0C according to the temperature rise 
mode in accordance with the normative document (GOST 20910-
90, 1990). After heating to temperatures of 1000 0C, the samples 
were kept for 90 min and then cooled, together with the furnace.

To assess the integrity of the concrete, the samples were placed 
in a heated furnace in such a way as to provide one-sided heating 
of one of the surfaces. The temperature from the side of the heated 
surface was raised to 1000 0C according to the temperature rise 
mode in accordance with the normative document (Standard 
GOST 20910-90, 1990), and then the sample was kept at the 
given temperature for 90 min. Fig. 5 shows a general view of the 
furnace and the sample after the one-sided heating in the inside of 
the furnace to a temperature of 1000 0C.

The integrity of the samples was assessed by the presence 
of through cracks and the presence of flames on the unheated 
surface of the sample, which could arise from the penetration of 
fire through these cracks. In addition, 9 characteristic points were 
distinguished on the surface of the sample heated in accordance 
with the requirements of the normative document (DSTU B V.1.1-
4-98, 1998), according to which the deformations after heating 
were measured. The general view of the sample after the integrity 
test is shown in Fig. 6.

Vol. 30, 2022, No. 1, 1 – 7

Fig. 5 General view of the furnace and the sample after one-sided 
heating in the inside of the furnace to a temperature of 1000 0C

Fig. 6 General view of the concrete specimen after the integrity test
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Fig. 7 Cross-section of a hollow-core floor slab with a width of 1.5 m

3.3 Design features of the floor slab

Currently, most of the floors of residential and public 
buildings are made of precast hollow-core slabs. These slabs 
are manufactured in precast factories and delivered directly to 
construction sites. Hollow core slabs are manufactured up to 9.0 
m long and could have widths of 1.0, 1.2, 1.5, and 1.8 m.

The use of such concrete floor slabs is technologically 
advanced, since it permits the exclusion of the assembly process, 
i.e., dismantling of the formwork and the process of monitoring 
the concrete with respect to gaining the necessary strength in a 
certain climatic period of the year.

Fig. 7 shows a cross-section of a 6.0 m long and 1.5 m wide 
hollow-core floor slab.

The standardized fire resistance of such a hollow-core slab, as 
determined by the source (DSTU-N B EN 1992-1-2:2012, 2012), 
is REI 60.

The weakest structural points of such plates are:
– �relatively small sections of concrete from the lower and 

upper surfaces of the slab to the voids, which are 30.5 mm;
– �the thickness of the wall between the voids, which is 26 mm;
– �the composition of the concrete from a binder made of 

Portland cement in monolithic reinforced concrete structures 
is limited by the maximum temperature applied, which is 
1100 0C (DSTU B V.1.1-6-2001, 2002).

The listed disadvantages of the hollow-core floor slabs are 
practically confirmed after examining the slabs exposed to the fire 
(Fig. 1-4).

Considering the above design disadvantages of hollow-core 
floor slabs when exposed to fire, we put forward the following 
assumptions:

– �structurally, a slab can be made of a solid section without 
voids, which is much more technologically advanced in its 
manufacture;

– �due to the use of lightweight concrete components with a 
high degree of refractoriness, the normalized fire resistance 
of slabs can be increased;

– �due to the use of lightweight concrete, the heat-insulating 
and sound-insulating ability of slabs and floors as a whole 
can be improved.

4    RESULTS AND DISCUSSION

4.1  �Study results of lightweight fire-resistant 
concrete characteristics

The study results of the physical and mechanical characteristics 
of the lightweight fire-resistant concrete are given in Tab. 4, and 
the fire characteristics are in Tab. 5.

Tab. 5 Fire characteristics of lightweight concrete

Product name

Name of indicators

After heating to 1000 °С

Bulk 
weight  
kg/m3

Volume 
shrinkage,

%

Thermal 
conductivity 
coefficient, 

W/m ∙ K

Cubic 
strength, 

MPa

Through 
cracks Cracks and other defects Deflections

Fire 
resistance 

limit

Lightweight 
fire-resistant 

concrete
1400 0.86 0.62 14.58 No

Mesh of cracks in depth to 
2.5 mm and width аmax = 

0.15-0.2 mm
0.1 – 0.2 REI 90

Tab. 4 Basic physical and mechanical characteristics of lightweight fire-resistant concrete (DBN V.1.1-7-2002, 2002)

Product name

Name of indicators

Bulk 
weight 
kg/m3

Volume  
shrinkage, 

%

Thermal 
conductivity 
coefficient, 

W/m∙K

Cubic strength, 
MPa

Prismatic strength, MPa
characteristic

estimated

Elastic modulus,
MPa

Concrete  
class,
С(В)

Lightweight 
fire-resistant 

concrete
1475 0.58 0.68 18.36 12.0

9.25 14.2·103 С16/20
(В15)

According to the calculations for the first and second groups 
of limit states, a floor slab for office buildings is reinforced with 
6 rods (two rods with a diameter of 12 mm and four rods with a 
diameter of 10 mm) of prestressed class A600C reinforcement. In 
addition to the prestressed reinforcement, the slab is reinforced 
with C1 and C2 reinforcement meshes made of a Bp-I class 
reinforcement with a diameter of 3-4 mm, which are located in the 
lower and upper parts of the slab, as well as 6 Kr1 reinforcement 
cages made of a class A240C reinforcement with a diameter of 
6-8 mm. The total mass of the slab is 2.56 tons; the volume of 
concrete is 1.125 m3; and the consumption of steel is 89.1 kg.
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As can be seen in Tab. 4, the composition of the lightweight 
fire-resistant concrete developed has a volumetric weight of 1475 
kg/m3, which is significantly less than the volumetric weight of the 
heavy concrete (2200-2300 kg/m3) that is used for the manufacture 
of hollow-core slabs; it has a relatively small volumetric shrinkage 
of 0.58 % and a thermal conductivity coefficient of 0.68 W/m ∙ K 
versus 1.86 W/m ∙ K for heavy concrete.

In terms of its strength and deformation characteristics, this 
concrete has a cubic strength of 18.36 MPa, a prismatic strength 
of 12.0 MPa, and a modulus of elasticity of 14.2 ∙ 103 MPa.

Based on the strength and deformability characteristics of this 
fire-resistant concrete, it can be classified as C16/20 (B15).

As can be seen in the Tab. 5, the volumetric weight of the 
lightweight fire-resistant concrete C decreases to 1400 kg/m3 after 
heating to 1000 °C, and the volumetric shrinkage increases to 
0.86 %, which is associated with the evaporation of the physically 
bound water and compaction of the concrete structure. There is 
also a decrease in the strength of the concrete to 14.52 MPa and 
the thermal conductivity coefficient to 0.62 W/m ∙ K. There are no 
through cracks in the samples after the one-sided heating of the 
concrete samples to 1000 0C, which means that there is no flame 
on the unheated surface of the sample. A network of cracks along 
the binder with a depth of 2.5 mm and a maximum width of 0.1-
0.2 mm was observed after cooling the samples from the side of 
the heated concrete surface.

The deformations of the concrete specimens, which were 
measured at characteristic points on the heated surface, indicate 
the presence of deflections, which amounted to 0.1-0.2 mm, and 
which are less than the maximum allowable deflections equal to 
1.07 mm, determined according to the source (Nekrasov, K. D., 
1957).

Thus, according to the fire characteristics, which were 
investigated after heating the lightweight concrete to a temperature 
of 1000 °C, the fire resistance limit of the concrete, i.e., REI 90, 
was practically determined.

4.2 �Design engineering of a lightweight fire-
resistant concrete floor slab

Considering the characteristics of the composition developed 
of the lightweight fire-resistant concrete of a binder made of 
alumina cement and having a fire resistance limit of REI 90, we 
consider it possible to use floor slabs on a large section with a 
height of 200 mm.

Such slabs are much less labor-intensive to manufacture, since 
they do not require the use of hollow formers, and the weight of 
a 6.0 x 1.5 m slab will be 2.73 tons, which slightly exceeds the 
weight of a hollow-core slab, which is 2.56 tons.

As a result of the selection of the lightweight fire-resistant 
concrete composition and the calculation and design of a solid 
floor slab with dimensions of 6.0 × 1.5 m, the following results 
were achieved:

– �to reduce the labor intensity of the slab due to the use of a 
solid cross-section of the slab instead of a hollow section;

– �to exclude the destruction of thin concrete walls between the 
voids in the case of a fire;

– �to increase the distance to the axis of the prestressed 
reinforcement to 40 mm instead of 30 mm for hollow-core 
slabs and thereby increase the thickness of the concrete 
cover to 35 mm;

– �to increase the normalized fire resistance of the slabs to REI 
90, which is 30 minutes higher than the fire resistance of 
hollow-core floor slabs due to the use of components with 
a high degree of refractoriness in the composition of fire-
resistant concrete;

– �to significantly increase the heat-insulating ability of the slab, 
since the thermal conductivity coefficient of the concrete of 
a light fire-resistant slab is λ = 0.68 W/(m ∙ K), which is 
significantly less than the thermal conductivity coefficient 
of heavy concrete equal to λ = 1.86 W/(m ∙ K);

– �in addition, to significantly improve the sound-insulating 
properties of the structure of the floor slab developed.

5  CONCLUSIONS

The article analyses the impact of fire on the structures of 
buildings and other constructions. It has been established that 
floor slabs, the standardized fire resistance of which is REI 45-60, 
are the most vulnerable to fire.

The main disadvantages of the use of hollow-core floor slabs 
made of heavy concrete from Portland cement when exposed to 
fire include the limitation of the maximum temperature applied 
for concrete compositions with a binder made of Portland cement, 
which is 1100 0C; the thinness of the wall between the voids, which 
is 26 mm, and which is destroyed even at temperatures below 
1000 0C;  the relatively small thickness of the areas of the concrete 
from the lower and upper surfaces of the slab to the voids, which 
are 30.5 mm, and in which the reinforcement is placed; and the 
insufficient thickness of the concrete’s protective layer to reliably 
protect the reinforcement from fire.

The noted disadvantages of hollow-core floor slabs incentivize 
discussing the possibility of increasing the fire-retardant properties 
of concrete due to the use of light materials with a high degree of 
refractoriness and of a constructive solution whereby solid floor 
slabs can be used.

To solve the above problems, a composition of lightweight 
fire-retardant concrete with a bulk density of 1475 kg/m3 has 
been developed, where expanded clay is used as a filler; alumina 
cement is used as a binder; and water is the grout. The normalized 
fire resistance of such concrete, which was REI 90, has been 
practically investigated, it is higher than the fire resistance of 
hollow-core slabs, which is REI 60.

In a construction sense, manufacturing such solid floor slabs, 
without any voids, is proposed. In this case, due to the use of 
lightweight concrete, the weight of the solid floor slabs will be 
minimally different from the weight of hollow-core slabs. The 
use of solid floor slabs will eliminate the destruction of thin 
concrete walls (as occurs in hollow-core slabs) and will increase 

Fig.8 Cross-section of a solid floor slab with a length of 6.0 m and a 
width of 1.5 m
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the thickness of the protective concrete layer to reliably protect 
the reinforcement from fire. In addition, the heat-insulating 
and sound-insulating ability of the solid floor slabs will be 
significantly improved, since the thermal conductivity coefficient 
of the lightweight concrete developed is 2.74 times lower than 
the thermal conductivity coefficient of the heavy concrete of the 
hollow-core floor slabs.
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Abstract

This paper presents a numerical parametric study of the moment-cur-
vature and curvature ductility of doubly-reinforced beams with dif-
ferent parameters. The effects of the strength of the concrete and the 
amount of the reinforcement, including the tensile and compression 
reinforcement on the complete moment-curvature behavior and the 
curvature ductility factor of the beam sections, have been studied. A 
new predictive formula for the ductility factor of beam sections that 
considers the different parameters has been developed. In a continu-
ation of the study, the flexural ductility of beams designed with differ-
ent parameters according to the ductility factor proposed by different 
researchers was investigated. Based on the results of the numerical 
analysis, the proposed predictions for the curvature ductility factor were 
verified by comparisons with other predictive formulas. The proposed 
formula offers fairly accurate and consistent predictions for the cur-
vature ductility factor of beam sections. It is shown that the concrete’s 
compression strength and the amount of reinforcing steel, including 
the compression reinforcement ratios, have an effect on the curvature 
ductility factor of beam sections.

Key words

	● �Numerical analysis, 
	● Moment-curvature, 
	● Ductility, 
	● Flexural, 
	● Reinforced concrete beam, 
	● Reinforcement.

1 INTRODUCTION

Ductility can be defined as the ability of a material to undergo 
large deformations without any rupture before failure (Zareef and 
Madawy, 2018). The ductility of reinforced concrete (RC) beams 
is very important since it is essential to avoid the brittle failure of 
the structure by ensuring adequate curvature at the ultimate limit 
state (Arsalan and Cihanli, 2010). The ductility of RC beams is 
the property that allows structures to dissipate energy under seis-
mic loading; consequently, the brittle failures of RC structures can 
be avoided (Haytham and Amar, 2017). The ductility performance 
of a RC member does not increase or decrease in direct proportion 
to the ductility of the concrete used; it is also dependent of other 
parameters such as the reinforcement details (Kwan et al., 2002). 
In the flexural design of RC beams, the strength and deformabil-
ity, which are interrelated, need to be considered simultaneously. 

However, in current design codes, the design of a beam’s strength 
is separated from its deformability, and an evaluation of its de-
formability is independent of some key parameters, such as the 
concrete’s strength, the steel’s yield strength, and the confinement 
content (Adari, 2017). Several researchers (Bai and Au, 2011; Ho 
et al., 2004; Debernardi and Taliano, 2002; Pecce and Predictions, 
1999) have reported that the values of the curvature ductility for 
beam sections with normal and high strength concrete are differ-
ent. Also, it has been determined that the flexural ductility of RC 
beam sections is dependent not only on the amount of the rein-
forcement, including the compression reinforcement, but also on 
the concrete’s compressive strength and the steel’s yield strength 
(Lee, 2013).

The factors affecting the nonlinear behavior of RC beams are 
the tensile and compression reinforcement ratio and the compres-
sive strength of the concrete. The aim of this study is to examine 
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the effects of factors such as the tensile reinforcement ratio, the 
compression reinforcement ratio, and the concrete’s compressive 
strength, which affect the moment- curvature relationships and 
ductility of RC beam sections. Rectangular beam section mod-
els with an equal cross-sectional area having different parameters 
were designed. In this study, the effects of the concrete’s  com-
pression strength, and the amount of reinforcement, including 
the tensile and compression reinforcement, on the complete mo-
ment-curvature and the curvature ductility factor of doubly-rein-
forced beams have been evaluated. A new predictive formula for 
the curvature ductility factor of doubly-reinforced beam sections 
that considers the different parameters has been developed. In 
a continuation of the study, the flexural ductility of doubly-rein-
forced beam models designed with different parameters according 
to the relations proposed by different researchers was investigated 
analytically. The final results obtained were examined by compar-
ing them according to different parameters and models.

2 �FLEXURAL DUCTILITY OF REINFORCED 
CONCRETE BEAMS

In the case of a flexural member, its sectional ductility based 
on the curvature and/or the member’s ductility based on deflection 
is usually considered (Park and Paulay, 1975). Moment- curva-
ture relationships are a useful resource for the solution of a vari-
ety of inelastic and geometrically non-linear structural problems 
involving elements under a  combined axial load and bending 
(Liew, 2017; Simao et al., 2016). Determining the moment and 
curvature response of a cross-section is an important step in ful-
filling strength and serviceability design requirements (Dhakal 
and Moustafa, 2019). Yield moment (𝑀𝑦), ultimate moment (𝑀𝑢), 
yield curvatures (φy), ultimate curvatures (φ𝑢) and curvature duc-
tility (𝜇φ) values are calculated from the moment-curvature rela-
tionships. The curvature ductility factor is obtained by the ratio 
between the curvature determined at the ultimate limit state and 
the curvature determined at the first yield (𝜇φ = φ𝑢/φ𝑦).

2.1 �Previous Research on the Curvature Ductility 
Factor

A considerable amount of studies on the ductility and flexural 
behavior of normal and high- strength concrete elements under 
a static load can be found in the literature (Lee, 2013; Au et al., 
2011; Bai and Au, 2011; Arslan and Cihanli, 2010; Lam et al., 
2009a, 2009b; Jang et al., 2008; Rashid and Mansur, 2005; Ho et 
al., 2004). The ultimate states in each research work are defined 
in different forms. In this part of the study, the flexural ductility of 
doubly-reinforced beam models designed with different concrete 
strengths and compression and tensile strength ratios according 
to the relations proposed by the different researchers was inves-
tigated analytically. The bending ductility of doubly-reinforced 
beams was obtained by using the relations suggested from (Lee, 
2013; Kwan and Ho, 2010; Kwan et al., 2002; Pam et al., 2001a, 
2001b). The equations defining the curvature ductility of dou-
bly-reinforced beam elements are summarized below. Pam et al., 
(2001a) derived the predictive equation (1) based on the results 
of designing beam sections with the concrete strength 𝑓𝑐𝑐 from 
30MPa to 100MPa, a steel yield strength 𝑓𝑦 = 400~460MPa, the 
tensile reinforcement ratio 𝜌′ from 1%-5%, and the compression 

reinforcement ratio 𝜌′ from 0%-1.5%. The ductility factor has 
been correlated with the concrete grade, and the tensile and com-
pression steel ratios by regression analysis; the following formula 
is given for a direct evaluation of the flexural ductility derived: 
𝜌  is the tensile reinforcement ratio; 𝜌𝑏 is the balanced reinforce-
ment ratio; 𝜌′ is the compression reinforcement ratio; and 𝑓𝑐k is 
the concrete compressive strength:

	 	 (1)

Replacing the last term in Equation (1) by unity, a simplified 
equation (2) for the ductility factor was proposed by Kwan et al. 
(2002):

	 	 (2)

Kwan and Ho (2010) obtained the μ values that are correlat-
ed to the various structural parameters using regression analysis to 
produce Equation (3) to enable a direct evaluation of the flexural 
ductility of beams without conducting any nonlinear moment-cur-
vature analysis. In Equation (3), λ is the degree of reinforcement, 
and 𝑓𝑟 is the confining compression. Herein, the degree of reinforce-
ment is denoted by λ and explicitly defined as λ = (𝜌 − 𝜌′)/𝜌𝑏. In 
order to study the effects of the various structural parameters, i.e., 
𝑓𝑐k  = 40-100 MPa, 𝑓𝑦 = 250-600MPa, 𝑓𝑟  = 0-4MPa, 𝜌′= 0-2%, and 
𝜌  = 0.4 𝜌b – 2𝜌𝑏 are considered:

	 	 (3)

Lee (2013) studied the effects of concrete strength, steel yield 
strength, and the amount of reinforcement, including compression 
reinforcement on the complete moment-curvature behavior and 
the curvature ductility factor of doubly-reinforced beam sections. 
For the parametric study, 𝑓𝑐k  = 30-100MPa to cover both normal 
and high-strength concretes, 𝑓𝑦 = 300- 600MPa, 𝐸𝑠 = 2 × 105𝑀pa, 
𝜌  = 0.1𝜌𝑏-𝜌𝑏 and 𝜌′= 𝜌 are considered. In doubly-reinforced beam 
sections, considering the influence of parameters such as the ma-
terial strength, reinforcement ratio, and stress of the compression 
reinforcement, the predictive equation of the curvature ductility 
factor can be offered based on the previous parametric study as 
Equation (4). 𝑓𝑠𝑐 is the stress of the compression reinforcement, 
which is calculated at the ultimate stage (Lee, 2013).

	 	(4)

3 PLASTIC ANALYSIS FOR BEAMS

Methods based on a plastic analysis should only be used for 
the inspection at the ultimate limit state. The ductility of the crit-
ical sections should be sufficient for the envisaged mechanism to 
be formed. The plastic analysis should be based either on the low-
er bound (static) method or on the upper bound (kinematic) meth-
od. Plastic analysis without any direct inspection of the rotation 
capacity may be used for the ultimate limit state if the conditions 
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of the ductility of the critical sections are met (Eurocode 2, 2004; 
Model Code, 2010).

3.1 Rotation Capacity

The simplified procedure for continuous beams is based on 
the rotation capacity of the beam over a length of approximately 
1.2 times the depth of the section. It is assumed that these zones 
undergo plastic deformation (formation of yield hinges) under the 
relevant combination of actions. The verification of the plastic ro-
tation in the ultimate limit state is considered to be fulfilled if it 
is shown that under the relevant combination of actions, the cal-
culated rotation, 𝜃𝑠, is less than or equal to the allowable plastic 
rotation (Fig. 1).

In the region of yield hinges, x𝑢/𝑑 should not exceed the value 
of 0.45 for concrete strength classes less than or equal to C50/60 
and 0.35 for concrete strength classes greater than or equal to 
C55/67. x𝑢 is the neutral axis depth, and 𝑑 is the effective depth 
of a cross-section. The rotation 𝜃𝑠 should be determined on the 
basis of the design values for the actions and materials and on the 
basis of the mean values for prestressing at the relevant time. In 
the simplified procedure, the allowable plastic rotation may be 
determined by multiplying the basic value of the allowable ro-
tation (𝜃𝑝l,𝑑) by correction factor 𝑘λ, which depends on the shear 
slenderness. The recommended values for steel Classes B and C 
and concrete strength classes less than or equal to C50/60 and 
C90/105 are given in Fig. 2 (the values apply to a shear slender-
ness of λ=3.0). The values for concrete strength classes C 55/67 
to C 90/105 may be interpolated accordingly. The values apply 
for a shear slenderness of λ=3.0. For different values of the shear 
slenderness, 𝜃𝑝l,𝑑  should be multiplied by , where λ is  
the ratio of the distance between the zero point and the maximum 
moment after redistribution. As a simplification, λ may be calcu-
lated for the concordant design values of the bending moment and 
shear (λ = 𝑀𝑠𝑑/(𝑉𝑠𝑑

. 𝑑)) (Eurocode 2, 2004; Model Code, 2010).
The plastic hinge rotation (θ𝑝), of RC beams depends on a num-

ber of parameters, including the definition of the yielding and ul-
timate curvatures, section geometry, material properties, tension 
and compression reinforcement ratios, transverse reinforcement, 
cracking and tension stiffening, the stress-strain curve for the con-
crete, the stress-strain curve for the reinforcement, the bond-slip 
characteristics between the concrete and the reinforcing steel, the 
support conditions and the magnitude and type of loading, the ax-
ial force, the width of the loading plate, the influence of the shear, 
and the presence of a column. The moment-curvature relationship 
of a typical beam subjected to a uniform load are shown in Fig. 3. 
It is recommended to estimate the plastic rotational capacity that 

can be achieved at potential plastic hinge sections by utilizing the 
moment-curvature relationships of the sections. The value of the 
plastic hinge rotation at the ultimate stage can be easily calculated 
by the following Equation (5), where φ𝑢 refers to the maximum 
curvature, and φ𝑦 refers to the yield curvature, as shown in Fig. 3. 
The length of the plastic deformation region, which is called the 
plastic hinge length (𝐿𝑝), is taken as half of the section length in 
the active direction (𝐿𝑝 = 0.5ℎ).

	 	 (5)

4 MATERIALS AND METHOD

Many variables influence the curvature ductility with the nonlin-
ear behavior of RC beams, and the numerical analysis presented was 
performed on models designed by considering variable parameters. 
The effect of the different parameters was studied by varying one 
parameter at a time and keeping the value of the other parameters 
fixed. The summary of the designed RC beam cross-section prop-
erties is given in Tab. 1. A typical beam section has a width of bw = 
300mm , and a total depth of h = 600mm was designed. The com-
pression and tensile reinforcement is provided at depth d′ = 50mm 
and d = 550mm (d = h − d′) from the top, respectively. For all the 
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Fig. 2 Basic value of the allowable rotation (𝜃𝑝l,𝑑 ), of the reinforced 
concrete sections for Class B and C reinforcements (Eurocode 2, 
2004; Model Code, 2010)

Fig. 3 Moment-curvature relationship for reinforced concrete beams

Fig 1. Plastic rotation (𝜃𝑠 ) of reinforced concrete sections for 
continuous beams (Eurocode 2, 2004; Model Code, 2010)
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RC members, C25, C30, C35, C40, C45 and C50 were chosen as the 
concrete grade, and B420C was selected as the reinforcement for the 
reinforcement behavior model. Concrete with a strength lower than 
C25 cannot be used in all RC buildings to be built within the scope 
of the Turkish Building Earthquake Code (TBEC, 2018) regulations. 
In moment-curvature analyses, the material models given in Tab. 2 
were used for the unconfined concrete and reinforcement steel. Due 
to its insignificant effect, the tensile strength of the concrete has been 
ignored in the moment-curvature analyses.

The most important issue to be considered when calculating 
and designing an RC beam section is to ensure that the reinforce-
ment ratio obtained is smaller than the balanced reinforcement 
ratio. The limit values given in TS500 (2000) are taken into con-
sideration in this study. The ratio of the tensile reinforcement (𝜌) 
in the beams should not be less than the minimum values given in 
Equation (6). In TS500 (2000), the reinforcement ratio is limited 
to Equation (7) in order to provide ductile behavior in the RC 
beams. The ratio of the tensile reinforcement in the RC beams 
should not be more than the maximum value given in Equation 
(7) and not more than 2%. The difference between the tensile and 
compression reinforcement ratios in the beams should not exceed 
0.85 of the balanced reinforcement.

	 	 (6)

	 	

	 	 (7)

The 𝑘1 value is provided should not be less than 0.70 and not 
greater than 0.85 (TS500, 2000).

	 	 (8)

A  total of 66 RC beam models with different concrete 
strengths and different tensile and compression reinforcement ra-
tios have been designed (Tab. 1). The provisions in TBEC (2018) 
and TS500 (2000) have been taken into consideration in the de-
sign of the RC beam models. In the RC beam models designed 
in different parameters, i.e., 𝜌𝑚ax = 0.85𝜌𝑏 as the ratio of tensile 
reinforcement  and  the  values  of 𝜌′ = 0.0, 0.1𝜌max, 0.2𝜌max, 
0.3𝜌max, 0.4𝜌, 0.5𝜌max, 0.6𝜌max, 0.7𝜌max, 0.8𝜌max, 0.9, and 𝜌max, as 
the  compression  reinforcement  ratio  are taken into account. In 
the RC beam models, six different concrete classes i.e., C25, C30, 
C35, C40, C45 and C50 were taken into account. In the beam 
models, the tensile reinforcement ratio for each concrete strength 
was kept constant with 𝜌𝑚ax = 0.85𝜌𝑏. By changing the compres-
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Tab. 1 Details for the RC beam cross-sections designed

𝜌′/𝜌
Material: C25 Material: C30 Material: C35 Material: C40 Material: C45 Material: C50

𝜌 𝜌′ 𝜌 𝜌′ 𝜌 𝜌′ 𝜌 𝜌′ 𝜌 𝜌′ 𝜌 𝜌′

0.0

0.0184

0.0

0.0213

0.0

0.0240

0.0

0.0263

0.0

0.0285

0.0

0.0303

0.0

0.1 0.0018 0.0021 0.0024 0.0026 0.0028 0.0030

0.2 0.0037 0.0043 0.0048 0.0053 0.0057 0.0061

0.3 0.0055 0.0064 0.0072 0.0079 0.0085 0.0091

0.4 0.0074 0.0085 0.0096 0.0105 0.0114 0.0121

0.5 0.0092 0.0107 0.0120 0.0132 0.0142 0.0152

0.6 0.0111 0.0128 0.0144 0.0158 0.0171 0.0182

0.7 0.0129 0.0149 0.0168 0.0184 0.0199 0.0212

0.8 0.0147 0.0171 0.0192 0.0211 0.0228 0.0243

0.9 0.0166 0.0192 0.0216 0.0237 0.0256 0.0273

1.0 0.0184 0.0213 0.0240 0.0263 0.0285 0.0303

Tab. 2 Material parameters for the concrete and reinforcement (TBEC, 2018)

Standard Strength Parameters Values

Concrete: C25-C50

Strain at maximum stress of unconfined concrete (εco) 0.002

Ultimate compression strain of concrete (εcu) 0.0035

Characteristic standard value of concrete compressive strength (fck) 25-50MPa

Reinforcement: B420C

Yield strain of reinforcement (εsy) 0.0021

Strain hardening value of reinforcing steel (εsp) 0.008

Strain in reinforcing steel at ultimate strength (εsu) 0.08

Characteristic yield strength of reinforcement (fyk) 420MPa

Ultimate strength of reinforcement (fsu) 550MPa
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sion reinforcement ratios, the moment-curvature relation of the 
RC beams were obtained. The analytically investigated parame-
ters were calculated from different relations and moment-curva-
ture relationships. Events such as how the stiffness and strength 
of the sections change and the ductility state of the cross-section-
al behavior can also be observed through the moment-curvature 
relationship. The moment-curvature relationship is essential for 
the inelastic analysis of structures to predict section strengths, 
flexural stiffness, and section ductility. For the moment-curva-
ture relations, SAP2000 software [20] was used to consider the 
different parameters. The curvature ductility was calculated from 
the established moment-curvature relationships. The major fac-
tors affecting the curvature ductility of a doubly-reinforced beam 
section were investigated. In the continuation of the study, a new 
predictive formula for the curvature ductility factor of the dou-

Vol. 30, 2022, No. 1, 8 – 20

Fig. 4 Comparative moment-curvature relations for doubly-reinforced beam sections with different compressive reinforcement ratios

bly-reinforced beam sections has been developed considering the 
different parameters. Based on the numerical analysis results, the 
proposed predictions for the curvature ductility factor were veri-
fied by comparisons with other predictive formulas.

5 RESEARCH FINDINGS AND DISCUSSION

5.1 Nonlinear Moment-Curvature Analysis

In this part of the study, the moment-curvature relations of 
the RC beam elements designed with different parameters were 
obtained, and the curvature ductility was calculated. The moment- 
curvature relationships were obtained by SAP2000 software, 
which takes the nonlinear behavior of materials into consider-
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ation. The moment-curvature relationships of the rectangular RC 
beams for different longitudinal reinforcements (tensile and com-
pression) and concrete strengths were obtained. The behavioral 
effects of the parameters examined were evaluated by the curva-
ture ductility and moment-carrying capacity of the cross-section. 
The moment- curvature relationships obtained from the analyt-
ical results are presented in graphic form. The essential factors 
influencing the local ductility of the RC beams are the concrete 
strength, the yield strength of the steel, and the ratio of the ten-
sile and compression reinforcement (𝜌 and 𝜌′). A comparison of 
the moment-curvature relationships of the RC beams for differ-
ent concrete strengths, i.e., 𝜌′/𝜌, is given in Fig. 4. The effect of 
the 𝜌′/𝜌 and concrete strength on the yield, ultimate moment, and 
curvature are given in Figs. 5 and 6. Since the maximum value of 
the axial load in the RC beams is limited to 𝑁 = 0.10𝐴𝑐𝑓𝑐, 𝑁 = 0 
is considered in these analyses.

With the increase in the compression reinforcement ratio for 
the constant compressive strength of the concrete and tensile re-
inforcement ratio in the RC beams, the yield moment, ultimate 
moment, and ultimate curvature values obtained from the mo-
ment-curvature relationships increase, but the yield’s curvature 
values decrease. With the increase in the compression reinforce-
ment ratio, the maximum moment carrying capacity and ductil-
ity of the beam sections increase. It can be seen that the tensile 
reinforcement ratio for the RC beam sections basically affects 
both the shape of the moment-curvature curve and the ductility 
of a beam section. With the increase in the concrete’s compres-
sive strength in the RC beams with the constant compression and 
tensile reinforcement ratio, the yield and ultimate moment values 
increase.

5.2 �Plastic Rotation Capacity of Reinforced Concrete 
Beams

The plastic rotation capacity that can be achieved in the plastic 
hinge regions of reinforced concrete beams is calculated from the 
moment-curvature relations of the sections, according to the rela-
tions defined in Eurocode 2 (2004) and Model Code (2010). In order 
to calculate the rotational capacity of the RC beams, moment and 
curvature values were obtained from the moment-curvature rela-
tions by considering the non-linear behavior of the materials (Equa-
tion 5). By using the values recommended for the reinforcement and 
concrete strength classes in Eurocode (2004) or Model Code (2010), 
the rotation capacity values were obtained and compared with the 
values calculated from Equation (5). The rotation capacity values 
suggested in Eurocode (2004) or Model Code (2010) can be calcu-
lated according to the ultimate neutral axis depth and the effective 
depth of the cross-section values. A comparison of the rotational ca-
pacities of the plastic hinges calculated from the moment-curvature 
relations and according to Eurocode 2 (2004) are shown in Fig. 7.

The analytical results for the 66 RC beams with different 
tensile and compressive reinforcement ratios are compared with 
the various formulations given in Eurocode (2004), and calcu-
lated from the non-linear behavior relationships of the beams. 
According to the results obtained from the non-linear behavior 
of the RC beams, it was concluded that the reinforcement index 
and the concrete compressive strength have a significant effect 
on the plastic hinge’s rotation capacity (𝜃𝑝). The  plastic  rota-
tion  capacity  value  increases  with  the  increase  in  the 𝜌′/𝜌  
ratio  and concrete  compressive  strength.  With  the  increase  
in the λ = (𝜌 − 𝜌′)/𝜌𝑏 value,  the  plastic rotation capacity value 
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Fig. 5 Effect of 𝜌′/𝜌 and the concrete’s strength on the yield and ultimate moment

Fig. 6 Influence of 𝜌′/𝜌 and the concrete’s strength on the yield and ultimate curvature
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decreases. With the increase of 𝑋𝑢/𝑑 value, the plastic rotation 
capacity value increases.

In Eurocode 2 (2004) or Model Code (2010), limit values are 
defined for the allowable plastic hinge capacity of RC elements 
according to different steel classes and concrete strength classes. 
In the simplified procedure, the allowable plastic rotation may be 
determined by multiplying the basic value of the allowable rota-
tion (𝜃𝑝l,𝑑) by a correction factor (𝑘λ) that depends on the shear 
slenderness. For B class reinforcement and 𝑓𝑐k ≤ 50MPa, when 
the 𝑥𝑢/𝑑 value is zero, the 𝜃𝑝l,𝑑 value  is 7. It can be  calculated  as 
𝜃𝑝l,𝑑 = 14 for 𝑥𝑢/𝑑 = 0.16 and 𝜃𝑝l, 𝑑 = 5.5 for 𝑥𝑢/𝑑 = 0.45. The limit 
values are defined for normal strength and high strength concrete.

In this study, since the concrete strength class is less than 
50MPa, the plastic rotation capacity value calculated according 
to Eurocode 2 (2004) does not change. Since the reinforcement 
class is fixed in the reinforced concrete beams, the plastic rotation 
capacity value can still be calculated as constant. The change in 
the tensile reinforcement ratio, compression reinforcement ratio, 
and concrete compressive strength in the RC beams affects the 
plastic rotation values due to their effect on the neutral axis depth 
in the sections. As can be seen from the comparison of the results 
obtained, the plastic rotation values calculated according to the 
values obtained from the nonlinear behaviors are affected by all 
the design parameters. The values calculated according to Euro-
code 2 (2004) or Model Code (2010) are greatly affected by the 
neutral axis depth and effective depth of a cross-section.

5.3 �Curvature Ductility Obtained from the Moment-
Curvature

Fig. 8 shows the relation of the curvature ductility (𝜇𝜑) for 
the doubly-reinforced beam sections with different compression 

reinforcement ratios and concrete compressive strengths. In the 
RC beams, with the increase in the compressive reinforcement 
ratio for the concrete’s  constant compressive strength and ten-
sile reinforcement ratio, the curvature ductility values calculat-
ed from the moment-curvature relationships increase. Under the 
same tensile and compression reinforcement ratios, the curvature 
ductility almost linearly decreases with the increased concrete 
compressive strength. This indicates that the ductility of the dou-
bly-reinforced beam sections increases with an increase in the 
compressive reinforcement ratios. The compression reinforce-
ment ratio in the section of a doubly-reinforced beam has certain 
effects on the moment-curvature relations and ductility of the RC 
beam sections.

5.4 �Derivation of an Alternative Curvature Ductility 
Equation for a Doubly-Reinforced Beam

From the results of the numerical analyses, the essential fac-
tors influencing the ductility of doubly-reinforced beams are 𝑓𝑐k, 
𝜌 and 𝜌′. In the doubly-reinforced beams, the effect of 𝑓𝑐k has 
been found to be dependent on the amounts of 𝜌 and 𝜌′ , which 
determine the degree of reinforcement (λ = (𝜌 − 𝜌′)/𝜌𝑏) of the 
section. Thus, based on the numerical analyses results, it can be 
observed that the use of the two significant variables λ and 𝑓𝑐 
should be incorporated to develop an alternative equation for the 
curvature ductility of doubly-reinforced beam sections. The basic 
formation of the curvature ductility factor equation for doubly-re-
inforced beams can be expressed as follows:

	 	 (9)
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Fig. 7 Comparison of the rotational capacities of plastic hinges calculated from the moment- curvature relations and according to Eurocode 2 (2004)
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The results of the numerical analyses for fyk  =  420 MPa, 
𝑓yk = 25MPa to 50MPa, and 𝜌′/𝜌= 0 to 1 indicate that the curva-
ture ductility increases as 𝜌′/𝜌 increases for the doubly-reinforced 
beam sections. The curvature ductility decreases as λ increases 
for the doubly-reinforced beam sections. A regression analysis is 
undertaken to identify the effect of λ on the curvature ductility 
using the results of the numerical analyses. The effect of λ on the 
curvature ductility is illustrated in Fig. 9, which shows that the 
proposed equation closely matches the numerical results of the 
curvature ductility. The λ has a pronounced effect on the curvature 
ductility. The results of the numerical analyses show that the cur-
vature ductility decreases with an increase in λ, though not pro-
portionally. Based on the numerical analysis results, the relations 
of the curvature ductility factor and parameter λ can be obtained 
by regression analysis as follows:

Vol. 30, 2022, No. 1, 8 – 20

Fig. 8 Effect of different parameters on the curvature ductility

Fig. 9 Effect of parameter λ on the curvature ductility factor
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	 	 (10)

Equation (10) clearly shows that the curvature ductility factor 
of doubly-reinforced beam sections can be expressed as a  func-
tion of 9.40 × 2.72(−1.69λ). The effect of the concrete’s  compres-
sive strength on the ratio of the curvature ductility factor 𝜇𝜑 to 
9.40 × 2.72(−1.69λ) is shown in Fig. 10. The numerical analysis re-
sults indicate that the curvature ductility factor increases with the 
increase in the concrete’s compressive strength. Through regression 
analysis, the relationship between the ratio of the curvature ductility 
factor 𝜇𝜑 to 9.40 × 2.72(−1.69λ) and the compression strength of the 
concrete and reinforcement can be obtained as follows:

	 	 (11)

Considering the effect of parameters such as the material 
strength and reinforcement ratio, the predictive equation of the 
curvature ductility factor in the doubly-reinforced beam sections 
can be offered based on the parametric study. The proposed cur-
vature ductility (𝜇𝜑,𝑝rop) can be expressed as Equation (12). The ef-
fect of 𝑓ck, 𝜌′/𝜌 and λ on the ratio of the curvature ductility factor 
𝜇𝜑,𝑝ro𝑝 is given in Fig. 11.

	 	 (12)

5.5 �Verification of the Proposed Predictive Equation 
for the Curvature Ductility Factor 

In this part of the study, the flexural ductility of doubly-rein-
forced beam models designed with different concrete strengths 
and compression and tensile strength ratios according to the rela-
tions by the proposed curvature ductility equation (Equation 12) 
was calculated analytically. A comparison of the curvature duc-
tility provided by the proposed Equation (12) with the numerical 
analysis results for the various 𝑓𝑐k, 𝜌′/𝜌 and λ is given in Fig. 
12. Fig. 13 shows a comparison of the curvature ductility factors 
obtained numerically with the proposed equation. The proposed 
predictions show excellent agreement as evident from the correla-
tive coefficient R2, which is well above 0.99. Also, the maximum 
mean value and the standard deviation for the ratio of the pro-
posed curvature ductility factor obtained by Equation (12) to the 
numerical results are 1.02 and %2.139, respectively.

When examining the ratio of the results obtained from Equa-
tion (12) to the numerical results effected by the changes in 𝑓ck, 
𝜌′/𝜌 and λ, it can be seen that the proposed predictions agree well 
with the numerical results within all the ranges of the parameters. 
The discrepancy between the numerical results and the results ob-
tained from Equation (12) increases with the increasing 𝑓𝑐k and 
𝜌′/𝜌 ratios and decreases with the increasing λ ratios. The curva-
ture ductility obtained from the moment-curvature relations, the 
Kwan et al. (2002) equation, the Lee (2013) equation, the Pam 
et al. (2001a) equation, the Kwan and Ho (2010) equation, and 
the proposed predictive equation for the curvature ductility have 
been compared with the results of the numerical analyses. The 
relationship of the ductility factor variations with the degree of 
reinforcement and confining compression are given in Fig. 14. 
Fig. 15 shows the relations of the ductility factor variations with 
the 𝜌′/𝜌 and concrete strength.

According to the results obtained from the relations proposed 
for the curvature factor by Pam et al. (2001a) and Kwan et al. 
(2002), it can be seen that at a given concrete compressive strength, 
the ductility factor decreases with the tensile reinforcement ratio 
but increases with the compression reinforcement ratio. For con-
stant 𝜌′/𝜌, as the concrete’s  compression strength increases, the 
ductility decreases. The ductility factor values calculated according 
to the minimum ductility factor specified by Kwan et al. (2002) 
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Fig. 10 Effect of  fck on the ratio of curvature ductility factor to  
9.40 × 2.72(−1.69λ)

Fig. 11 Effect of 𝑓𝑐k, 𝜌′/𝜌 and λ on the ratio of the curvature ductility factor 𝜇𝜑,𝑝op
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Fig. 12 Comparison of the curvature ductility for the proposed 
Equation (12) with the numerical analysis results for the various 𝑓𝑐k, 
𝜌′/𝜌, and λ.

Fig. 13 Comparison of predicting the 𝜇𝜑,𝑝rop  and numerical results

Fig. 14 Ductility factor (𝜇𝜑) of the doubly-reinforced beam sections versus the compression reinforcement ratio (𝜌′/𝜌)



Slovak Journal of Civil Engineering

18 A NEW APPROACH FOR DETERMINING THE CURVATURE DUCTILITY OF REINFORCED...

Vol. 30, 2022, No. 1, 8 – 20



Slovak Journal of Civil Engineering

19A NEW APPROACH FOR DETERMINING THE CURVATURE DUCTILITY OF REINFORCED...

yield small values according to the Pam et al. (2001a) equation. 
This is because the second term of the equation proposed by Pam 
et al. (2001a) is taken as 1.0. From the analysis of the results ob-
tained from the relations proposed for the curvature factor pro-
posed by Kwan and Ho (2010), the effect of the concrete’s com-
pressive strength has been found to be dependent on the ratios of 
the tensile and compression reinforcement, which determine the 
degree of reinforcement of the RC beams. It can be seen that as 
the concrete’s compressive strength or tensile reinforcement ratio 
increases, the ductility decreases until it reaches a  relatively low 
and constant value when the section becomes overly reinforced. 
It can also be seen that at the same degree of reinforcement (λ=0), 
the ductility factor is lower at a higher concrete strength. This is 
because of the gradual reduction in material ductility as the con-
crete’s compressive strength increases. However, at the same ten-
sile reinforcement ratio, the ductility factor is lower at a  higher 
concrete strength. The concrete’s compressive strength increases, 
and the balanced reinforcement ratios also increase, thereby lead-
ing to a decrease in the degree of reinforcement and an increase in 
the ductility factor. From an analysis of the results obtained from 
the relations proposed for the curvature factor by Lee (2013), the 
curvature ductility factor in doubly-reinforced beam sections may 
be affected by the tensile reinforcement ratio, the compression rein-
forcement ratio, and the concrete’s strength. This indicates that the 
ductility factor of doubly-reinforced beam sections increases with 
an increase in the compressive steel ratio. Under the same tensile 
reinforcement ratio, the ductility factor almost linearly decreases 
with the increase in the concrete’s strength. The curvature ductili-
ty factor decreases with increasing λ ratios. It can be seen that the 
compression reinforcement ratio is the most effective factor. The 
effect of the concrete’s strength and λ on the ratio of the curvature 
ductility factor 𝜇φ,prop according to the proposed predictive equation 
for curvature ductility is given in Figs. 12 and 13. The results of the 
analyses indicate that the curvature ductility decreases as λ increas-
es for the doubly-reinforced beam sections. The curvature  ductility 
increases as 𝜌′/𝜌 increases for the doubly-reinforced beam sections. 
The ductility increases with the increasing of the concrete’s com-
pressive strength concrete. The discrepancy between the numerical 
results and the results obtained from Equation (12) increases for 
the increase of 𝑓𝑐k and 𝜌′/𝜌. The inconsistency between the results 
obtained from Equation (12) increases with the decreasing λ value. 
From a comparison of all the numerical results, almost the same 
curvature ductility values are obtained from the moment- curvature 
relations and the proposed equation (Equation 12).

For the ductility factor, 𝑓ck, 𝜌, 𝜌′ and 𝜌𝑏 were considered as 
the main factors of the relations proposed by different research-
ers. In addition to these parameters, some researchers have taken 
into account the parameters of the stress of the compression re-
inforcement, the reinforcement yield strength, and the confining 
compression. In the relations suggested by the researchers, the 
limit values considered for the parameters are different. The pa-
rameters considered in the relations between Pam et al. (2001a) 
and Kwan et al. (2002) are the same, but the Kwan et al. (2002) 
relation suggested an economical formula to achieve the required 
ductility by modifying the Pam et al. (2001a) relation. According-
ly, it is natural that the values obtained for the two models are dif-
ferent. As can be seen from the results of the analysis, the values 
obtained from the Pam et al. (2001a) relation are higher than the 
value obtained from the Kwan et al. (2002) relation. The relation-
ships proposed by the different researchers can be calculated up to 
𝜌′/𝜌 =  0.9. In this study, 𝜌′/𝜌 = 0 to 𝜌′/𝜌 = 1   has been taken into 
consideration, but other researchers have considered 𝜌′/𝜌 =  0.75 
in their relations.

6 CONCLUSION

The flexural ductility of different parameters of concrete 
beams has been studied extensively by parametric studies ac-
cording to the ductility factor relation suggested by various re-
searchers and using a nonlinear moment-curvature analysis. They 
have proposed different relations for the ductility factor, which 
were discussed in detail in the Research Findings and Discussion 
Section, where the results obtained from these relations differ 
from each other. The results are different because the various re-
searchers use factors such as different regulations, different ma-
terial properties, different parameters, and different limit values 
for the tensile and compression reinforcement ratios. Based on 
the results of the numerical analyses, a  simple equation is pro-
posed for the prediction of the curvature ductility considering λ 
and the concrete’s compressive strength. The proposed predictive 
Equation (12) is derived based on the results of sections with the 
concrete’s strength (𝑓𝑐k) from 25MPa to 50MPa, the steel’s yield 
strength 𝑓𝑦 =420 MPa, the tensile reinforcement ratio from 
𝜌 =   0.85𝜌𝑏 , and the compression reinforcement ratio from 𝜌′ = 0 
to 𝜌′ = 𝜌. The proposed predictions show excellent agreement as 
evident from the correlative coefficients R2, which is well above 
0.99. Also, the maximum mean value and the standard deviation 
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Fig. 15 Ductility factor (μφ) of the doubly-reinforced beam sections versus the concrete’s compression strength
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for the ratio of the proposed curvature ductility factor obtained 
by Equation (12) to the numerical results are 1.0% and 2.1%, re-
spectively. Based on the results of the numerical analysis, the pro-
posed predictions for the curvature ductility factor, considering 
the concrete’s strength and degree of reinforcement, is accurate to 
within an error of 2.19% for practical applications. The proposed 
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Abstract

The present paper investigates the effect of the harmfulness of a poten-
tial earthquake on structural and seismic risks. It takes into account the 
magnitude, epicentral distance, and pseudo depth at the hypocenter as 
well as the soil classification in order to generate synthetic seismic mo-
tions to be considered as signal inputs for a structural seismic analysis. 
The most typical typology of dwellings and buildings that are widely 
existing in Algeria, i.e., a reinforced concrete frame structure, is consid-
ered for the case study. The results show that the theoretical models de-
veloped in this study are able to predict the performance point (spectral 
displacement) according to the cumulative absolute velocity. They also 
show that(CAV-Sd ) (Sd being the spectral displacement of the perfor-
mance point defined by a pushover analysis) is slightly influenced by the 
value of the ultimate displacements of the structures and the soil para
meters (shear velocity Vs).

Key words

	● �Artificial motions, 
	● Pushover, 
	● Performance, 
	● Harmfulness of earthquake, 
	● Cumulative absolute velocity.

1 INTRODUCTION

Many reinforced concrete framed (RCF) structures have shown 
inadequate capacity during past quakes (ASCE, 2017; Korkmaz et 
al., 2015). For the sake of the simplified and rapid performance of 
seismic analyses, it seems worthwhile to investigate the correlation 
existing between ground displacements (indicators of harmfulness) 
and the performance point that defines the seismic capacity of RCF. 

The harmfulness of a potential earthquake ultimately depends on 
the intensity of the ground motion. This may concern the peak values 
of any displacement, velocity or acceleration, the spectral response, 
or integral parameters such as the Arias intensity (Arias, 1970; Fabio 
et al., 2021). It corresponds to the ground duration time (Dashti et 
al., 2010) and the cumulative absolute velocity (CAV), (EPRI,1988). 

The correlation between the seismic ground motions 
and structural damage has been widely investigated in civil 
engineering (Noura et al., 2017). Consequently, the spectral 
displacement, which defines the performance point, is considered 
the key parameter in RCF seismic analysis and estimations of 
damage (Xia et al., 2014).

Furthermore, an inelastic structural response is found to be 
strongly correlated with the spectral acceleration of the input 
signals for specific periods (Shome et al., 1998). However, none 
of the potential harmfulness of an earthquake or ground motion 
intensity (GMI) can entirely be considered as being the unique 
and best governing parameter of a seismic signal. For instance, the 
CAV has effects during the entire course of the motion that cannot 
be caught by the peak values of the displacement, velocity or 
acceleration and the corresponding spectral response. Therefore, 
the present study will focus on the CAV, whereas RCF damages 
will be considered as being correctly defined by the performance 
point on the capacity curve (Du and Wang, 2013). 

Capacity curves will be established for a set of six RCF 
structures with different ductilities that are assumed to be wide 
enough to match the most commonly existing typologies. For 
this purpose, artificial earthquakes will be generated by adopting 
the Sabetta & Pugliese method (Sabetta and Pugliese, 1996). The 
correlation between the performance point and the CAV will be 
investigated and modeled.
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2 �CORRELATION BETWEEN THE CAV AND THE 
SPECTRAL DISPLACEMENT (SD)

2.1 Cumulative absolute velocity (CAV) 	

A ground motion intensity measure such as peak ground 
acceleration (Paul and Vacareanu, 2020) is used for describing 
the severity of an earthquake’s ground motion. A new intensity 
measure called cumulative absolute velocity (CAV) was proposed 
(EPRI, 1991). Unlike peak ground acceleration, which only 
relates to the maximum acceleration of the time history, CAV is 
dependent on the whole duration. Fig. 1 is a diagram illustrating 
CAV (Min et al., 2020), and its mathematical expression is as 
follows:
	 	 (1)

where:
|a(t)| = the absolute motion acceleration [in m.s-2] 

tf = duration of the total seismic motion [in s]

The CAV is equivalent to the global absolute momentum 
carried by a seismic motion. Investigating the possible correlation 
between the CAV and the structural seismic damage is considered 
to be a significant issue (Campbell and Bozorgnia, 2010).

The ground motion prediction equation (GMPE) for CAV 
developed in this paper is based on a multidisciplinary study that 
was sponsored by the Pacific Earthquake Engineering Research 
Center (PEER) (Douglas, 2021) to develop next generation 
attenuation (NGA) relationships for shallow crustal earthquakes 
in active tectonic regions (Kenneth et al., 2010).

For the present study, the GMPE adapted for CAV corresponds 
to the attenuation law developed by Sabetta and Pugliese (Sabetta 
and Pugliese, 1996). The relation given in Equation 2 is the most 
suitable one for our work for the following reasons:

• �The large quantity of data used by Sabetta and Pugliese 
(generation of non-stationary artificial earthquakes accord-
ing to an empirical method based on the regression of at-
tenuation relations of a collection of earthquakes measured 
in Italy with around 95 accelerograms of 17 earthquakes of 
magnitudes of 4.6 to 6.8).

• �The fact that it allows us to include information on the state 
of the soil (compact and hard soil, deep alluvial deposits, 
and shallow alluvial deposits).

• �Using the magnitude scale (Ms), magnitudes are included 
in the interval [4.6 to 6.8] and up to distances of 100 km 
(Sabetta and Pugliese, 1996).

	 	 (2)

with:
a,b,c = �constant parameters, where a=0.133, b=0.328 and  

c = -1; 
M = �magnitude; R= epicentral distance [in Km]; = standard 

deviation;	
h = �pseudo depth at the hypocenter [in m]; it is obtained by 

a fitting process and results from various effects such 
as motion near the source and directivity (Joyner and 
Boore, 1981); 

y = �motion parameter (pseudo velocity (m.s-1)); 

e1, e2 = �constant parameters where e1 = 0.262 and, e2 =0.096;
S1, S2 = �coefficients of the site classification (see Tab. 1).

Tab .1 Coefficients of the site classification

Site classification Shear velocity Vs (m/s) S1 S2

Compact and hard soil Vs ≥ 750 0 0

Deep alluvial deposits 360 ≤ Vs ≤ 750 1 0

Shallow alluvial deposits 180 ≤ Vs ≤ 360 0 1

2.2 Database collection of synthetic signals

As the realization of a database of natural earthquakes is a 
sensitive issue, it was decided to create a database of artificial 
seismic signals generated by a synthetic method.

2.3 The calculation code

A code developed by Sabetta and Pugliese in 1996 was used 
to generate the synthetic signals. It is based on the stochastic 
method; its principle is to build the spectrogram of the simulated 
signals by analogy with the spectrograms of a natural database.

An existing code was adapted in order to generate synthetic 
motions, which are considered as signal inputs for structural 
seismic analysis. Further details about the operational procedure 
for this synthetic generation can be found in the technical note 
DEI/SARG/2005-035 (Rey and Berge, 2005). 

a-Northridge-01 earthquake record	 b-�Cumulative absolute velocity of the Northridge- 01 earthquake 
record

Fig. 1  Example of the cumulative absolute velocity of the Northridge-01 earthquake record (Anastasios and Elias, 2018).
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2.4 Matlab procedure

In this article, we present an overview of the Matlab procedure 
followed (Matlab, 2019). The difficulty in understanding 
this procedure is related to the fact that the numerical data are 
extremely numerous and that some classification logic must 
therefore be kept in mind (Fig. 2).

The program gathers all the procedures and permits, with 
seven magnitudes for three classes of soils and an epicentral 
distance, which varies from 0 to 100 Km with a step of 05 Km, to 
obtain a database of artificial earthquakes of 693 accelerograms.

3 NON-LINEAR STATIC ANALYSIS (PUSHOVER) 

A static analysis conducted by progressive monotonic loading 
(Pushover) has been adopted in order to study the structural 
response (Melina et al., 2015), i.e., the top lateral displacement 
according to the shear effort at structure’s base (ATC 40, 1996; 
Chopra and Goel, 1999), whereas the constitutive materials are 
considered as having non-linear behavior (Lenza et al., 2017).

The static pushover procedure has been widely presented, 
developed, and investigated over the past forty years (Saiidi and 
Sozen, 1981; Fajfar, 1999).

This method is also described and recommended as a tool for 
design and assessment purposes by the U.S. National Earthquake 
Hazard Reduction Program (NEHRP) (FEMA 273,1997) 
guidelines, and ASCE 7-16 (ASCE, 2017) for the seismic 
rehabilitation of existing buildings.

Moreover, the technique is accepted by the Structural Engineer’s 
Association of California (SEAOC) (Rey and Berge, 2005), among 
other analytic procedures with various levels of complexity. 

This procedure has been selected for its applicability to 
performance-based seismic design approaches, as it can be used 
at different design levels to verify the performance targets. 

Plastic mechanisms and hinges (Fig. 3), as well as plastic 
adaptation and local damage, can be considered as described in 
the FEMA 273 guidance document (FEMA 273,1997) and the 
ACI 318-95 standard (ACI, 1995). 

. 
Fig. 3 Idealized non-linear behavior of beams and columns (FEMA 
273, 1997).

The idealized bi-linear structural behavior described in Fig. 3 
starts with the elastic part (branch AB) followed by the branch 
“BC”, the slope values of which typically range within the interval 

Fig. 2 Structure of the Matlab procedure followed

Fig. 4 Horizontal layouts, structural components
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0 up to 10% of the initial elastic slope, while ignoring the effects 
of the gravity loads acting through the lateral displacements. 

Point C expresses the maximal carrying capacity of the 
component, beyond which a significant degradation in strength 
begins. The parameters ‘a’ and ‘b’ refer to the post-yield behavior 
phases, whereas ‘c’ expresses the residual bearing capacity in the 
“CD” branch prior to rupture (FEMA 273,1997).

4  SELECTION OF CASES STUDIED

Typical typologies of some existing Algerian RCF buildings 
have been selected as the study cases, i.e., 6-storey model buildings 
(SM_i) with a 3.06 m height (a total height of 18.36 m). The 
horizontal layouts and cross-sections of the structural components 
are detailed in Fig. 4 and Tab. 2 respectively. The properties and 
the behavioral law of the concrete and the reinforcement of the 
elements are detailed in Tab. 3 and Fig. 5 respectively. They were 
chosen so that they cover the whole range of expected ductility 
and semi-ductile behavior.

Tab .2 Cross-sections and reinforcements

Structural 
models  

Cross-sections (cm²)

Columns
Beams

Principal Secondary

SM_1 30 x 30 30 x 35 25 x 30

SM_2 35 x 35 30 x 35 25 x 30

SM_3 30 x 30 25 x 30 25 x 30

SM_4 35 x 35 25 x 30 25 x 30

SM_5 30 x 30 30 x 35 25 x 30

SM_6 35 x 35 30 x 35 25 x 30

Reinforcements 8HA12 
(9.05 cm²)

6HA12
 (6.79 cm²)

6HA12
(6.79 cm²)

Tab .3 Properties of the materials

Concrete Reinforcement

Compression 
stress (MPa)

Elasticity module 
(MPa)

Elasticity module 
(MPa)

Elastic lim-
it (MPa)

25 32164 200000 400

4.1 Data assumed for the structures studied 

The six RCF buildings studied have the same plan views. The 
total dead and live loads on the floor slabs are assumed to be 5.1 
and 2.5 kN/m2, respectively; for the roof slab, they are assumed to 
be 5.8 and 1.0 kN/m2. The frames were designed according to re-
inforced concrete code BAEL 91 (BAEL, 1992) and the Algerian 
seismic code RPA99/version2003 (RPA99, 2003), with the fol-
lowing parameters: zone of high seismicity: zone III, importance 
class group 2, soil type S3 (soft soil), quality factor Q=1, and vis-
cous damping ration ξ=7 %. The analysis will be performed for 
the zone acceleration factor A=0.25. A seismic behavior factor of 
R=5 was taken into consideration for RCF without any masonry 
infill.

4.2 Modeling approach for the inelastic analyses

The analyses were performed using the ETABS program 
(ETABS 18, 2019), which is a general-purpose structural analysis 
program for static nonlinear analyses of structures. In this 
study, the ETABS nonlinear version 18 has been used. A three-
dimensional model of each frame structure was created to carry 
out the nonlinear static analyses. The beam and column elements 
were modeled as nonlinear frame elements with lumped plasticity 
by defining plastic hinges at both ends of the beams and columns, 
where the bilinear moment rotation relationships were assigned 
(ATC-72-1, 2010). 

4.3 Analysis of the pushover results 

The pushover analysis consisted of applying monotonically 
increasing, constant shape lateral load distributions to the structure 
under consideration. The frame model can be either 2D or 3D. 
The nonlinear pushover procedure in Eurocode 8 (Eurocode 8, 
2003) follows the approach developed by Fajfar (Fajfar, 1999). It 
considers two load distributions, i.e., a uniform distribution and a 
modal load distribution. 

The two load distributions are shown in Fig. 6. The lateral 
load distributions applied were increased, and the response was 
plotted in terms of the base shear versus the top displacement. 
This is the so-called pushover curve (see Fig. 6).

The pushover curve was then transformed into the response 
of an equivalent single degree of freedom system (SDOF) (see 
Fig. 7).

Fig. 5 Stress-strain curve of the reinforcement and concrete
a-Concrete b- Reinforcement 
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The capacity curves are classical shear force displacement 
representations, whereas the spectral capacity curve is derived by 
applying multipliers (α1 / w) and 1/(Pf1.φ1s) to the shear force V [in 
KN] and the lateral displacement δ [in m] respectively. Whereas  
α1 is the mass modal coefficient, Pf1 is the first mode participation 
factor, and φ1s is the top amplitude (Sang et al., 2014; Fawad, 
2018).

4.4 Bilinear representation of the capacity curve

The bilinear representation (Fig. 8) of the capacity curve 
allows us to calculate the elastic and ultimate limits in terms of 
the acceleration and spectral displacement for arriving at the 
ductility ratio µ. This defines the ratio between the ultimate lateral 
displacement and the yield (elastic) lateral displacement.

The equivalent bilinear curve is based on an energy 
equivalence criterion. For the maximum displacement value Sdu, 
the area under the capacity diagram must be equal to that under 
the bilinear curve; in other words, the areas Ω1 and Ω2 are equal 
(João and Estêvão, 2019). 

In Fig. 8, Say and Sdy represent the spectral acceleration and 
spectral displacement respectively, there by corresponding to the 
elastic limit (Neeva and Ningthoukhongjam, 2021).

Fig. 6 Load distributions for the pushover analysis according to Eurocode 8 and the pushover response curves

Fig. 8 Bilinear representation of the capacity curve

Fig. 7 Transformation of the pushover curve into the SDOF response

Fig. 9 Pushover analysis results for the 6 buildings studied.
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The pushover analysis was applied to the structures adopted as 
study cases (Tab. 4 and Fig. 9), as described above. The ductility 
factors obtained (Giuseppe et al.,2004; Chikh et al., 2017) are 
summarized in Tab. 4.

Tab. 4 Pushover analysis and ductility results for the 6 buildings 
studied

Structural models Sd (m) Sa (m/s²)
 

SM_1

0 0

4.970.03 0.42

0.149 0.65

SM_2

0 0

5.030.031 0.48

0.156 0.672

SM_3

0 0

6.080.025 0.36

0.152 0.589

SM_4

0 0

6.120.025 0.41

0.153 0.656

SM_5

0 0

6.380.024 0.392

0.153 0.592

SM_6

0 0

6.740.023 0.38

0.155 0.689

5 PERFORMANCE POINT 

The capacity spectrum method, which is widely adopted 
and known as acceleration, displacement, and response spectra 
(ADRS), was used to identify the performance point (Golafshar 
et al., 2020; Amin et al., 2020). It requires that both the demand 
curve and capacity curve have spectral representations, see Figs. 
10 and 11. 

The seismic demand curve (Fig. 10) was established with a 
linear elastic response spectrum (Tiziana et al., 2016; Amin et 
al., 2020). This spectrum was then transformed into an inelastic 
demand curve, i.e., the so-called reduced spectrum by adopting 
a damping ratio assumed to be equal to 5% (FEMA 440, 2004). 
The intersection between the capacity and the demand spectra 
(Fig. 11) defines the performance point.

6 �EFFECT OF THE CUMULATIVE ABSOLUTE 
VELOCITY (CAV) ON THE PERFORMANCE 
POINT

The effects of the CAV on the performance point for 
various soil categories (180 ≤ VS ≤ 360 , 360 ≤ VS ≤ 750 and 
Vs ≥ 750 m / s (where Vs is the wave velocity, see Tab. 1); was 
investigated (Fig. 15).

The correlation between the CAV and the spectral displacement 
Sd is slightly influenced by the ultimate spectral displacement value 
(Sdu). However, it is also greatly affected by the soil parameters (see 
Fig. 15). 

The scattering (variability) actually depends on the wave 
velocity Vs: the larger the velocity, the lower the scattering.

It is therefore challenging to develop a theoretical relationship 
between the CAV and the spectral displacement at the design 
point. The results obtained show that the point cloud obtained was 
approximated by two functions: the first describes the ascending 
branch, which is similar to the power function, and the second 
branch is described by a linear function (an asymptote).

Fig. 10 Spectral representation of the artificial demand curve.

Fig. 11	 Determination of the performance point.
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6.1 �A theoretical relationship between CAV and Sd at 
the performance point

According to the results observed (Fig. 15), the most adequate 
relationship seems to be of the general form  (see Fig. 12) at its 
ascending branch, where X is the decimal logarithm of CAV and 
whereas Y is the spectral displacement at the performance point, 
‘a’ and ‘b’ being the fitting parameters (Figs. 13 and 14).

6.2 �Theoretical (fitted) model and correlation 
between CAV and Sd

The optimal fitting corresponds to the parameters obtained by:

	 	 (3)

	 	 (4)

The corresponding linear correlation coefficient between 
CAV and Sd then becomes:

	 	(5)

In equations 3,4, and 5, ‘Ln’ is the niparian logarithm.

6.3 �Theoretical models to predict the spectral 
displacement Sd at the performance point vs. CAV

The best fitted theoretical models that predict the spectral 
displacement Sd at the performance point according to the ductility 
and the CAV, as well as the threshold CAVse, are summarized in 
Tabs. 5 to 7, where CAVse is the transition point of the ascending 
branch and the line defined by the ultimate displacement of the 
structure.

6.4 Fitted models and results observed: Sd vs. CAV

The fitted theoretical models ‘’Spectral displacement Sd at the 
performance point’’vs. “CAV’’ in Fig. 15 show that these (CAV-Sd) 
are highly correlated with coefficient R ranging from:

• �0.95 up to 0.96 for compact soil (Vs>750 m/s);
• 0.92 up to 0.98 for shallow and deep alluvial deposits.

Fig. 12 General relation between the performance point (spectral 
displacement) and the CAV.

Fig. 13 Effect of the soil category on the fitting parameters  
(b coefficient).

Fig. 14 Effect of the soil category on the fitting parameters (a 
coefficient).

Soil category Best fitted relationship
Correlation  

coefficient ‘R’

Compact and hard soil
Sd=0.0029 

log10(CAV)+0.066 
0.96

Shallow alluvial deposits Sd=0.0426 log10 
(CAV)+1.0028 0.96

Deep alluvial deposits Sd=0.0154 log10 
(CAV)+1.2174 0.96

Soil category Best fitted relationship
Correlation 

coefficient ‘R’

Compact and hard soil
Sd=0.0029 

log10(CAV)+0.066 
0.96

Shallow alluvial deposits
Sd=0.0011 

log10(CAV)+0.059 
0.97

Deep alluvial deposits
Sd=0.0019 

log10(CAV)+0.061 
0.97
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Tab .5 Relationship of the spectral displacement Sd at the 
performance point vs. CAV: case of deep alluvial deposits 

Deep alluvial deposits (180 ≤ Vs≤ 360 m/s) Ductility (µ) CAVse

4.97 1.888

5.03 1.971

6.08 1.926

6.12 1.971

6.38 1.926

6.74 1.971

Tab .6	 Relationship of the spectral displacement Sd at the 
performance point vs. CAV: case of shallow alluvial deposits

Deep alluvial deposits (180 ≤ Vs≤ 750 m/s) Ductility (µ) CAVse

4.97 2.0482

5.3 2.0482

6.8 2.0482

6.12 2.0482

6.38 2.0482

6.74 2.0482

Fig. 15 Theoretical and observed results: Sd vs. CAV.
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Tab .7 Relationship of the spectral displacement Sd at the 
performance point vs. CAV: Case of compact and hard soil

Compact and hard soil (Vs≤ 750 m/s) Ductility (µ) CAVse

4.97 1.599

5.03 1.682

6.08 1.599

6.12 1.599

6.38 1.599

6.74 1.599

In order to confirm the correlation coefficients R and to 
ensure that the residues follow a normal distribution, a residual 
normality test was carried out on the whole model. The residuals 
were calculated at the point of performance as follows (Fig. 16):

	 ε = Sd,model -Sd,simulation	 (6)

The results of the variation of the residuals are shown in Fig. 
16, and the maximum and minimum residuals are shown in Figs. 
17 and 18.

The results presented in Tabs. 8 and 9 show that there are not 
too many values outside the interval [(Mean - 2σ): (Mean + 2σ)], 
where σ is the standard deviation (see Fig. 16), except for the 

Fig. 16 Variation of residuals at the performance point according to the CAV

Fig. 17 Variation of residuals at the performance point according to 
the CAV.

Fig. 18 Maximum residuals at the performance point: effect of the 
ductility.
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SM_1 model. The difference between the mean value and the 
median value must be small; the observed values range from 0.01 
to 0.03. It can also be noted that the distribution is symmetrical 
with the coefficients lying between 0.35 and 0.94, except for 
the SM_1. Through these test results (a normality test), it can 
be concluded that the proposed models are quite suitable for 
structural ductilities having values higher than 5.00.

7 CONCLUSION 

This study has proposed a theoretical relationship between the 
CAV and the structural performance point (Sd). The case studies 
represent the existing structural typology in Algeria (reinforced 
concrete frame structures).

This typology of structure is taken into consideration in 
the present work through its ductility, which is defined by the 
ratio between the ultimate and elastic displacement. In order to 
study this typical and dominant typology in Algeria, six classes 
of ductility were tested numerically, and the capacity curve that 
reflects their behaviors was established.

In order to find a correlation between the seismic demand 
and the performance point, the collection of a natural earthquake 
database is not easy, particularly in the case of Algeria. An 
artificial earthquake database was created to remedy this lack 
based on existing mathematical models of seismic attenuation.

The results of the correlation thus obtained show the great 
influence of the ascending branch and the singular point for which 
the structural behavior reaches its asymptotic horizontal part 
defined by the ultimate displacement of each structural model.

The proposed models, which were obtained after adequate 
fitting, and the observed Sd vs. CAV results, are slightly influenced 
by the ultimate displacement of the structures, but are strongly 
influenced by the soil variability (shear velocity ‘Vs’) and the 
structural ductility. The correlation coefficient corresponding to 
the three categories of soils considered is between 0.92 and 0.98.

The models developed in this study allow us to obtain the 
point of performance of a specific structure by knowing its 
ductility at a given site (soil) and its shear velocity Vs. For an 
earthquake characterized by CAV, these models will be of great 
importance in a study of the large-scale vulnerability of an urban 
area subject to a lack of natural seismic data.
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Tab .8 Normality test parameters

Structural models Mean Standard deviation (σ) Mean - 2σ Mean + 2σ Abnormal headcount (lower) Abnormal headcount (upper)
SM_1 0.003 0.010 -0.016 0.023 8 19

SM_2 0.002 0.011 -0.019 0.024 9 21

SM_3 0.003 0.011 -0.020 0.026 13 15

SM_4 0.002 0.009 -0.016 0.021 11 15

SM_5 0.002 0.011 -0.020 0.025 15 14

SM_6 0.001 0.011 -0.020 0.022 12 10

Tab .9	 Normality test parameters and interpretation

Structural models Outsized proportion Values Asymmetry Flattening

SM_1

There are not too many  
non-standard

0.07
1.07 2.04

The distribution is not symmetrical The curve is pointed

SM_2 0.08
0.94 2.69

Correct The curve is pointed

SM_3 0.08
0.39 2.28

Correct The curve is pointed

SM_4 0.07
0.50 2.85

Correct The curve is pointed

SM_5 0.08
0.37 2.04

Correct The curve is pointed

SM_6 0.06
0.35 2.19

Correct The curve is pointed
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Abstract

Pakistan’s agricultural economy is reliant on the Indus River’s irriga-
tion system, which is fed by the water coming from the great Himala-
yas-Karakoram Glacier Mountains. Because of hilly terrain areas, the 
climatic variations have an intense effect on the river flow, especially 
during the winter and monsoon months. Consequently, significant 
variations, which are observed annually, result in flooding situations in 
the monsoon months and reduced flows in the winter season. Thou-
sands of people have lost their lives and massive property destruction 
has taken place due to disastrous floods that occurred during 2010 
and 2016. Past studies have focused on proper water resources and the 
management of extreme events such as floods and droughts; however, 
modelling and forecasting based on the various climatic factors and 
stochastic variations are rare. This paper attempts to forecast Indus 
River flows using multiple linear regression (MLR), the stochastic time 
series, the seasonal autoregressive integrated moving average (SARI-
MA), and its reduced heteroscedasticity model, i.e., SARIMA-GARCH 
(generalized autoregressive conditional heteroscedasticity) methods at 
the Kalabagh station. The results show that MLR is best over the short-
term; SARIMA is better over the long-term, and SARIMA-GARCH may be 
superior for a very long-term forecast. 
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1 INTRODUCTION

The Indus is the world’s twenty-first largest river in its annual 
flow, and it is the longest river in Pakistan (Fowler and Archer, 
2005) with a total drainage area of 605×105 km2 (Hassan and 
Ansari, 2010). It passes through the great Himalayan-Karakoram 
Glacier, a mountainous region of China, India and the hilly Upper 
Indus basin (it contains 13% of Pakistan’s 13,680 km2 total 
glacier cover). It further goes in a southerly direction and finally 
drains into the Arabian Sea (Fowler and Archer, 2005; Shakir et 
al., 2010; Khalid et al., 2013). Because of the complex terrain’s 
glaciered area, the climatic variations have an intense impact on 
the river flow, especially during the winter and monsoon months 
(Shakir et al., 2010). During the monsoon period, the Indus 

River experiences flooding situations, while in the winter season, 
the flow shrinks greatly. Sometimes, the floods are disastrous, 
leading to the death of thousands of people and the destruction of 
millions of hectares of croplands and built-up areas. Some major 
catastrophic floods occurred between 2010 and 2016 in Pakistan.

The water resources (Kiem et al., 2016) and hydrology of the 
Indus River is significantly influenced by climatic parameters 
such as the precipitation, temperature, humidity, and wind speed. 
Predicted climate change may result in the possibility of extreme 
events (Thevakaran et al., 2019) such as droughts and floods, 
which may disturb the usual distribution of water resources (Khan, 
2001). All these features of the Indus River make it difficult to 
analyse its dynamics, particularly in view of possible climate 
change (Hassan and Ansari, 2015; 2010). An investigation of the 
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river dynamics along with the precise modelling and forecasting 
of its stream flow is very important, especially for the management 
of extreme events and the optimal design of water storage 
structures. Predicting future flow rates and the related availability 
of water in the Indus River needs a proper investigation of the 
relationship between hydrological processes and climate change. 
Ahmad et al. (1993) used time series modelling of the Indus 
River’s annual maximum flow at the Sukkur station. Eldaw et 
al. (2003 and the references therein) utilised the principle of 
component analysis based on multiple linear regression (MLR) 
models for forecasting the flow of the Nile River. Kwon et al. 
(2009) developed a predictive model based on the hierarchical 
Bayesian technique to forecast the annual maximum and seasonal 
flows of the Yangtze River in China. Moreover, Al-Masudi 
(2011) obtained a forecasting model for the Dokan reservoir 
inflow in Iraq using ARIMA models. Some researchers (Khatibi 
et al., 2014; Adenan et al., 2014; Hassan and Ansari, 2010) use 
nonlinear prediction (NLP) methods for river flow predictions. 
The NLP method is a data-driven technique based on embedding 
flow data with suitable time delays. Hassan and Ansari (2010) 
compared the seasonal autoregressive integrated moving average 
(SARIMA) model and the nonlinear prediction (NLP) method to 
predict the monthly flow of the Indus River at the Tarbela station 
and found that the NLP forecasting was better than SARIMA. The 
NLP results were favourable due to the existence of the possible 
nonlinearity in the river flow at the Tarbela station. Moreover, the 
GARCH model provides a suitable framework to encompass the 
possible nonlinear behaviour of the second order moment (due to 
the effect of the exogenous variables) of a hydrological time series 
(Modarres and Ouarda, 2013a). This paper introduces SARIMA–
GARCH modeling methods based on the possible Autoregressive 
conditional heteroscedasticity (ARCH) effect indicated in the 
residuals of the SARIMA method. 

Furthermore, to improve the understanding of the local 
climate on the Indus River flow at the Kalabagh station, this 
study also analyses a stepwise technique based on the MLR 
method. This paper conclusively analyses and compares the 
SARIMA, SARIMA–GARCH and MLR methods to forecast 
the Indus River flow at the Kalabagh station. The results are 
very promising when using all three methods; additionally, 
the indication of nonlinearity of the second order moment in 
the residual of SARIMA is eliminated using the SARIMA–
GARCH model. However, the SARIMA–GARCH forecasts are 
not a more successful improvement than the SARIMA method. 
Nevertheless, when comparing the forecast with different time 
spans, the SARIMA-GARCH outcomes have the unique feature 
of increasing with higher rates. The study is divided into different 
sections: Section 2 explains the data description and methodology 
concerning the modelling procedure and forecasting performance 
of the MLR, SARIMA and SARIMA–GARCH models. Section 3 
shows the results and discussion, whereas, section 4 provides the 
conclusion of the study.

2 METHODOLOGY

The mean monthly river flow data of the Indus River at the 
Kalabagh station (from January 1976 to December 2013; i.e., 38 
years; 456 data points), and the temperature and monthly total 
rainfall data of six (6) different meteorological stations (Sialkot, 
Murree, Chitral, Lahore, Balakot and Kotli) of the same time 

frame are considered for this study (Fig. 1). The first 360 data 
points (Jan., 1976 to Dec., 2005) are used for estimating the 
parameters, and the remaining 96 (Jan., 2006 to Dec., 2013) are 
used for a comparison of the forecasts. The seasonal plots show 
the summer peaks (Jun.-Aug.) of the river’s flow (Figure 2a) and 
the temperature (Figure 2b). The seasonal plot of the rainfall 
(Figure 2c) represents the two major sources, i.e., the summer 
monsoon and winter (Dec.-to-Feb.) (Jamil and Khan, 2012).

Tab. 1 Correlation between mean Monthly River flow at Kalabagh 
station with Rainfall and Temperature of the selected cities shows a 
stronger correlation with the temperature than the rainfall (1976-2013)

Correlation 
coefficient Kotli Lahore Murree Sialkot Chitral Balakot

Rainfall/Flow 0.600 0.669 0.563 0.679 -0.402 0.522
P-Values 0.000 0.000 0.000 0.000 0.000 0.000

Temp /Flow 0.737 0.718 0.742 0.728 0.852 0.789
P-Values 0.000 0.000 0.000 0.000 0.000 0.000

2.1 MLR Modelling method 

The Pearson correlation is initially analysed to find the 
linear relationship between the climate and hydrological data 
series (Naheed et al., 2013). Table 1 shows a significant positive 
correlation between the rainfall and river flow of five cities 
(Kotli, Lahore, Murree, Sialkot and Balakot) and the negative 
correlation (-0.402) between the rainfall and river flow of the 
Chitral. The significant positive correlation of the five cities 
shows the strong seasonal impact of the rainfall on the river 
flow (Table 1), whereas, the negative values appeared because 
Chitral only has a winter rainfall season (Figure 2c), and the 
monsoon depression does not reach it because it is far away from 
the conventional (historical) monsoon depression tracks (Hassan 
and Ansari, 2015). Despite the low inverse relation of the Chitral 
rainfall, its temperature shows a maximum correlation (0.852) 
with the river flow, because both have the same annual seasonal 
variations (Figures 2a and 2b). Furthermore, the temperature 
data of all the cities were found to have a significant positive 
correlation with the river flow; (Table 1) shows a strong impact. 
These interdependent relations can be modelled using the MLR 
method for the Indus River flow at the Kalabagh station. This 
suggested model will be helpful for forecasting future extreme 
events such as floods and droughts.

Fig. 1 Study Area
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The MLR can be expressed as
	 Yt = b0 + b1X1,t + b2X2,t +  . . . +  bkXk,t + εt ,	 (1)

where Xi,ts are the predictors; the bi’s are their coefficients; and Yt 
is the prediction (Indus River flows). The regression coefficients are 
determined by using the least squares estimation method. In the pres-
ence of large independent variables, the stepwise regression method 
(Markridakis et al. 2008) is employed to compute the possibly sig-
nificant models (Eq. 1) of the leading variables using the step for-
ward technique. In this procedure, the predictor was removed from 
the equation when its coefficient had a low significant (p-values < 
5%) value (Eldaw et al., 2003; Hamza & Hassan, 2015). Accordingly, 
only four MLR models (Table 2) have been selected and represented:

Model MLR-1:

	 	 (2)

Model MLR-2: 

	 	 (3)

Model MLR-3:
	 	 (4)

Model MLR-4:
	 	 (5)

where Qi shows the ith monthly amount of flow at the Kalabagh sta-
tion; whereas, RSialkot, RMurree, and RBalakot represent rainfall; and TChi-

tral, TLahore, TBalakot and TKotli denote the temperature of the cities men-
tioned in each subscript. For the estimation of the parameters of Eqs. 
2 to 5, the Eviews-6 software was used. To select the best model, 
the R-squared, Adj. R-squared, Durbin-Watson (DW), Akaike infor-
mation, and Schwartz criterion measures (Table 2) were employed 
(Hassan and Ansari, 2010). Moreover, Table 2 reveals that the DW 
statistics are insignificant (i.e., DW << 2) because some significant 
initial lag values appear in the autocorrelation graph of the residuals 
(Figure 3). This indicates that some time-varying information stays 
in the error terms that can prevent obtaining better MLR forecasts. In 
other words, the river flow actually relies on many independent vari-
ables having different intrinsic time series variation patterns that may 
not collectively explain the predicted data form. Furthermore, based 
on the above stated criteria (Table 2), MLR-1 is the best relative to 
the other models selected.

Tab. 2 Selection criterion based on predictive accuracy of the 
proposed MLR-1 to MLR-4 models (Eq. 3 to 6) 

MLR 
Proposed 
Models

R-squared Adjusted 
R-squared

Durbin-Watson 
statistics

Akaike 
information 

criterion

MLR-1 0.84509 0.842009 1.324634 16.63607

MLR-2 0.841976 0.839744 1.341582 16.64486

MLR-3 0.838173 0.83635 1.324408 16.66309

MLR-4 0.826199 0.824735 1.333089 16.72891

Fig. 2 Seasonal pattern plot (Jan.1976-Dec.2013) (a) River Flow at 
Kalabagh station, different cities (b) Temperature and (c) rainfall  

(a)

(b)

(c)

Fig. 3 Residual correlograms of MLR-1 model (a) ACF  
and (b) PACF
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2.2 Stochastic time series method

The general multiplicative seasonal ARIMA (SARIMA) 
model of the Box & Jenkins (1994) methodology (Box & Jenkins 
1994; Hamza & Hassan, 2015) is used in this paper. The SARIMA 
model (p, d, q)×(P,D,Q)s  is described as:

	 фp(B)∇dΦP (B
s)∇s

DYt = θq(B) ΘQ(Bs) εt	 (6)

where Yt is the observed outflow (m3/sec.); εt is the white noise pro-
cess, and фp (B), θq(B)  are the polynomials in B of order p and q 
of the autoregressive and moving average parameters, respectively. 
Similarly, ΦP(Bs) and ΘQ(Bs) are the polynomials in Bs of the seasonal 
autoregressive and moving average parameters, respectively. The D 
and d are the seasonal and non-seasonal order of differencing, respec-
tively, whereas, S is the seasonal number (e.g. 12 for the monthly 
data). The polynomials in Eq. 6 are further defined as:

	 фp (B) = (1-ф1B- ф2B
2-…- фpB

p)	 (7)

	 ΦP(Bs) = (1-Φ1B
s-Φ2B

2s-…-ΦP B
ps)	 (8)

	 θq(B) = (1-θ1B-θ2B
2-…-θqB

q)	 (9)

	 ΘQ(Bs) = (1-Θ1B
s-Θ2B

2s -…-ΘQBQs)	 (10)

where, B is the backward shift operator such that BYt  = Yt-1, and  
BsYt  = Yt-s. The difference operators ∇ are such that ∇=1-B, ∇d= (1-B)
d and ∇ s

D = (1-Bs)D. The selection of a suitable model in the time series 
method follows three steps, i.e., identification, parameter estimation, 
and diagnostic checking (Box and Jinken, 1994; Ahmad et al., 1993; 
Hassan and Ansari, 2010); finally, it helps to forecast the future values.

2.2.1 SARIMA modelling procedure

The observed time series plot shows the main features such as 
the seasonality, trends, outliers and discontinuities (Al-Masudi, 
2011). The seasonal low and high flows of the winter and summer, 
respectively, can be clearly observed within each annual cycle of 
the time series plot (Figure 4; all 456 data points). The river starts 
rising from April to June and declines to a recession flow level 
from October to March. To identify the proper structure and order 
of the proposed model, the ACF and PACF plots must be analysed 
(Hassan & Ansari, 2010; Al-Masudi, 2011). The ACF and PACF 
plots in Figures 5a and 5b show some significant spikes in the 
initial lags with a prominent annual seasonal pattern. These spikes 
of the ACF and PACF plots (Figures 5a & 5b) help to select the 
order of the MA and AR components of the proposed SARIMA 
models, respectively. These analyses suggested five SARIMA 
models, i.e., (1,0,0)×(1,0,1)12, (0,0,1)×(1,0,1)12, (0,0,2)×(1,0,1)12, 
(0,0,2)×(1,0,0)12 and (2,0,0)×(0,0,1)12  (Table 3). The most suitable 

among these include the best values of the R-squared, Schwarz 
criterion (Schwarz, 1978), the DW statistic (Markridakis et al., 
2008), and the Akaike information criterion (Akaike, 1974) along 
with significant (p-value < 0.05) parameters coefficient values 
(estimated from the Eviews-6 software: Table 3). This procedure 
proposes the SARIMA (1,0,0)×(1,0,1)12 model (Table 3) as the 
best among the five; it is defined as:

	 (1- ф1B) (1- Φ1B
12) Yt = (1+Θ1B

12) εt 	 (12)

Moreover, the residuals left over after the fitting of a good 
model should simply be white noise that represents no significant 
serial correlative (ACF and PACF) values (Figure 5) (Markridakis 
et al., 2008). Hence the suggested model can be considered as 
appropriate for forecasting.

Fig. 4 Time series plot of Indus River flow at Kalabagh station 
(Jan.1976-Dec.2013).

Fig. 5 Indus River flow at Kalabagh station correlograms 
(Jan.1976-Dec.2005), (a) ACF and (b) PACF

Tab. 3 Selection criterion based on prediction accuracy of the five SARIMA suggested models

SARIMA model
(p,d,q) × (P,D,Q)s

Model Equation R-squared Durbin-Watson 
statistics

Akaike information 
criterion

Schwarz 
criterion

(1,0,0) × (1,0,1)12 (1- ф1B) (1- Φ1B
12) Yt = (1- Θ1B

12) εt 0.880408 1.979665 16.33372 16.367

(0,0,2) × (1,0,1)12 (1- Φ1B
12) Yt=(1- θ1B- θ2B

2) (1- Θ1B
12) εt 0.880271 1.984737 16.34024 16.38452

(0,0,1) × (1,0,1)12 (1- Φ1B
12) Yt=(1- θ1B) (1- Θ1B

12) εt 0.879285 1.925292 16.3427 16.37591

(0,0,2) × (1,0,0)12 (1- Φ1B
12) Yt=(1- θ1B- θ2B

2) εt 0.818936 1.972186 16.74812 16.78133

(2,0,0) × (0,0,1)12 (1- ф1B- ф2B
2) Yt= (1- Θ1B

12) εt 0.695018 1.988721 17.2868 17.31932
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2.2.2  Hybrid SARIMA-GARCH methods

The existence of conditional or time-varying variances 
(volatility) in a univariate stochastic process is called 
heteroscedasticity, and if they are constant, then it is known as 
homoscedasticity (Wang, 2006; Modarres and Ouarda, 2013b). The 
autoregressive conditional heteroscedasticity (ARCH) model was 
introduced by Engle (1982); later, Bollerslev (1986) and Nelson 
(1991) extended it to their Generalized (GARCH) models. This 
method gives a suitable framework for focusing on the nonlinear 
behaviour of the second order moment of  a hydrological time series 
(Modarres and Ouarda, 2013a; Senaviratna et al., 2017; Agnolucci, 
2009; Sigauke and Chikobvu, 2011; Yaziz et al., 2013;  Pahlavani 
and Roshan, 2015, among others). Closely associated studies from 
the recent past include  Wang et al. (2005), Wang (2006), Otache 
et al. (2012), Wang et al. (2012),  and Modarres & Ouarda (2013a 
and 2013b); these writers investigated and applied different types of 
GARCH models in stream flow time series modelling.

The SARIMA–GARCH (V, M) model (Modarres and Ouarda, 
2013b) is one in which the variance of the error term of the 
SARIMA model follows a GARCH process. The hybridisation of 
the SARIMA and GARCH models is a two-step method (Pahlavani 
and Roshan, 2015). In the first step, in applying the best of the 
SARIMA models the residuals (errors) of the SARIMA may 
show adequate and, sometimes, time-dependent or conditional 
variances, which can be accommodated by utilizing a GARCH 
model (Yaziz et al., 2013; Modarres and Ouarda, 2013b; Sigauke 
and Chikobvu, 2011). In the second step, the best GARCH model 
is employed to incorporate the possible nonlinear patterns of the 
residuals (Yaziz et al., 2013; Sigauke and Chikobvu, 2011). 

The SARIMA error Ît said to follow a GARCH (V, M) process 
of orders V (ARCH) and M (GARCH) (Sigauke and Chikobvu, 
2011; Yaziz et al., 2013; Modarres and Ouarda, 2013b; Pahlavani 
and Roshan, 2015).

The error term εt of the SARIMA model (Eq. 6) can be written as:

	 	

where σt
2 is the conditional variance of the error term  ; αi and βi are 

the coefficients of the ARCH and GARCH parameters respectively. 
The εt–i

2 is the information about the volatility from the ith lag period and 
σt

2
– j is the jth lag period forecast error variance; zt is the standardized 

error term. The GARCH (V, M) part of the hybrid model describes the 
conditional variance, whereas, the conditional mean is explained by 
a SARIMA model (Modarres and Ouarda, 2013a; and 2013b).

In the SARIMA-GARCH modelling procedure, the ARCH-
LM Lagrange Multiplier test is applied to look for the existence 
of heteroscedasticity in the estimated errors of the SARIMA 
prediction. The results in Table 4 (last column: 0.0152) depict 
the presence of the ARCH effect (p-value < 0.05) in the series, 
which may reject the null hypothesis; Ho: No ARCH effect is in 
the residual, at the 5% level of significance. After trying many 
combinations, only the GARCH (1,1) model gives optimum and 
significant results. Accordingly, the SARIMA–GARCH model 
should be applied; then the residuals of this hybrid model should 
be checked using the ARCH-LM test. The probability of the 
observed R-squared (0.4353: Table 4) is greater than 0.05, which 
reveals that neither any heteroscedasticity nor further ARCH effect 
is found in this model at a 5% significance level. Therefore, the 
SARIMA–GARCH model is found to be reasonable to eliminate 
the persistent unpredictability of the SARIMA. However, there is 
no guarantee of a better performance of the SARIMA–GARCH 
model forecast, at least for this case study. The SARIMA-GARCH 
model would be a very useful addition to the local hydrological 
community and should be the topic of future research efforts to 
investigate/accommodate conditional variances in hydrological 
processes. The selection of the most appropriate model for 
forecasting between SARIMA (1,0,0)×(1,0,1)12 and SARIMA 
(1,0,0)×(1,0,1)12-GARCH (1,1) based on the R-squared, Durbin-
Watson, Akaike information, and Schwartz criterion (Table 5), 
suggests the SARIMA (1,0,0)×(1,0,1)12 model’s performance is 
the best. 

The forecasting procedure values are computed for the 
monthly data of 8 years (2006-2013) using the n step ahead 
method. To assess these values, the correlation coefficient (CC), 
mean absolute error (MAE), root mean squared error (RMSE), and 
mean absolute percentage error (MAPE) between the observed 
and forecasted values (Table 6) are analysed.

Tab. 4 Heteroscedasticity ARCH Test for: SARIMA (1,0,0) × (1,0,1)12 
Model.

F-statistic 5.954959 Prob. F(1,344) 0.0152
Obs*R-squared 5.887660 Prob. Chi-Square(1) 0.0152

SARIMA (1,0,0) × (1,0,1)12-GARCH (1,1) Model.

F-statistic 0.606158 Prob. F(1,344) 0.4368
Obs*R-squared 0.608610 Prob. Chi-Square(1) 0.4353

Tab. 6 Comparison of forecasting accuracies of SARIMA, SARIMA-GARCH and MLR models (Jan 2006-Dec 2013)

Model MAE RMSE MAPE CC

SARIMA (1,0,0) ×  (1,0,1)12 497.53 894.90 16.14 0.92

SARIMA(1,0,0) ×  (1,0,1) 12-GARCH(1,1) 625.11 1118.32 18.59 0.874

MLR-1 Model 657.50 1004.11 30.09 0.905

Tab. 5 Comparison of two selected models based on their predictive performance 

Model R-squared Durbin-Watson 
statistics

Akaike information 
criterion Schwarz criterion

SARIMA (1,0,0) × (1,0,1)12 0.880408 1.979665 16.33372 16.367

SARIMA (1,0,0) ×  (1,0,1)12-GARCH(1,1) 0.863396 1.976858 17.37731 17.44386
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3 RESULTS AND DISCUSSION

A comparison between the selected SARIMA and MLR models 
on the basis of the higher R-squared, close to 2 DW values (for the 
SARIMA only), and the lowest values of the Akaike and Schwarz 
criteria shows that the MLR-1 and SARIMA (1,0,0)×(1,0,1)12 
models are the best in each category (Tables 2 & 3). Moreover, only 
a few spikes appear in the ACF and PCAF plots of the residuals for 
the MLR and SARIMA (Figures 3 and 8), which may also confirm 
the best selection and adequacy of the models.

The forecasted and observed flow values of the MLR and 
SARIMA models have a very close agreement as is shown in the 
time series and scattered plots (Figures. 6, 7, 9a and 10 a & 10b). 
The higher CC value and smaller values of the MAE, RMSE and 
MAPE (Table 6) show a better degree of accuracy of the forecast. 
Furthermore, its suitability can be confirmed through a quantile–
quantile (QQ) plot (Figures, 11a and 11b); if the points fall 
approximately along a 45° sloping line, then the forecasted values 
and the observed flows are of the same distribution (Modarres and 
Ouarda, 2013a). The time series, scatter and QQ plots (Figures. 6, 

Fig. 6 Comparison of observed and SARIMA (1,0,0) × (1,0,1)12 
forecasted flow (Jan. 2006- Dec. 2013).

Fig. 8 Correlograms of SARIMA (1,0,0) × (1,0,1)12 residual (a) ACF and (b) PACF

Fig.  9 Comparison of observed (Jan.2006-Dec.2013) with (a) SARIMA and MLR forecasted flow and (b) SARIMA and SARIMA-GARCH

Fig. 7 Comparison of observed and MLR-1 forecasted flows 
(Jan.2006-Dec.2013)
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7, 9(a), 10a, 10b, 11a and11b) of the observed and forecasted 
flows, and the good values of the forecast indicators (Table 6) 
confirm the best performance of the SARIMA model.

The residuals of the SARIMA model may show adequate and, 
sometimes, conditional variances, which can be accommodated 
by utilizing a GARCH model. Some weak conditional hetero

scedasticity in the residuals of the SARIMA prediction can 
be found (Section 2.2.2; Table 4), and this can be removed by 
the best fitted SARIMA (1,0,0)×(1,0,1)12-GARCH(1,1) model 
(Table 4). Therefore, this model sufficiently compensates for 
the conditional variances of the river flow time series (Table 
4). However, the results from Table 6 and Figs. 9b, 10c and 
11c show no improvement in the forecast indicators of the 
SARIMA-GARCH model as compared to that of the SARIMA 
(1,0,0)×(1,0,1)12 model (Table 6). It can be therefore said that the 
SARIMA (1,0,0)×(1,0,1)12 is good for modelling and forecasting 
the river flow time series of the Indus.

It seems that the GARCH model is essential to remove the 
heteroscedasticity (or volatility) remaining in the residuals of 
the SARIMA (1,0,0)×(1,0,1)12 model. Additionally, Figure 12 
analyses the forecast performance among the three models using 
the CC relation for different time spans (1, 2, 3, 4, 5, 6, 7 and 
8 years). It shows that the MLR model is best for short-term 
forecasting because it has higher CC values in the first two years, 
whereas, the SARIMA results indicate that it is best for a long-term 
period (maximum of at least three years). Moreover, the relatively 
low CC values of the SARIMA-GARCH forecast exhibit a unique 
feature of the higher increasing rates of the CC values. This may 

Fig. 10 Scatter plot between observed and (a) MLR-1  (b) SARIMA and (c)  SARIMA-GARCH  forecasted flows

Fig. 11 QQ (quantile–quantile) plot between observed and (a) MLR-1  (b) SARIMA and  (c)  SARIMA-GARCH  forecasted flows Quantiles.

Fig. 12 Comparative analysis of the correlation coefficient (CC) of 
the different models forecasts
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suggest that for long or very long-term forecasting, it is best to 
remove the heteroscedasticity in the time series model, which 
may compromise the efficiency, if that is acceptable. 

4 CONCLUSIONS AND RECOMMENDATIONS

The exploration and forecasting of river flow dynamics are 
significant in the management of water resources. Therefore, this 
paper has analysed and forecasted Indus River flows by MLR, 
SARIMA and SARIMA-GARCH models at the Kalabagh station. 
The results illustrate the meaningful impact of the preferred 
climatic parameters on the river flows. Moreover, the residuals 
of the SARIMA model disclose the additional structure of 
heteroscedasticity; accordingly, the predictive SARIMA-GARCH 
model completely describes a higher degree of variability in 
river flow volatility. However, the SARIMA model has stronger 
explanatory power than the other two methods and is proposed as 

a good forecaster of the mean monthly flow of the Indus River. 
Nevertheless, the SARIMA-GARCH model could be a very 
useful addition to the local hydrological community and should 
be the topic of future research efforts to investigate/accommodate 
conditional variances in hydrological processes. It is expected to 
be the most suitable for a long-term consistent performer with a 
little compromise in the efficiency of the forecast.
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Abstract

Very large floating structures (VLFSs) have various applications, such as 
recreational applications, port facilities, etc. A surge in the population, 
the advantages of building floating structures compared to traditional 
methods of land extraction from the sea, and the development of con-
struction technologies, have led to engineers paying attention to very 
large floating structures. Bracing systems are capable of controlling 
and reducing the horizontal responses of a floating platform, but they 
have no major impact on its vertical responses. In the present study, the 
semi-floating platform was numerically designed to be least affected 
by the three factors of wave force, horizontal torsion, and horizontal dis-
placement. In order to optimize the design, the semi-floating platform 
was simulated  and subjected to the three wave directions with collision 
angles of 40, 45 and 55 degrees in the environmental conditions of the 
Caspian Sea and by exerting the wave effect in a Flow-3D model. Ex-
amination of the platform’s movements has demonstrated that the ar-
rangement of an eight-way restraint system with a 40-degree restraint 
angle responds better to the impact of waves and is more economical 
compared to other designs.
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1 INTRODUCTION

Very large floating structures (VLFSs) have always attracted 
the interest of architects, designers, urban planners, and engineers, 
because these structures, unlike those made with conventional 
construction methods, provide an environmentally friendly 
solution to creating land on water. Applications of very large 
floating structures include floating docks, floating hotels, floating 
fuel storage facilities, floating bridges, floating airports, and even 
floating cities; they have led to extensive research over the past two 
decades. VLFS structures can be divided into two general categories: 
1) Semi-floating VLFS structures, and 2) Floating VLFS structures. 
Since there are many types of VLFS structures, it is more useful to 
classify them spatially. From such a spatial perspective, two major 
groups of very large semi-submerged structures that can be named 
are: 1) Coastal VLFS and 2) Offshore VLFS. Fig. 1 Mega-Float structure, Gulf of Japan (https://web-japan.org/

atlas/technology/tec14.html(
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Between 1995 and 2001, a Mega-Float (experimental 1km 
floating runway) (Fig. 1) was designed and implemented in Tokyo 
Bay. Its performance was investigated in order to develop and 
examine the accuracy of VLFS technology for use in a floating 
airport. The findings of that study suggested that the use of VLFS 
technology in the construction of floating airports, including 
maintaining the radius of the curvature of the runway at a height 
of 10 km, is feasible.

The integrity of the positioning system is a key factor in the 
successful design of semi-floating structures. The positioning 
system of a floating structure can be either single-point bracing or 
extensive bracing. Another type of positioning system is dynamic 
positioning. Rashidi et al. (2015) focused on the following results: 
the mechanism of wave loading on a platform is such that when 
the wave length is equal to the distance between the columns, the 
induced force in the front and rear columns is in one direction, and 
the cumulative effect of these forces leads to a strong force in the 
direction of the surge. Ohmatsu (1998) focused on presenting an 
effective design for calculating the hydro-elastic response induced 
by a wave over a very large pontoon type floating structure that is 
close to a breakwater. 

The numerical computation method is the same as previously; 
it was prepared by the same author for a VLFS in free water 
(without a breakwater) (Parizadeh and Khanjani, 2017). The 
new method was developed in such a way that it encompassed 
the hydrodynamic interaction between the breakwater and the 
floating structure. Ali Karimi and Saeed Rahmanlou (2015), in 
a report issued by the Caspian Oil Company in the scientific-
promotional monthly Oil and Gas Exploration and Production 
No. 130, outlined the design and containment challenges in the 
deep waters of the Caspian Sea. In this report, in addition to 
introducing the specifications of the Amirkabir platform, the only 
semi-floating platform in Iran, they discussed how to anchor the 
platform, and how to determine the effect of environmental forces 
on the stability of the platform. In Ketabdari et al. (2018), the 
following items were highlighted: Apar is a floating platform 
used in deep and super- deep waters. In this paper, the effects of a 
restraint line alignment on the hydrodynamic response of a truss 
spar platform on a real scale were studied numerically using a 
dispersion theory. Wang and Tay (2011) conducted an extensive 
study with a focus on mega structures and considered their 
development. Watanabe et al. (2004) found that the construction 
of this type of structure is easy and rapid. VLFS structures can 
be easily developed. Moreover, these structures are not affected 
by vibrating waves, since their basements are originally isolated. 
Utsunomiya et al. (1998) developed an auxiliary overlap method 
for rigid body movements and floating plate bending modes. 
The semi-floating structure is held above the water surface using 
tubular columns or elements of balancing structures. These 
types of structures are used for turbulent and long-lasting sea 
conditions. In contrast, their floating types or pontoons remain on 
the surface of the water like a large plate, so the stability of the 
pontoon in different dimensions and the maximum load induced 
by the floating structure must be calculated. The equilibrium in a 
floating structure is realized when the output forces and anchors 
on the structure are zero. When the floating structure is tilted by 
an angle (a), the center of the float (b) will shift. As the mass is 
floating (Fig. 2), the intersection of the buoyancy force and the 
axis of symmetry is called the metacentre (M). It is clear that a 
rectifying torque occurs when the metacentre (M) is above the 
center of gravity (G). In other words, if the metacentre (M) is 

above the center of gravity (G), the structure is stable. The degree 
of stability depends on the distance between (M) and (G), which 
becomes the height of the metacenter (hm). As the height of the 
metacenter becomes greater, the more stable the structure and the 
lower the deflection angle of the structure that can be expected 
(Parizadeh and Khanjani, 2017).

In an equilibrium vessel, the torque generated by the eccentric 
force is equal to the rectifying torque. An off-center force deflects 
the structure until equilibrium is established. By calculating this 
value for different structures, their stability can be compared. 
The floating structure is usually held in place by bracing, 
vertical elongated tendons, dynamic position stabilization or a 
combination thereof.

In the present study, the modeling of  an installation platform 
with a different bracing arrangement has been done without the 
need for retaining pontoons. One of the distinctive aspects of this 
research is that it is a single deck, and it is balanced against wave 
forces. All the environmental forces, waves, water flow and wind 
have an insignificant impact on its operation.

In other words, symmetrical systems can maintain the position 
of the platform against environmental forces entering from 
different directions by using the symmetry and homogeneous 
distribution of lines in different directions. Indeed, all control 
of the vertical floating responses determines the dimensions 
and shape of the floating platform, and in order to reduce these 
responses, the platform should be optimized. Designing a suitable 
bracing system and a suitable layout pattern is one of the most 
important parts of designing a semi-floating platform.

2 MATERIAL AND METHODS

The FLOW-3D model is one of the most powerful models in 
the field of computational fluid dynamics; it was developed and 
supported by Flow Science. The FLOW-3D model features many 
physical patterns, including shallow water, viscosity, cavitation, 
turbulence, porous media, etc. This model is used in fields such 
as casting, process engineering, hydraulics, the environment, 
aerospace, marine science, oil, gas, etc. The Volume of Fluid 
(VOF) and Fraction Area Volume Obstacle Representation 
(FAVOR) methods are examples of non-volumetric methods.

In these methods, the region to be modeled is first divided 
into a network of smaller elements or volumes of controls. For 
fluid-containing elements, the numerical values for each of the 
flow variables such as pressure, temperature, and velocity are 
stored within them. These values usually represent the volumetric 
average of the values in each element. The great advantage of 
the VOF method is that the fluid flows through a fixed network, 
and there is no deformation or displacement of the network. The 

Fig. 2 Different metacentric states 



Slovak Journal of Civil Engineering

NUMERICAL STUDY ON THE EFFECT OF WATER WAVES AND DEPTHS ON INCLINED BRACES WITH...44

Vol. 30, 2022, No. 1, 42 – 48

FAVOR method is another volumetric technique that is used to 
determine the geometry. Just as the volumetric component of 
a fluid is adopted to determine the position of the fluid surface 
inside each grid cell, a quantitative component other than the 
volume can be used to determine the surface area of a rigid body.

2.1 �Governing equations for common fluid levels and 
free surfaces

In general, the fractions of area and volume in a Flow-3D 
model are independent of time. However, when it comes to the 
model of moving obstacles, these quantities may change over 
time. The fluid position is defined in terms of the volume of the 
fluid of the function (F (x, y, z, t)). This function represents the 
volume of fluid #1 per unit volume as the following equation:

	 	 (1)

Where:

	 	 (2)

In the Cartesian coordination system, R is equal to 1, and ξ is 
equal to zero, while in a spherical coordination, it is equal to 1. 
FSOR denotes the equation of mass continuity and the scatter of 
turbulence, and FAz is the flow cross section in the z direction in 
Cartesian coordinates (m3). F is the volume occupied by the fluid 
for the locations where F= 1.0, and the fluid and locations are 
F= 0 and a hole. VF is the fluid volume in the defined path (m3); 
υ is the symatic movement (m2/sec). u, v and w are the velocity 
parameters in the Cartesian direction, and T is the time (sec).

The diffusion coefficient is , where the CF coefficient 
is a constant, and its inverse is sometimes attributed to the 
Schmidt turbulence number. These scatter plots are used only to 
mix two turbulent fluids whose distribution inside the field cells 
is expressed by the F function. The term FSOR refers to the RSOR 
density source in the mass continuity equation. FSOR is equal to the 

time rate of the change of the fluid # 1 fraction, due to the mass 
source # 1.

2.2 �The Navier-Stokes Equations of the Mean Time 
Reynolds Averaged Navier Stokes (RANS)

The basis of the governing equations is the same for solving 
the turbulence and turbulent flows, and the continuity and Navier-
Stokes equations were adopted. The difference is that to solve the 
turbulent flow, the Navier-Stokes equations are averaged over 
time. To investigate the turbulent flow, it is best to first break down 
the momentary properties of the flow (for example, the velocity 
and pressure components) into an average and an oscillating value:

	 	 (3)

	 	 (4)

In the above relationships, the first parameters on the right 
side are the mean time values, and the second parameters are the 
oscillation values.

2.3 Model properties

Tab. 1 presents the geometric characteristics of the platforms 
modelled in this research based on the placement and number of 
restraints.

In this research, 6 or 8 braces have been used for 8 different 
models to control the stability of the floating platform; also this 
amount of braces was placed on the platforms based on the position 
and the wave direction in the Caspian Sea. For a better description, 
it can be stated that in the second row model in Tab. 1, the distance 
between the braces is considered equal, but in the seventh row 
model in Tab. 1, the distance between the braces was not the same 
and equal, but to avoid any possible interference between the two 
models, i.e., for the model of row 2 and the model of row 7, the 
term NEW has been used. However, it should be noted that the 
distance between the braces in this study was not the main focus; 
the main focus was on the type of arrangement of the braces and 
their connection angle, which is mentioned in the results section.

As can be seen in Tab. 1, a total of 8 different models with different 
angles of floating platforms have been designed and modelled based 
on the type of wave movement in the Caspian Sea. With regard to 
the first model, eight articulated braces maintain the balance of the 

Tab 1. Geometric characteristics of the modelled platforms

Row Platform 
dimensions (m)

Name of 
Model

Number of braces 
in X direction

Number of braces 
in Y direction

Angle in direction 
of X (degree)

Angle in direction 
of Y (degree)

Mode of connection  
to bottom

1 97*79 (45-8) 6 2 45 45 Ring joint

2 97*79 (45-6) 6 0 45 0 Ring joint

3 97*79 (40-8) 6 2 40 40 Ring joint

4 97*79 (40-6) 6 0 40 0 Ring joint

5 97*79 (55-8) 6 2 55 55 Ring joint

6 97*79 (55-6) 6 0 55 0 Ring joint

7(New) 97*79 (45-6) 6 0 45 0 Ring joint

8 97*79 (45-4)
(40-2) 6 0 (4-45 & 2-40) 0 Ring joint
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platform with angles of 45° to the sea floor, which is mainly due to 
the trajectory and direction of the surface wave and subsurface waves 
of the Caspian Sea, which is often in the x direction. Eight types of 
symmetrical bracing system arrangements in the form of 6 and 8 
braces have been used to evaluate the best bracing models. It should 
be noted that the predominant wave direction in the Caspian Sea is 
in the (x) direction; in the performed models, it has been assumed to 
be the same. Therefore, the main direction of the platform design in 
this research is the direction (x), but in all the models, the direction 
perpendicular to it (y) has also been scrutinized.

For example, two models that performed with the connection 
details of the braces f in this research are shown schematically in 
Figs. 3 and 4.

2.3.1 Boundary Conditions

The boundary conditions for the transfer equations of the 
quantities of turbulence are included in the equations of the two-
equation models, through the surface components. For instance, all 
the displacement and diffusion fluxes at the solid boundaries, where 
the open surface components were lost, are automatically considered 
to be zero. On the free surface, the tangential stresses become zero 
due to the loss of velocity derivatives. In the same study, it was 
assumed that the tangential stresses at the wall boundaries are zero 
due to the zero flow rate. However, the tangential shear stresses 
of the wall compensate for them. These stresses occur in the quiet 
substrate and are proportional to the molecular viscosity and local 
velocity gradients. Therefore, the shear stresses of the wall can be 
included in the expression of turbulence (PT). Unfortunately, in all 
the cases, this approach is not responsive and does not confine the 
kT values well near the boundaries. In the FLOW-3D model, the 
values of kT specify that in each cell of the network, part or its 
entire surface should be surrounded by a rigid boundary. In the 
usual method for determining the boundary values for kT quantities, 
the local equilibrium between the production processes and the 
declining shear stress is assumed, and a wall velocity profile law 
is assumed, whose values are calculated in relation (5), which is 
used to assign the kT values in the center of the cell as the optimal 
boundary condition.

	     and    	 (5)

There are a total of 10 different boundary conditions in the 
Flow-3D numerical model, which can be used for models. Each 

of these boundary conditions has a specific function, all of which 
are activated from the boundaries section of the Flow-3D model. 
In the VLFS computational model, the same boundary conditions 
are used to define different environments.

3 RESULTS AND DISCUSSION

The key results of the studies applied to these models are given 
in the stabilization diagrams of the pressure convergence ratio 
and the level measurements in Figs. 5 through 7. According to the 
stability diagrams and the time step within the defined time range for 

Fig. 3 Placement of braces in the model (40-8) Fig. 4 Placement of braces in the model (40-6)

Fig. 5 Diagram of stability measurement based on the time steps for 
the model (40-8)

Fig. 6 Diagram of the pressure convergence ratio based on the time 
steps for model (40-8)

Fig. 7 Time step diagram based on the time steps for model (40-8)
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modeling, the model’s equilibrium is depicted showing resistance 
to the hydrodynamic forces of the wave current. This adaptation 
has its highest value in the model (40-8) which can be seen in Fig. 
5. It should be noted here that the model (40-8) means that in this 
model, 8 braces, which are connected to the sea floor at an angle of 
40 degrees are used. In normal numerical modeling conditions and 
without considering the validation diagrams, the results of model 
number (40-8) can be considered as the best mode for the results 
obtained. However, in the following sections, the same results have 
been clearly demonstrated in the validation diagrams.

The best conditions for the stability and conformity of the 
diagram show that based on diagram (7), which is related to 

the measurement of the simulation level, it can be seen that the 
resonance rate is low. In Figs. 8 to 13, the cut-off of the velocity 
and turbulence energy meter for all the models is shown to perform 
in two directions, namely, (z-y) and (z-x). The platform moved 
horizontally due to the impact of the waves, but did not rotate 
around the axis perpendicular to the floor of the platform. Hence, 
this model can be opted as the best mode for a stagnation (static 
mode) state of a platform floating on the sea. It is worth stating 
that the counter display is not provided due to the over-rotation of 
the platform bottom and the upset in the balance, which resulted 
from the collision of waves in the models (new model: 45-6, in 
Tab. 1) and (model 8: 40-2 and 45-4, in Tab. 1).

Fig. 8 Contour display of the cutting velocity for the (z-y) axis in 
the model (40-8)

Fig. 10 Contour display of the total head for the (z-y) axis in model 
(40-8)

Fig. 12 Contour display of the turbulence energy for the (z-x) axis in 
model (40-8)

Fig. 9 Contour display of turbulence energy for the (z-y) axis in 
model (40-8)

Fig. 11 Contour display of the cutting velocity for the (z-x) axis in 
model (40-8)

Fig. 13 Contour display of the total head for the (z-x) axis in model 
(40-8)
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As seen in the afore-mentioned diagrams, there is a desirable 
degree of compliance of the sustainability with the time steps in 
all the sustainability procedures accomplished, thereby implying 
the higher efficiency of the software in modeling this type of 
phenomenon.

3.1 Validation

For making a comparison between the modelling and the 
performed models, it is necessary to compare the outputs of the 
numerical model of the designed platform of the present study 
with the results obtained in previous studies. One of the most 
important platforms of this type is the Amirkabir Platform on the 
Caspian Sea, about which numerous studies have been carried 
out with a focus on its stability against the wave forces and 
depths affecting the platform. In the present study, with regard 
to the platform’s nature, which is focused on the geometrical 
arrangement of the bracing lines and their placement in the sea, 
two general comparisons were done with the Amirkabir Platform.

1) �The variations in wave velocity relative to the forces acting 
on the platform

2) �The variation in resonance relative to the horizontal 
displacement of the platform section over the wave height

As mentioned before, one of the general objectives of this 
study is to reduce the horizontal resonance on the platform and 
mitigate the economical load of establishing a platform. Therefore, 
in comparison with the Amirkabir Platform, one of the suggested 
models of the present study exhibited more favorably compared 
to the other models. Diagram 14 illustrates the variation in wave 
velocity relative to the forces applied to the platform.

With regard to Fig. 14, the amount  of variations for the wave 
velocity in model (40-8) showed a better degree of compliance with 
the results obtained for the Amirkabir Platform, and the distance was 
equal to 7 %. Other models showed a better degree of compliance 
with the results obtained for the Amirkabir Platform during the 
beginning of a wave collision’s with a platform, when the velocity 
was close to 0.25 m/s for the models (40-8), (55-6) and (45-8). 
However, more divergence was observed in the other models, 
compared to the Amirkabir Platform, so that the distances between 
the results of the models (45-6) and (55-8), New (45-6) and (40-2 
and 45-4) and (40-6) with the results of the Amirkabir Platform are 
as below; 21 %, 25 %, 16 %, 18 % and 20 %, respectively.

Fig. 14 Variations in wave velocity relative to the horizontal forces 
acting on the platform

Fig. 15 Amount of variation of the resonance relative to the 
horizontal displacement of the platform from the height of a wave 

The distance of the models (55-6) and (45-8) from the 
Amirkabir Platform is equal to 12 % and 14 %, respectively, 
and the results obtained for model (40-8) showed the best 
compliance with the results of the Amirkabir Platform, among 
all the other models. As seen in the diagram, the placement 
mode of the platform in the developed models and also in the 
Amirkabir Platform is of the direction of the flow, which is 
in the x direction of Descartes for all the models. In another 
comparison, the amount of the variation for the resonance 
relative to the horizontal displacement of the platform is shown 
(Fig. 15).

Fig. 15 shows the position of the changes in resonance with 
respect to the horizontal displacement of the platform due to the 
impact of the waves. It can be observed that the least amount 
of horizontal displacement relative to the resonance variations 
induced by the wave force is related to model (40-8), which 
was modelled in three different categories of the model waves, 
and these three cases exhibited a lower displacement relative to 
the other models. Generally, the other models exhibited almost 
a 12 % or 26 % distance from the results of the (40-8) model. 
Hence, the (40-8) model, which was also shown in Fig. 14, is 
the best model among all the models of this study developed. 
The use of an arrangement array of the bracing cables of (40-
8) model is therefore suggested, since this model is capable of 
stable sustainability with the least amount of displacement for the 
industrial facilities in regions like the Caspian Sea.

4 CONCLUSION

In general, eight numerical models in this research have been 
examined for the design of floating platforms, each of which has 
its own properties. 

In the present research,  which is based on the structure of 
the Amirkabir Platform, which was constructed in the Caspian 
Sea, a different but practical model has been proposed; it is much 
more capable than the Amirkabir. From all the different models, 
which have different structures, and all the numerical models of 
the floating platform, proposed in the Flow-3D model, one of 
which is mentioned as the best model because it exhibited the 
least amount of displacement against lateral waves. 

1. �Model (40-8) shows a better degree of adaptation than the 
other models; this distance was about 7 % compared to the 
results of the Amirkabir Platform. 
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2. �According to Fig. 14, at the beginning of a wave collision’s 
with a platform, i.e., near a velocity of 0.25 m/s, the models 
(40-8), (55-6) and (45-8) show a better adaptation compared 
to the results of the Amirkabir Platform.

3. �The results of models (45-6) and (55-8), (45-6), (40-
2 and 45-4), (40-2 and 45-4) and (6-40) with the results 
of the Amirkabir Platform have the following intervals, 
respectively: 21 %, 25 %, 16 %, 18 %, and 20 %; that the 
distance of the models (55-6) and (45-8) are 12 %,  and 14 
% respectively with the results obtained for the Amirkabir 
Platform. 

4. �In diagram (15), the model (40-8) has the lowest amount of 
horizontal displacement compared to the other models. The 
other models have a distance of about 12 % - 26 % with the 
least amount of displacement. Therefore, the capability of 
the model (8-40) is demonstrated in this diagram.

Flow 3-D User Manual, Version 9.3
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Abstract

The article deals with the factors that lead to the beginnings of the solid-
ification and hardening of materials used in 3D home printing technol-
ogy in construction. At the beginning, the composition of the materials 
as well as their essential fresh and hardened properties and the perfor-
mance assumptions of such a mixture are described. Subsequently, 
the article discusses the main aspects of the rheology and hydration of 
cement composites and the use of additives such as superplasticizers, 
viscosity modifiers, and acceleration and retardation additives, which 
directly affect the onset of the setting of such materials and the strength 
of the resulting mixtures. Finally, we describe the printing and curing 
process of the extruded material, which is divided into 4 main phases 
from the pumping and extrusion of the material through the initial 
deposition of layers to a sufficient increase in strength in the required 
time.
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1 INTRODUCTION

Adaptive manufacturing technologies have brought about 
new opportunities for many dynamically developing industries. 
Thanks to its versatility, 3D printing technology has the 
potential to take construction technology to another level and 
therefore has a great future in construction. The automation of 
construction processes can result in a reduction in manpower, 
which increases safety on a construction site and shortens the 
construction time and the production costs. The material used 
for such technology is 3D extruded cement composite, a special 
type of concrete that can be applied by a 3D printer layer by layer 
without any formwork support. Its important technical properties 
and technological parameters, including its workability, setting 
time, and mechanical properties, can be optimized by the 
appropriate selection of composite material and the setting 
of the printing parameters. To date, many building structures 
have been successfully extruded using 3D printing technology; 
3D extruded concrete composite therefore has great potential 
in practical applications for future construction applications, 

such as affordable construction in developing countries or as a 
technology for rapidly built housing for socially disadvantaged 
groups.

2  �CONCRETE MATERIAL FOR 3D PRINTING IN 
CONSTRUCTION

For the production of houses and structures in construction 
using the new 3D printing technology, it is best to use a special 
concrete material (a cement-mortar composite). Additives and 
admixtures also play an important role in the composition of such 
a special composite; these are present in the materials together 
with aggregates, cement, and water, and are added to improve the 
selected material´s properties. Such material must be compatible 
with the 3D printer and the respective nozzles with which the 
material will be extruded (Zhang, J., et. al., 2019). When designing 
a cement-mortar composite mixture suitable for the 3D printing of 
houses, it is necessary to ensure that such a material meets the 
performance requirements of fresh and hardened mixtures. 
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According to (Luo, W., et. al., 2020), additives can significantly 
change the properties of fresh or hardened concrete composites. 
The suitability of a material for 3D construction printing 
technology depends on three main interacting factors: the choice 
of raw materials, the application methods and the production 
methods. When composing the mixture, the climatic conditions 
at the construction site must also be taken into account. The time 
after which the given properties will be achieved also affects 
the printing process; this further depends on the method of the 
material´s delivery and the time of the application of other layers 
of material. As mentioned above, when designing a material for 
such a technology, attention must also be paid to the properties that 
affect the methods and quality of the printed object. As (Ngo, T. et. 
al.  2018) noted, particular attention should be paid to parameters 
such as extrudability, pumpability, and buildability as well as the 
bonding time and strength of the layer and the shrinkage of the 
concrete.

3 �THE MOST IMPORTANT FACTORS AFFECTING 
THE SETTING SPEED OF BUILDING 
MATERIALS FOR 3D CONCRETE PRINTING

The setting of a composite material´s solidification affects 
the entire final construction of the printed element. This is 
called feasibility, which is affected by the correct extrusion of 
the material from the printer nozzle and which requires a long 

“opening time”. Otherwise, the material would become stiffer 
and cause the mixture to flow more slowly through the printer’s 
power system, thereby causing its clogging and blocking. In 
addition, the long opening time helps to bond the material 
between the layers, but this can adversely affect the formation 
of the printed elements (Van Der Putten, J., et. al., 2019). A 
short interval of time is required when joining the upcoming 
layers of material to maintain the shape and load of the higher 
layers applied. The strength and stiffness of the extruded shape 
are obtained due to the increased density of the composite by 
using finer powders such as Portland cement. The strength of the 
mixture is also affected by the water-cement ratio, the strength 
class of the cement, the quality of the aggregates, and the use 
of admixtures and additives. When designing such material, the 
need for proper extrusion of the material and the factors that 
affect the processability and open pumping time of the material 
must be taken into account. 

The key properties of hardened concrete are its compressive 
and flexural strength. In this context, it can be concluded that 
the concrete composite for the 3D printing of houses must have 
the following properties: high strength at an early age, good 
bonding between the layers, and sufficient final strength to hold 
the following layers (Ngo, T. D., et. al., 2018). In order to acquire 
these properties, complex modifiers and admixtures, such as 
superplasticizers, viscosity modifiers, accelerators, and retarders, 
must be used in the right proportions in the concrete mixes, as 
well as the rheology and hydration of the cement.

Fig. 1 Example of material and extruded construction using 3D concrete printing (Source: Kauppila I., 2021, CreaBeton Materiaux, 2019)

Fig. 2 Printed samples with a time interval of a) 15 min, b) 30 min and c) 60 min (Source: Jun J. H., J. et. al., 2020)
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4 �ASPECTS OF THE RHEOLOGY AND 
HYDRATION OF CEMENT

Controlling the rheological properties of materials for the 
3D printing of houses and structures is essential in terms of the 
good extrudability and buildability of the fresh material, as it will 
determine the efficiency or failure of the printing process during 
construction. The hydration kinetics must be delayed and affected 
in a relatively extreme way so that the material does not harden 
during the printing process, does not dissipate immediately after 
application, and can bear its own weight and consequently the 
weight of the deposited layers of material. Using special rheology, 
there must be a balance between fluidity during printing and the 
rate of curing immediately after the application. 

The rheology of concrete materials is generally influenced 
by the design (composition) of the mix, including the volume 
fraction of the bonding system, its composition (e.g., the presence 
of additional cementitious materials), and the attributes of the 
aggregate (i.e., the particle´s size, distribution, and shape). 
Ingredients can be used as an effective tool for adjusting the 
appropriate rheology. Superplasticizers, which act as dispersants 
(plasticizers) to reduce ultimate stress, and viscosity modifiers, 
which increase the viscosity of the material, are now regularly 
used in various concrete materials to control their feasibility. 
Printed material for additive production. The key factor for 
successful 3D printed material is controlling its rheology through 
the selection of suitable additives in the most appropriate ratio and 
combination (Marchon, D., S. et. al., 2018).

5 �THE MAIN ADDITIVES AND ADMIXTURES 
USED IN 3D COMPOSITES

5.1 Superplasticizers

Superplasticizers are polymeric dispersants used in 
cementitious materials to reduce yield stress and viscosity. 
These are concrete admixtures that improve the workability and 
cohesiveness of the mixture without increasing the water content. 
For mixing and casting, it is necessary to increase the workability 
of the material and the extrusion in the 3D technology. In addition, 
it allows for a decrease in liquid content at a constant yield limit, 

which can reduce the porosity of the hardened material and 
increase its mechanical properties, performance, and service life. 
Therefore, most 3D printing materials in construction use a filler 
without any coarse aggregates; therefore, the volume of the finer 
particles increases. Lignosulfonates are natural polymers with a 
relatively modest ability to reduce water (Papachristoforou, M., 
et. al., 2018). This is due to their robustness and ability to induce 
good extrudability but still retain their shape within seconds of the 
initial casting. These properties are in great demand in the extrusion 
of a 3D printed composite. The most effective superplasticizers 
for current use are polycarboxylate ethers (PCE).  

According to (Marchon, D., et.al., 2018) these admixtures can 
significantly reduce the need for the water and cement content 
and can reduce viscosity and shrinkage; they are very effective for 
ensuring the high strength and durability of the material.

5.2 Viscosity modifiers

Viscosity modifiers are commonly used in the construction 
industry; they are used to control the water transfer and porous 
structure in both fresh and solidified states. They improve cohesion 
and reduce the tendency of concrete material to segregate. The 
most commonly used viscosity modifiers in cement systems are 
cellulose and ether derivatives. Such admixtures are necessary 
to control and affect the high degree of segregation for liquid 
concretes, which in some cases improves water retention to 
promote particle flocculation and is therefore very promising for 
use in 3D technology (Papachristoforou, M., et. al., 2018). They 
can also increase the yield strength of cementitious materials 
and effectively reduce the deformation of the material at its own 
weight, which is crucial for the production of concrete additives.

5.3 Accelerating and retarding additives 

Concrete admixtures are substances that are added in small 
quantities in order to affect the properties of fresh or hardened 
concrete. Retarding additives are used to compensate for the effect 
of higher temperatures, which shorten the setting time, or to avoid 
complications if the time between mixing and laying the concrete 
is prolonged. (Myrdal, R., 2007) pointed out that in order to 

Fig. 3 Examples of the 3D printing process and details of the material composite after solidification (Source: Murcia Heras, D., M. et. al., 2020)
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accelerate the hydration of the cement, to shorten the setting time 
of the cement, and, in most cases, to accelerate the development 
of the initial strengths, accelerating admixtures are used. 

Accelerating additives are substances that accelerate 
the hydration of cement, shorten the setting time of cement, 
and, in most cases, accelerate the development of the initial 
strengths. Acceleration of the cement’s is hydration is achieved 
in various ways and can be divided into physical and chemical 
effects. The first physical effect we can consider involves the 
desorption of retardants from the reacting surface, as in the case 
of sucrose in the presence of portlandite. Alkali metal hydroxides, 
carbonates, aluminates or silicates are essential components of 
setting accelerators. They provide a strong but basic reaction 
in a solution. According to (Myrdal, R., 2007), the acceleration 
of cement hydration is achieved with C3A, which releases a 
considerable amount of heat and insoluble calcium salts. The 

elevated temperature leads to accelerated C3S hydration, which 
results in increased initial strengths, but usually does not lead 
to increased long-term strengths. Some salts of strong acids 
and weak bases (e.g., aluminum chloride), which accelerate the 
hydration of alite, can cause rapid solidification at higher doses. 
A partial increase in the initial strength is usually recorded. In 
the case of a pressed concrete composite, it is very important to 
adjust the setting acceleration as soon as the concrete is extruded. 
This is ensured by accelerators that are composed of aluminum 
salt or alkali-free accelerators. Due to the high concentration of 
aluminum and sulphate, non-alkaline accelerators accelerate the 
precipitation of ettringite, which causes rapid flocculation of the 
system and allows for the stacking of several layers. Therefore, 
this principle is used in additive production in cases where a very 
fast setting of the solidification of the material is required.

Retarding additives are used wherever it is necessary to 

Fig. 5 Different types of additives (superplasticizers, viscosity modifiers, accelerators and retardants) for use in 3D printed materials, and a 
sample printing process after adding the retarding additive (Source: Mastercivilengineer, 2021, Digital manufacturing experts, 2020)

Fig. 4 Different types and numbers of layers of a composite; high viscosity and collapse of a structure (Source: Jayathilaka, R., et. al., 2020)
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compensate for the effect of higher temperatures, shorten the 
setting time, or avoid complications if the time between mixing 
and laying the fresh concrete is prolonged. Slowing down the 
hydration of the cement can be achieved by adding chemical 
additives. They prolong the induction period by delaying the 
onset of solidification, but once the onset occurs, the reaction 
rate usually accelerates during the acceleration period. This 
prevents the imperfect joining of successive concrete layers and 
the excessive heating of massive structures due to the heat of the 
hydration of the cement. 

Retarding admixtures for 3D building printing materials are 
based on lignosulphonic acids and their salts, hydroxycarboxylic 
acids and their salts, sugars and their derivatives, or inorganic 
salts. Organic acid retardants and their salts are adsorbed on 
the C3S surface and slow down the initial rate of hydration by 
prolonging the course of the reactions in the first hours of hydration 
(prolonging the induction period). They therefore prolong the 
setting time of Portland cement. Subsequent hydration can be 

rapid; therefore, the development of the strength does not have 
to be significantly slower than when the additive is not used. The 
use of retarding additives leads to a reduction in the initial (one-
day) strengths. If the retarding admixture is not solid, the strength 
after 7 days tends to be approximately the same as for concrete 
without an admixture, while 28-day and long-term compressive 
and tensile strengths tend to be higher than for concrete without 
an admixture (ASB, 2009).

6 CURING THE MATERIAL

In the 3D printing of concrete composites, the properties of 
the fresh mix during transport and pumping must be carefully 
checked to avoid any water loss. Indeed, the loss of water over time 
can negatively affect the degree of hydration, especially at low 
water/cement ratios, which can also negatively affect the adhesion 
between the applied layers and cause shrinkage disturbances. 

Fig. 6 Shrinkage cracks, which are very undesirable, must be eliminated by a suitable composition of the printed material (Source: Jun, J. H 
et. al., 2020)

Fig. 7 Construction printed by a 3D printer at the Prague Technical University (Source: photos by the author: Uhlík, A. 2021)
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Tab.1 Different properties of concrete composites at different stages of printing using different types of additives (Source: Marchon, D., et. 
al., 2018).

This shrinkage can adversely affect the final condition of the 
material. For example, the use of saturated light curing units or 
chemical compounds, such as expanding agents and shrinkage 
reducing additives, may be beneficial for additive manufacturing 
(Marchon, D., et. al., 2018). Therefore, it is necessary that the 
solutions be unique for the additive production of 3D technology 
in construction. For example, curing compounds may be used, but 
their effect on the adhesion properties between the printed layers 
must be taken into account for extrusion-based techniques. Water 
losses due to increased wind speed and/or the temperature during 
the printing must also be considered when printing at a specific 
location. The Apis Cor Company (3D Printing Progress, 2017) 
has therefore displaced a house in a temporary, temperature-
controlled tent due to the low temperatures of the season and the 
climatic zone in order to avoid undesirable water losses during the 
3D application. Another important factor in the use of impurities 
and alternative binders to control the rheology and hydration 
aspects of additive production will be ultimately necessary to 
consider their impact on the water transport properties of the 
material (Özalp, F., 2020).

7 �THE PROCESS OF DEVELOPING THE CURING 
OF MATERIAL FOR 3D TECHNOLOGY IN 
CONSTRUCTION

The following paragraphs describe the main stages of the 
rheological condition of concrete used for 3D printing technology 
in construction. Fig. 8 schematically represents the expected 
development of the boundaries of pressed concrete by dividing 
it into four stages. The principle described below mostly focuses 
on the preparation of the material in batches with the activation of 
hydration. Continuous mixing of the material is also considered, 
but this is more difficult for ensuring the constant quality of the 
supply of the material. The material extrusion system, where the 
development of fluidity is expressed as, the yield stress (Pa), is 
divided into four main stages as shown in Figure 8. It should be 

clarified that the dynamic yield stress is the stress required to end 
the flow under shear, while the static slip limit is necessary to start 
printing from the beginning. For the material´s extrusion, the static 
slip limit is expected to be critical to the load-bearing capacity 
and dimensional stability (Marchon, D., et. al., 2018). Depending 
on the components of the material´s mixture, printing conditions 
and other parameters, the development of the flowability and 
solidification of the material can vary.

Such technology requires concrete materials with low initial 
stress values ​​to provide easier control over various processing 
steps such as pumpability. The extrusion is described in step 0 

Fig. 8 The static yield stress process, which is reported on a log-log 
scale in relation to the properties of the concrete to be printed. The 
direction of laying the concrete is schematically shown by moving 
from right to left, while the fresh concrete is light gray, and the 
hardening concrete is black. Phase 0 represents the time frame 
during which the fresh concrete is subjected to a high degree of 
shear during the mixing, pumping, and extrusion. Starting with the 
layering in stage 1, the concrete shows an internal structure at rest. 
The dashed line shows the structural formation in the presence of 
thixotropic agents (Source: Marchon, D., et. al., 2018).
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in Figure 8. Marchon, D., et al. (2018) deliberately numbered the 
pre-application grade as 0 to distinguish concrete that is subjected 
to a degree of high shear stress by pumping and extrusion from 
concrete at rest after the application, which exhibits an internal 
accumulation of structures starting with grade 1. In the case of 
an initial stress to the yield point required for good workability, 
such material directly depends on the type of superplasticizer, 
e.g., PCE, and its doses. Achieving high structural stability is not 
always an easy task, especially with a high degree of dispersion. In 
the case of additive production, this is very important, especially 
before the layers are laid, because the mixture applied should 
be sufficiently cohesive so that it does not spread unduly after 
application.

The development of the yield stress immediately after 
extrusion and the application is showed in stage 1 in the time 
period after mixing the water and the binder, where there are no 
special hydrating effects on the stress and ultimate strength.

The transition period during which the stress is static and 
increases over time is shown in stage 2. If the fresh concrete 
material is allowed to rest and harden, a certain initial strength 
is developed through a thixotropic increase. In (Marchon, D., at 
al. 2018), the initial strength is the fresh strength of the concrete, 
which is needed to maintain its own shape and the other layers 
before the final solidification. Although this initial strength is 
usually not sufficient to hold multiple layers on the structure, this 
force is necessary to overcome the time gap between the extrusion 
and coating process (stage 1) and the rapid increase in force (stage 
3). According to Marchon, D., 2018, stage 2 in practice also 
represents an open time during which concrete can still be easily 
laid and shaped; at the same time the mixture shows constant 
dynamic slip limits.

The sudden increase in the slip limit shown in phase 3 is a 
crucial point for the construction of 3D printing structures. After 
this point, it is known that the material is prone to keeping more 
layers due to the rapid increase in strength; at the same time the 
casting should be controlled quickly or at least precisely to prevent 
the formation of surface defects and deep cracks. Therefore, it is 
necessary to further investigate the properties of specific material 
composition systems in this time frame (Sung-Gul, H., et. al. 
2018). While the initial flowability of a material can be changed 
in a simple way by adding various additives and admixtures, the 
subsequent development of solidification over time is considered 
a greater challenge for such 3D printing technology as the ultimate 
strength begins to increase and the material control becomes 
problematic. 

8 CONCLUSION

Based on the study and analysis, it can be stated that chemical 
additives are necessary to produce concrete materials for 3D 
printing technology for which initial fluidity, the preservation of 
workability, and layer deposit ability are important, and which 
are among the main essential requirements for structural strength. 
These requirements are mainly based on the elimination of the 
use of formwork. Preparing compatible material for a large format 
3D printer is therefore not an easy task. There are several factors 
that affect the properties of fresh and hardened composites. The 
individual compositions and dosages of the materials are tested 
daily, and their functionality and effect on the correct properties 
of the structure are examined by laboratory testing.

 In the article, we have outlined some chemical and physical 
solutions offered by common admixtures to cope with the rapid 
growth of yield stress resulting from the effect of hydration and 
rheology and thus directly affecting the setting rate of cement 
composites. Therefore, the appropriate composition of materials 
and the management of the processing strategy are the most 
important aspects in the control of all material properties leading 
to good structural strength for such digital 3D technology. The 
research shows us that in order to achieve favorable results 
affecting the setting speed, it is important to correctly set the onset 
of setting and further behavior of the mixture with respect to the 
construction of 3D cement composites. The results are directly 
affected by the correct composition of the mixture and the correct 
dosage of the individual additives.
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Abstract

This study investigates the applicability of a Soil and Water Assessment 
Tool (SWAT) model in predictions of the water yields and water balance 
of the Upper Oueme catchment in the northern part of the Republic of 
Benin. Meteorological and hydrological data for a period of 20 years 
were collected from the Meteorological Agency of Benin and the Na-
tional Directorate of Water respectively. Spatial data such as a Digital 
Elevation Model and land use and soil maps were also extracted from 
suitable databases. Geographic information system (GIS) software 
was applied in combination with SWAT to process the spatial data and 
simulate the streamflow record. A good correlation between the sim-
ulated and observed data during the calibration and validation was 
found, using statistical measures such as the Nash-Sutcliffe Efficiency 
(NSE>0.65%), the standard deviation ratio (RSR<0.6), percent bias 
(±10%≤PBIAS<±15%), and the coefficient of determination (R2=0.78). 
An estimated potential water yield of 18,671.61mm in the catchment 
over the period of the simulation suggests that subsistence agriculture 
is sustainable in the area. The model is suitable for estimating the water 
yield and water balance in the catchment.
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1 INTRODUCTION

The problem of the scarcity and poor quality of water 
is prevalent in many developing nations of the world. This, 
in some cases, has been attributed to the overutilization and 
mismanagement of limited freshwater resources (Olofintoye et 
al., 2013; Ayanshola et al., 2016). To effectively resolve water 
mismanagement issues to ensure the sustainability of freshwater 
at both the watershed and basin levels, reliable estimates of the 
water yield and balance is a prerequisite (Ayanshola et al., 2018). 
The water balance in a catchment is influenced by parameters such 
as the climate, land use, soil use, and physical properties defined 
by the morphology. Understanding the hydrological response 
of a watershed to variations in these parameters is necessary in 
assessing the water yield and availability within a catchment over 
a period of time (Tracy and Scott, 2013).

Agricultural activities and urbanization have been identified 
as major contributors to extensive changes in land and soil use. 
These changes often lead to the degradation of land, which, 
more often than not, is detrimental to the sustainability of the 
environment (Portnova and Safriel, 2004). For instance, the 
deforestation of virgin land for agricultural or urban uses may 
impact soil integrity, the assemblage of native species, and 
nutrient fluxes. This may affect the hydrological regime of the 
watershed by altering the rates of interception, infiltration, 
evapotranspiration and groundwater recharge, which often result 
in changes in the timing and amount of the river flow (Smakhtin, 
2001). Contrary opinions (Chandler, 2006), however, suggest 
that afforestation, especially the establishment of plantations in 
subtropical regions, has resulted in increased transpiration over an 
area with a consequential reduction in the groundwater recharge 
and base flow rates. This can also affect the hydrological regime 
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of a watershed. Further studies (Chandler, 2006; Bonnell et al., 
2010) suggest, however, that the removal of a vegetal cover may 
result in an increased base flow if the soil is left undisturbed 
or may result in a reduction in base flow if the deforestation is 
followed by land use practices such as urbanization, which 
can compact the soil. Hence, extensive changes in land use as 
a result of agricultural activities or urbanization necessitate an 
investigation of the water balance and yield of a watershed.

An extended period of drought experienced in the northern 
parts of the Republic of Benin in the 1970s resulted in the 
degradation and depletion of croplands in the region. A massive 
migration of farmers from the region led them to resettle in the 
less-populated southern areas of the upper Oueme catchment 
(GLOWA-IMPETUS, 2005). These migrant farmers occupied 
croplands in what is now referred to as “cropland colonization” 
in that area. Massive changes in land use occurred as a result of 
the removal of vegetation cover when the farmers searched for 
new farmlands and urban areas to develop and resettle in. Lawin 
et al., (2019) reports a substantial conversion of the woodlands, 
gallery forests, forests and savannas into agricultural land in the 
area between 1975 and 2013. Agriculture occupied 7.1% of the 
catchment area in 1975 but 31.4% in 2013. These changes have 
resulted in increased direct runoff and erosion. Furthermore, the 
pressure on natural and freshwater resources in the region has been 
further exacerbated by a high demographic growth rate of about 
3% per annum and, in recent times, the impact of climate change. 
Thus, it is pertinent to investigate the water balance and yield in 
the region to reduce the vulnerability and ensure the sustainability 
of its freshwater resources. This aim aligns with the sustainable 
development goal (SDG) No. 6 of the United Nations (UN, 2021).

According to Stehr et al. (2008), the study of water resources 
at the river catchment level has been widely adopted as a better 
alternative for managing and assessing freshwater resources. 
Various hydrological models that incorporate an understanding 
of hydrological components and their spatial and temporal 
variability have been applied for the efficient planning and 
management of water resources. In particular, researchers have 
adopted simulation software in modeling hydrological processes 
in the region of the study area. For instance, Lawin et al., (2019) 
investigated the impacts of climate change on the Ouémé River 
discharge at the Bonou outlet (1971 to 2050) using four global 
climate models (GCM). The Hydrological Modeling System 
from the Hydrological Engineering Center (HEC-HMS), which 
is a semi-distributed model, was used to simulate the runoff. 
The model showed an ability to simulate runoff while taking 
into account changes in the land use and cover. An increasing 
trend in discharges was forecasted over the study period. Biao 
(2019), applied a lumped conceptual hydrological model based 
on the least action principle (HyMoLAP), which was designed 
to minimize uncertainties in rainfall-runoff process modeling, to 
assess the impacts of climate change on river discharge dynamics 
in the Bétérou and Bonou sub-catchments in the Oueme River 
basin. The model’s uncertainty projections indicated that the 
entire discharge distribution had shifted towards extreme events. 
HyMoLAP was found suitable for modelling river discharges in 
the basin. The water balance of the interactions between the soil, 
biosphere, and atmosphere over the upper Ouémé River basin 
was evaluated by Getirana et al. (2014) using a Land Surface 
Model (LSM). It was determined that a LSM is not appropriate 
for estimating river discharges in that region. Further studies 
based on field measurements were recommended to improve 

the performance of the model. A study on the application of the 
LISFLOOD hydrological model in estimating future discharges 
in the Ouémé river basin at the Bétérou outlet is reported in 
Emmanuel et al., (2018), while the application of a time-dependent 
generalized extreme value (GEV) model in estimating the annual 
maximum discharge at five gauging stations in the Ouémé River 
Basin may be found in Hounkpe et al., (2015).

The Soil and Water Assessment Tool (SWAT) developed by 
Texas Agricultural and Mechanical University (TAMUSWAT, 
2021) is a physically-based model, which employs a water 
balance equation for the simulation of the hydrological processes 
within a watershed. A major example of the applications of SWAT 
took place within a hydrological unit model that was used to 
support the United States Department of Agriculture (USDA) 
analyses of the Resources Conservation Act Assessment of 1997. 
This system was employed to simulate the hydrology and losses 
from pollutants within each of the 2,149 United States Geological 
Survey (USGS) 8-digit Hydrological Cataloging Units (Arnold 
et. al., 1999; Gassman et. al., 2007). Olusanya et al. (2021) 
investigated the applicability of SWAT in the Oueme River Basin 
using remotely sensed data due to the unavailability of observed 
data. The model satisfactorily simulated the streamflow; however, 
the effectiveness of the satellite data remains unclear in some 
areas. Other applications of SWAT have also been reported in the 
literature (Stehr et al. 2008; Tracy and Scott, 2013; Ayanshola et 
al., 2018).

This study further investigates the applicability of SWAT in 
the upper Oueme catchment. The aim of the research is to calibrate 
a SWAT model using a manual optimization method (Moriasi et 
al., 2007) and to use the calibrated model to estimate the water 
yield and water balance of the catchment. The remaining part 
of the paper is sectioned as follows: Section 2 presents a brief 
description of the study area; section 3 describes the methodology 
adopted in the study; while section 4 presents the results and 
discussion. The conclusion is presented in section 5.

2 DESCRIPTION OF THE STUDY AREA 

The River Oueme, which is also called the Weme river, is 
the largest river in the Republic of Benin, West Africa. The river, 
which is about 510 kilometers long, is sourced in the Atakora 
Mountains at an elevation of about 465 meters above sea level and 
flows through several agro-ecological zones to discharge into the 
Atlantic Ocean at the Gulf of Guinea in Coutonou at an average 
rate of 170 cubic meters per second. The catchment of the river 
is situated between latitudes 6°30’N and 10°00’N and longitudes 
0°52’E and 3°05’E. Its largest tributaries are the Okpara River on 
the left flank and the Zou River on the right. The Oueme River 
catchment represents the largest river basin in the country, with 
an area of about 46,990 square kilometers. The Oueme River 
Basin is composed of two main sub-basins, i.e., the Upper Oueme 
Catchment in the Dahomeyen Pedi plain and the Lower Oueme 
Catchment situated on the coastal sediments. The region is in the 
tropical savanna climate zone according to the Koppen climate 
classification. The annual average rainfall ranges from 900 mm to 
1,200 mm, while the average annual temperature ranged between 
25°C to 30°C within the period from 1998 to 2017. The largest 
portion of the basin area, i.e., about 89%, is located in Benin; 10% 
is situated in the western part of Nigeria, while 1% lies on the 
eastern fringe of Togo (Bossa, 2012).
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The upper Oueme River basin is a sub-basin in the Oueme 
River catchment. It has a drainage area of 14,400 square 
kilometers. The sub-basin is located in the Sudan climate zone and 
is characterized by a single rainy season with an average rainfall 
of 1150 mm/year. The bulk of the rainfall occurs during the 
monsoon period between April and October. The average runoff 
is about 150 mm/year (Getirana et al., 2014). The geomorphology 
of the catchment is characterized by a flat, undulating pediplain 
relief with altitudes from 227 to 616 meters above sea level. 
The geology of the study area is mainly characterized by a 
Precambrian basement, which predominantly consists of complex 
granulites and gneisses. The dominant soil type is Luvisols and 
reflects stable geological conditions. The texture of the various 
soil types encountered is mainly composed of loam, clay, clay-
loam, sandy-loam and sandy-clay-loam (Lawin et al., 2019). The 
land cover in the watershed is 80.7 % forest, 18.9 % croplands, 
and 0.3 % urban. The major crops grown in the catchment are 
corn, cassava, yams, and sorghum (Olusanya et al., 2021). Fig. 1 
shows the study area.

3 MATERIALS AND METHOD

3.1 Methodological framework

A hybrid framework was adopted in this study. Adeyemo and 
Olofintoye (2012) reported the success of several applications 
of hybrid models in resolving water management problems. 
The authors also noted that the development of hybrid systems, 
which blend existing models into a coherent solution framework 
that provides useful tools to aid in critical water management 
decisions, has been found propitious. Therefore, the application 
of hybrid models in the solution of water resources problems is 
encouraged (Olofintoye et al., 2016).

The hybrid framework applied in this study involves 
the combination of a Geographic Information System (GIS) 
software and SWAT. The GIS interface used was Map-window. 
This interface was chosen based on its ease of use and reported 
capability to effectively simulate the hydrology of a catchment 
with a high degree of accuracy when used in combination with a 
suitable plug-in (Tetsoane, 2013). Documentation on the software 
may be found at MapWin (2021). A plug-in that facilitates the 
incorporation of SWAT in the Map-window software environment 
is Map-window SWAT (MWSWAT). Documentation on the plug-
in is available at TAMUSWAT (2021). In the workflow of the study, 

MWSWAT takes spatial data sets as the input and processes them 
in conjunction with the Map-window preprocessor to delineate 
the watershed and demarcate the Hydrological Response Units 
(HRUs) within the watershed. The HRUs and weather data are 
further processed by the SWAT engine to simulate the streamflow. 
During the calibration and validation, the simulated streamflow is 
compared with the observed streamflow, and the model parameters 
are adjusted until an acceptable calibration is achieved. The 
calibrated model is then used to estimate the water balance and 
yield of the catchment. This workflow is depicted in Fig. 2.

3.2 Data collection

The types of data required for the study are spatial and 
temporal data. The spatial data are topographical, i.e., a Digital 
Elevation Model (DEM) and soil and land use maps. These were 
employed to delineate the catchment area, demarcate the HRUs, 
and show the type of soil and land use/cover respectively. The 
watershed area is 14,236.73km2 at a mean elevation of 355.09m 
with a slope of 0.99. The temporal data used are meteorological 
and streamflow data. The meteorological data include the daily 
precipitation, temperature, solar radiation, wind speed, and 
relative humidity. These were used in conjunction with the HRUs 
as an input to the SWAT engine to determine the hydrological 
response (simulated streamflow) of the catchment. Where there 
are gaps in the dataset, a weather generator embedded in SWAT 
(developed by Schuol and Abbaspour, 2007) was used to estimate 
the missing data. The streamflow data was acquired for the 
calibration and validation of the model.

The spatial data maps of the study area are presented in Fig. 
3. Fig. 3a presents a 90 x 90 m resolution topographical data 
extracted from the Shuttle Radar Topography Mission (SRTM) 
website (http://srtm.csi.cgiar.org/). The site archives digital 
elevation data for major parts of the world. These archives have 
been preprocessed to fill data voids and to facilitate its ease of 
use by a wide range of potential users. This was done in an effort 
to encourage the applications of geospatial science methods 
for sustainable development and resource conservation in the 
developing world. The DEM provides the basis for watershed 
delineation into sub-basins. Also, topographic parameters such as 
the terrain slope, channel slope, and reach length are evaluated 
using the DEM.  The land use maps (Figs. 3b and 3c) for the 
area were extracted from the Global Land Cover Characterization 
(GLCC) database (http://edcsns17.cr.usgs.gov/glcc/glcc.html). 
This database is maintained by the United States Geological 

Fig. 1 Location of the Oueme River catchment area.  
(Adapted: www.mapwindow.com)

Fig. 2 Methodological workflow diagram of the modeling process
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The meteorological data were obtained from the Benin 
Meteo Agency for the Parakou weather station, which is located 
at 2.60° N, 9.35°E. The monthly streamflow data from the 
stream gauging station located at Bétérou for the years 2003–
2009 was collected from the National Directorate of Water (DG-
Eau) of Benin. This was used for the calibration of the model. 
Tab. 3 presents the data used in this study, while Tab. 4 presents 
the monthly averages of the variables at the Parakou weather 
station.

Survey. The GLCC has a spatial resolution of 1 Km and 24 
classes of land use representations, which provided the basis for 
estimating the vegetation cover in the watershed. Tab. 1 shows 
the land use distribution in detail. The soil map for the study 
area (Fig. 3d) was obtained from the Harmonized Digital Soil 
Map of the World (HWSD). These maps were produced by the 
Food and Agriculture Organization of the United Nations and 
were completed in January 2003. The database provides data for 
16,000 different soil mapping units containing two layers (depths 
of 0 - 30 cm and 30 - 100 cm). Tab. 2 shows the soil distribution 
in the study area.

Fig. 3 Spatial data maps of the Upper Ouémé River Catchment.

(a) Digital elevation model (DEM)	 (b) Land use map

(c) Land use showing stream reach	 (d) soil type

Tab. 1 The land use distribution in the study area

S/N SWAT Code Description Area(ha) %Watershed

1 SAVA Savannah 894687.98 60.5

2 CRWO Cropland/Woodland 492448.10 33.3

3 GRAS Grass Land 26618.81 1.8

4 URMD Urban and Built-Up 
Land 14788.23 1.0

5 CRDY Dry Land, Cropland, 
and Pasture 50279.98 3.4

Tab. 2 The soil type distribution in the study area

S/N SWAT Code Description Area(ha) %Watershed

1 Lf26-a-1443 Sandy-Clay-Loam 743897.0 49.69

2 Lf25-1438 Sandy-Clay-Loam 237453.8 15.86

3 Lp3-a-1956 Sandy-Clay-Loam 336304.1 22.46

4 Lf25-1439 Sandy-Clay-Loam 156459.4 10.45

5 Lf32-a-1458 Sandy-Clay-Loam 208.77 0.01
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3.3 �Configuration of the model for the hydrological 
simulation

SWAT is a semi physically-based model, which can model a 
number of sub-basins based on a given digital elevation model 
map instead of using regression equations to describe the input-
output relationship. The model simulates surface and subsurface 
processes by accounting for vadose processes. Runoff volume 
is calculated using the Curve Number (CN) Method, and the 
sediment yield is calculated using a modified universal soil loss 
equation. The routing is done using the variable storage method 
or the Muskingum method. Extensive details of the model may be 
found in the literature (Neitsch et al., 2011; Arnold et al., 2012; 
TAMUSWAT, 2021). Fig 4 gives an overview of the SWAT model.

Configuring the model for a hydrological simulation involves 
adjusting the relevant settings in the software’s interface. The 
settings to be adjusted may include the period of simulation, the 
location of the spatial and weather database files, and the methods 
of computing hydrological variables (which may be optimized). 
In this study, the simulation period was from January 1, 1998, to 
December 31, 2017 (20 years). A total of 147 sub-basins were 
created and further divided into 174 HRUs. 

3.4 Calibration and validation of the model 

SWAT provides different methods for estimating hydrological 
variables. For example, the Priestley, Penman-Monteith or 

Tab. 3 Model input for the upper Ouémé river catchment area.

S/N Data type Description Resolution Source

1 Topography Digital Elevation Model 90×90 m Radar Topographical Mission Shuttle

2 Land Use Map Land Use Classification 1 km Global Land Cover Classification, Satellite Raster

3 Soil Map Soil Type and Texture 10 km Digital Soil Map of the World

4 Weather Daily Precipitation, Temperature, Relative 
Humidity, Wind Speed, Solar Radiation Daily Benin Meteo Agency

5 Streamflow Monthly stream flow Monthly National Directorate of Water

Tab. 4 Monthly averages of the variables at the Parakou weather station (1998 – 2017)

Variable J F M A M J J A S O N D

Precipitation (mm) 3.3 9.5 34.2 77.5 134.1 168.1 176.4 206.5 216.2 107.3 8.7 2.1

Solar Rad/day (h) 8.1 8.2 7.5 7.7 7.3 6.4 4.8 3.8 5 6.8 8.3 8.5

T max (°C) 38.2 39.4 39.9 39.3 36.9 34.3 32.9 32.2 33.0 34.7 36.6 37.0

T min (°C) 17.1 19.4 21.2 20.8 20.3 19.6 19.9 19.8 19.5 20 19.1 17.0

RH max (%) 89.8 90.1 90.1 95.3 96.6 97.2 97.4 97.7 98.0 97.4 96.7 92.0

RH min (%) 8.2 7.9 11.4 23.2 37.0 46.6 51.8 55.3 52.4 35.4 14.4 9.8

Wind sp (m/s) 2.2 2.1 2.3 2.5 2.3 2.1 2.0 1.9 1.7 1.8 1.9 2.2

Fig. 4 Overview of the SWAT model (Heo et al., 2008)
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Hargreaves methods are available for estimating potential 
evapotranspiration; the Curve Number or Green and Ampt 
methods are available for estimating surface runoff; while the 
Variable or Muskingum methods are available for channel water 
routing. These were used as parameters in calibrating the model. 
The Actual Evaporation is computed as a function of the Potential 
Evaporation by the SWAT model internally.

Manually calibrating a physically-based process model 
involves iteratively adjusting the parameters of the model until 
the discrepancy between the model output (simulated data) and 
the observed (measured) data is at a minimum, or until a test 
statistic, which is evaluated based on this discrepancy, falls 
within an acceptable range (Moriasi et al., 2007). However, 
caution must be exercised to ensure that the range of values 
employed for the parameters during calibration is plausible. This 
is necessary to ensure the applicability of the calibrated model 
afterwards when assessing the impacts of changing scenarios in 
the management options (Stehr et al., 2008). Moriasi et al. (2007) 
suggests the use of three statistics in evaluating the model’s 
performance; i.e., the standard deviation ratio (RSR), the Nash–
Sutcliffe efficiency (NSE), and the percent bias (PBIAS). These 
may be employed as objective functions in optimizing the model. 
These statistics and the coefficient of determination (R2) were 
employed to evaluate the model’s performance in this study. The 
rating for the performance of the model, which was calibrated on 
a monthly time-step and based on these statistics, is presented in 
Tab. 5.

Since the aim of this study is to demonstrate the applicability 
of SWAT in the basin, a manual calibration approach (Moriasi 
et al., 2007) was adopted. A constraint satisfaction combinatorial 
optimization problem, in which the parameters for computing 
the variables are adjusted until the NSE and PBIAS falls within 
a very good or good range, was adopted. The optimization model 
parameters are given in Tab. 6.

The SWAT model was calibrated for the upper Oueme river 
watershed using the observed streamflow at the Beterou gauging 
station. Streamflow data from January, 2003, to December, 2005, 
was used as the calibration set, while data from January, 2006, to 
December, 2009, was used as the validation set. The simulation 
in SWAT was based on a daily time-step; therefore, the simulated 

daily streamflows were aggregated to monthly flows to enforce 
the calibration in the monthly time-step. 

4 RESULTS AND DISCUSSION

4.1 SWAT parameters settings

The settings determined from the calibration are as follows: the 
Run-off Curve Number (CN) method was employed to estimate 
the surface runoff from precipitation (IEVENT=0); the Penman-
Monteith method was selected for estimating the potential 
evapotranspiration (IPET=1), while the variable storage method 
was chosen to simulate the channel water routing (IRTE=0).

4.2 Evaluation of the model’s performance

The computed values of the test statistics used for the model’s 
evaluation are presented in Tab. 7 for both the calibration and validation 
datasets. Fig. 5 presents a pictorial view of how well the simulated 
data fits the observed data during the calibration and validation.

An inspection of Fig. 5 shows a good fit between the simulated 
and observed streamflow data. Also, the NSE values are greater 
than 0.65; the values of RSR are greater than or equal to 0.5; while 
the PBIAS values lie in the range ±10%≤PBIAS<±15%, for both 
the calibration and validation periods. This indicates the good 
performance of the model (See row 2 of Tab. 5). 

The fit here is not as close as that reported by Emmanuel et. 
al., (2018) using the LISFLOD model (NSE=0.92 for calibration 

Tab. 5 Performance ratings for the recommended statistics for calibrating the monthly time step (Moriasi et al., 2007)

Performance Rating PBIAS (%) RSR NSE

Very good

Good

Satisfactory

Unsatisfactory

PBIAS < ±10

±10≤PBIAS < ±15

±15≤PBIAS < ±25

PBIAS≥±25

0.00≤RSR≤0.50

0.50≤RSR≤0.60

0.60≤RSR≤0.70

RSR > 0.70

0.75 < NSE≤1.00

0.65 < NSE≤0.75

0.50 < NSE≤0.65

NSE≤0.50

Tab. 6 Optimization of the model parameters

SWAT Code (Parameter) Description Method SWAT-Value Decision Variable range

IPET Potential  
Evapotranspiration

Priestley  
Penman/Monteith  
Hargreaves

0
1
2

0 - 2

IEVENT Run off Curve Number  
Green/Ampt

0
1 0 - 1

IRTE Routing Variable  
Muskingum

0
1 0 - 1

Tab. 7 Values of the performance statistics for the calibration and 
validation data sets.

Test Statistics Data Set Calibration Validation

NSE 0.66 0.75

RSR 0.58 0.50

PBIAS -14.00% -11.90%

R2 0.78 0.78
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and NSE=0.95 for validation). This may be due to differences 
in the periods employed for the model’s calibration and the 
differences in the types and number of model parameters and 
other possible random variables. Since both studies employed the 
manual calibration approach, the performance of one model over 
the other may not be established until rigorous statistical tests are 
performed. This is beyond the scope of this study. However, the 
better performance during validation than during calibration that 
was observed in the study is also the case in the present study. 

A study by Getirana et al. (2014) in the study area also produced 
NSE=0.9 for both the calibration and validation. However, the ISBA 
model employed was optimized using a multi-objective complex 
evolution global optimization algorithm. The values of NSE in this 
study suggest a closer fit than the study by Olusanya et. al. (2001), 
who calibrated a SWAT model using remotely sensed data in the 
region and obtained NSE=0.55 during calibration and NSE=0.51 
during validation. The results however were satisfactory.

Negative values of the PBIAS may be obtained in cases where 
a model overestimates the observed data. However, the errors 
in the estimates in this study are negligible as the value of the 
statistics lies in the range of a good fit (Tab. 5). Furthermore, the 
regression analyses of the observed versus the simulated data 
(Fig. 6) for the calibration and validation periods show good 

relationships between the dataset as indicated by the R2 values of 
approximately 0.78 in both cases.

The manual approach adopted in this study may constitute 
a serious limitation. Overall, the model developed in this study 
compares well with models that have been applied in the area. The 
aim of this study is to demonstrate the applicability of the model 
in the area and not involve a rigorous comparison of the model’s 
performance. Since the performance of the calibrated model falls 
in a good range, the model is therefore adopted for the remaining 
part of this study.

4.3 Application of the results

Following the successful calibration and validation of SWAT, 
the model was applied to estimate the water balance components 
of the river basin and subsequently the water yield.

4.3.1 Estimation of the water balance

The estimation of the Upper Oueme River catchment water 
balance components was done on an annual basis for 20 years 

Fig. 5 Fit of observed and simulated monthly streamflow for the (a) calibration and (b) validation periods.

Fig. 6 Correlation between the observed and simulated monthly discharge for the (a) calibration and (b) validation periods.
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(1998 to 2017). The main components of the water balance in 
the river basin are: the total amount of precipitation (PREC) in 
the basin in a year, the actual evapotranspiration (ET) from the 
basin, and the net amount of water that appears as streamflow 
out of the basin (the water yield). The SWAT simulation outputs 
(measured in mm) are: (ET), surface runoff (SURQ), groundwater 
flow (GW-Q) and lateral flow (LAT-Q). Pie charts showing the 
water balance for the years 1998 (the beginning of the simulation 
period), 2008 (a year around the middle of the simulation period), 
and 2017 (the end of the simulation period) are presented in Fig. 
7 a–c respectively.

It was observed that the lateral flow contributions to the 
river flow were negligible in all the cases and is therefore not a 
component in the pie charts. Lateral flows are usually high where 
an impervious layer is close to the surface and the slope of the 
area is high (Reddy, 2014). The contrary, however, exists in the 
study area. The loose nature of the soil (see Tab. 2) combined with 
the gentle slope of the area (less than 3%) reduces the potential 
for lateral flows. Also, farming activities in the area have further 
loosened the top soil. 

In 1998, approximately 35% of the precipitation within the 
basin was lost through ET, while about 31% and 34% were 
converted into surface runoff and base flow respectively. Around 
34%, 31% and 35% of the rainfall, respectively, appeared as ET, 
SUR-Q, and GW-Q in 2008, while about 33%, 36% and 31% of 
the precipitation, respectively, appeared as ET, SUR-Q and GW-Q 
in 2017. 

In order to facilitate a comparison of the water balance 
obtained in this study with an earlier study in the basin (Getirana 
et al., 2014), the water balance over a period of 4 years (2005–
2008) was estimated. In this study, approximately 41% of the 
precipitation within the basin is lost through ET, while about 

27% and 32% are converted into surface runoff and the base flow 
respectively. The values here are different from those obtained in 
the earlier study, which reported 72%, 5% and 23% respectively 
for ET, SUR-Q and GW-Q. It should be noted, however, that the 
water balance in the earlier study was estimated over 5 stations, 
while the water balance in this study employs a single station. 
Moreover, the authors reported that the LSM method employed 
in estimating the water balance in the study is not an appropriate 
approximation for the river discharges in the tropical region. 
Therefore, the calibrated SWAT model in this study is adopted for 
further evaluations. However, the high rate of evapotranspiration 
observed in the earlier study is also noted herein. This high rate of 
ET in the basin may be attributed to the significant vegetal cover 
(see Tab. 1), the high temperatures and the high volumes of water 
available at the root zone due to high percolation as indicated by 
the large volume of the groundwater flow. While the potential 
surface runoff in the Upper Oueme River watershed may not be 
particularly high, the high volume of sub-surface water (about 
34%) suggests that the development of sub-surface water is a 
viable alternative source of water resources for the inhabitants of 
the study area.

4.3.2 Estimation of the water yield

The water yield potential of a basin is one of the important 
parameters that need to be estimated for efficient water 
management. Knowledge of this data may assist managers in 
planning and predicting the possibilities of water shortages in the 
future. In SWAT modeling, the water yield may be considered 
as the total amount of water leaving the HRUs and entering the 
main stream channel during the time step (Adeogun et al., 2014). 

Fig. 7 Pie charts showing the water balance in (a) 1998, (b) 2008 and (c) 2017

Fig. 8 Plot of the Annual Water Yield from 1998 – 2017
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The contributions of each sub-basin in the watershed to the water 
yield during the period of the simulation were examined using the 
calibrated SWAT model. A cumulative amount of 18,671.61 mm 
of water was estimated as the potential water yield of the basin 
over the period of the simulation (1998–2017). This suggests that 
subsistence agriculture is sustainable in the area.

The distribution of the annual water yield in the basin was 
also investigated. A plot showing variations in the water yield 
over the simulation period is presented in Fig. 8. It was observed 
that the maximum yield (1,289.1 mm) occurred in 2017, while 
the minimum (492.7 mm) occurred in 2015. It may be inferred 
that 2015 was a dry year with a low precipitation record in the 
catchment.

5 CONCLUSION

This study investigated the applicability of SWAT in 
estimating the water balance and yield by simulating the 
hydrological processes and responses within a river basin. The 
model was calibrated and validated using the monthly streamflow 
data from the Beterou River gauging station and subsequently 

employed to estimate the water balance and yield of the Upper 
Oueme River Basin. A close fit between the simulated and 
observed streamflow data during the calibration and validation 
suggests a good model performance. This was further established 
by the values of the standard test statistics (NSE>0.65, RSR>0.5, 
±10%≤PBIAS<±15% and R2>0.75) lying within good acceptable 
ranges. Overall, the model was able to predict the water balance 
and yield in the study area satisfactorily. The results showed that 
once the SWAT hydrological model is effectively calibrated, it can 
be a useful tool for accurate hydrological predictions to aid in 
management decisions. 

The surface runoff potential of the catchment was moderate; 
however, substantial sub-surface water components suggest 
that sub-surface water development is viable as an alternative 
potential water resource for the basin. Although the surface runoff 
is moderate, Emmanuel et at., (2018) has noted that the Oueme 
River at the Beterou outlet will experience increased discharges 
for all the time horizons until 2050 and for all the combined 
climate and land use change scenarios. This information on the 
future of water resources in the basin is an invitation to water 
resource managers to plan for design and mitigation strategies to 
cope with the negative effects of increased discharges.
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Abstract

The research aims to analyze changes in the predicted short-term rain-
fall intensities at the Telgárt climatological station and the subsequent 
use of these predicted rainfall intensities for estimating design floods. 
The area of interest selected is the upper Hnilec River basin in Slovakia. 
The research is divided into two parts: In the first part, the authors have 
focused on analyzing future seasonal changes and the trend of short-
term rainfall intensities and estimating the scaling exponents of 
short-term rainfall. In the second part, the observed and predicted 
short-term rainfall intensities have been applied to estimate the 
design floods in the study area, using the Soil Conservation Service – 
Curve Number method (SCS CN). The results indicate that for the 
future periods, there will be a shift in the rainfall maxima of about one 
week to an earlier period in July compared to the historical period. The 
changes in the short-term rainfall trends were detected in the 60-, 120- 
and 180-minute rainfall durations at the 90% significance level. The 
results of the design discharges predict higher values in the near future 
in the case of the 10- and 20-year return periods and higher values in 
the 50- and 100-year return periods for the remote future.
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1 INTRODUCTION

In recent decades, increased attention has been paid to global 
climate change. This is mainly reflected in the increased number 
of works dealing with changes in the climate and weather. 
Climate change models are used in many works; the models 
assume a worsening of the climate that could significantly affect 
the environment and society (Easterling et al., 2000; Maracchi et 
al., 2005). The models provide suitable outputs of meteorological 
variables in space and over time. Climate models are widely used 
to analyze past events and are also used to predict future weather 
developments (Tebaldi et al., 2006; Koutsoyiannis et al., 2008).

Serious effects from climate change could also be reflected in 
the intensity, frequency, and duration (IFD) of future precipitation. 
From the point of view of society, the intensity, duration and 
frequency of precipitation are as important as the total amount of 
precipitation, because these factors determine the disposition of 

precipitation on the surface and the amount of precipitation that 
drains in the form of runoff (Trenberth et al., 2003). According to 
the Intergovernmental Panel on Climate Change (IPCC), the climate 
is expected to be more unstable or extreme with a very probable 
increase in the frequency of extreme rainfall. Recent studies have 
confirmed an increase in short-term rainfall extremes, both in their 
intensity and in the frequency of rains of less than one day, which 
could be reflected in the occurrence of flash floods (IPCC, 2013; 
Lenderink and Attema, 2015; Zope et al., 2016; Soltani et al., 
2017). The adaptation to these anticipated changes in short-term 
rainfall intensities caused by anthropogenic changes in the climate 
needs to be substantiated by analyses of these changes in short-
term rainfall (Wesra et al., 2014). The outputs mostly used for 
these analyses are from regional climate models, which are 
compared with observations. Ntegeka and Willems (2008) have 
shown that extreme precipitation has multi-decadal climate 
fluctuations. Increases in rain totals have been found both in the 
winter season as well as in 
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the summer season. The redistribution of annual rainfall totals into 
a smaller number of days with a greater intensity associated with an 
increased risk of floods was also demonstrated in the work of Ban 
et al. (2015). Occurrences of intense daily and hourly short-term 
rains with higher intensities and more frequent frequencies were 
also shown in the areas analyzed in Pascale et al. (2016); the locales 
ranged from northern Italy to northern Germany. In Denmark, there 
has also been evidence of an increase in extreme rainfall and a 
change in the characteristics of rainfall intensities due to climate 
change (Madsen et al., 2009). A comprehensive understanding of 
the seasonality of extreme rains is essential in climate studies, flood 
forecasting, flood risk management etc. (Iliopoulou et al., 2018).

Also in Slovakia, there are many studies dealing with changes 
in extreme precipitation events, e.g., Faško et al. (2015), Svoboda 
et al. (2016), Beranová et al. (2018), Markovič et al. (2018), Pecho 
et al. (2019). However, none of these studies has been focused on 
developing short-term design rainfalls for the far future based on 
climate change scenarios in hourly time step, including analysis 
of changes in trends and seasonality. Derived future design 
rainfalls were subsequently used for estimation of design floods at 
ungauged catchment. This approach was tested in the pilot Hnilec 
River basin, Slovakia. 

In this study the seasonal short-term rainfall changes 
were analyzed using Burn’s vector methodology, and the 
trend analysis of the future was performed with the Mann-
Kendall trend test. The future changes were assessed by the 
predicted short-term rainfall intensities modelled by the 
Community Land Model (CLM) regional climate scenario. 
Finally, the design floods were estimated using the empirical 
SCS-CN hydrological model.

2 METHODOLOGY 

2.1 CLM model

The CLM model (CLM, 2005) was developed in a cooperative 
project between scientists in several divisions at the U.S. National 
Center for Atmospheric Research (NCAR) and the working 
group of the Community Earth System Model (CESM). The 
other main working groups involved in the CLM model are a 
bio-geochemical group, a paleo-climate group, a climate change 
group, and the assessor’s group (CLM, 2005).

Ecological climatology was implemented in the model, 
which is used for understanding how natural and anthropogenic 
changes in vegetation cover affect the climate. It examines the 
biological, physical and chemical processes affecting terrestrial 
ecosystems and the climate on different spatial and temporal 
scales. The central theme is that, through their energy, water, 
chemicals, and trace gases terrestrial ecosystems are essential 
determinants of the climate. The CLM components account for 
surface heterogeneity, bio-geophysics, the hydrological cycle, 
biogeochemistry, ecosystem dynamics, and the part played by the 
human dimension (Böhm et al., 2006).The CLM model was used 
to derive the scenario rainfall data in the hourly time step for the 
future period till 2100, which were used in this study.

2.2 Seasonality changes in short-term rainfall

Burn´s vector method was selected to reveal changes in 
seasonality, e.g., the changes in the occurrence of extreme rainfall, 

and to describe the variability of the dates when extreme rainfall 
occurs. The expected day of occurrence during a year is given by 
the direction of the vector. The length of the vector describes the 
variability around the expected date of the occurrence. Finally, the 
average position of an event corresponds to the date of the occurrence 
that is displayed in a unit circle in the polar coordinates (Burn, 1997).

2.3  Changes in trends in short-term rainfall

To assess the statistical significance of any trends, the 
Mann-Kendall test was used. The purpose of the Mann-
Kendall (Mann, 1945; Kendall, 1955) trend test is to statistically 
assess the significance of an increasing or decreasing trend of a 
selected quantity over time.  The significance of a declining or 
rising trend depends on a steadily decreasing or increasing 
variable over time. The test is based on the order of the values 
and not on the actual value of the elements (Mann, 1945; 
Kendall, 1955).

2.4  Simple scaling of extreme short-term rainfall

Simple scaling enables us to estimate the design values for a 
duration shorter than one day for a selected time period by using 
daily rainfall records that are mostly available (Koutsoyiannis et 
al., 1993). Simple scaling was applied in this work to downscale 
rainfall intensities for durations shorter than 1 hour. Focusing on 
the probability of extreme events, the variable Id was introduced, 
which is the precipitation intensity for the duration d, defined as 
the maximum value of the moving average of a relationship in a 
given year. The random variable Id has the following properties 
(Burlando and Rosso 1996; Menabde et al., 1999; Yu et al., 2004):

(1)

where the equality is understood in terms of the equality of the prob-
ability distributions; β represents the scaling exponent; and λ is the 
scaling parameter. 

λ is a multiplier to convert the duration d to λd hours. Iλd 
represents the rainfall intensity for the duration of λd hours (Yu 
et al., 2004). In a similar formulation, λ = D/d, where d is the 
duration of the rainfall for a unit of time with a known intensity 
(most often of one day), and D is the duration of the rainfall for a 
selected time unit (Menabde et al., 1999).

In this study we have applied the scaling approach of statistical 
moments. Because we have available rainfall data only of one 
hour and longer duration, the idea was to use this methodology to 
derive the IDF curves for lower durations, up to 10min.

2.5 �Estimation of a design flood using the SCS-CN 
methodology

The Soil Conservation Service – Curve Number (SCS – CN) 
method was used for estimating the design floods. This method 
is also used for estimating the amount of direct surface runoff 
for individual rainfall-runoff events and calculating the volume 
and peak rate of surface runoff (Mishra and Singh, 2003; Fan et 
al., 2013). It is mainly applicable where direct observations or 
measurements are limited (as is the case with this research).
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The SCS - CN methodology was developed in 1954 by 
the U.S. Soil Conservation Service (USDA – NRCS, 1954, 
1986, 1989, 2004). This empirical method was derived 
from observations of rainfall and runoff from small agricultural 
watersheds in various areas of the United States. It is currently 
adapted to conditions in other parts of the world. Although 
some researchers have developed various modifications (Soriano 
et al., 2020), the basic concept behind the method is still 
widely used. According to Adornado and Yoshida (2010), 
Moretti and Montanari (2008), Soulis and Valiantzas (2012), 
and Mishra and Singh (2004), this method has become an 
inseparable part of many simulation models. Furthermore, the 
SCS-CN method can be applied to various landscape structures, 
soils, and climate conditions (Warner et al. 2010; Vojtek and 
Vojteková 2016; Singh et al., 2015; Tedela et al., 2012; Mishra 
et al., 2012; Verma et al., 2021). These researchers have also 
indicated that the SCS-CN method can be effectively used for 
small and large river basins with heterogeneous land uses.

The SCS - CN method has extended applications, mainly 
because it is a simple method, which includes many characteristics 
affecting the generation of direct runoff into a single, dimensionless 
CN parameter that can easily be determined using the CN table of 
values (USDA – NRCS, 1989). A more precise description of 
the application of the SCS-CN methodology in Slovak and 
Czech Republics see, e.g., in Štefunková et al. (2019), Danáčová 
et al. (2020), Caletka et al. (2020), Labat et al. (2020, 2021).

3 THE AREA OF INTEREST AND INPUT DATA 

The upper part of the Hnilec River basin, with an outlet at the 
Stratená (ID 8530) water gauge station, was selected in this study. 
The Hnilec River springs below Kráľová hoľa, the highest peak 
of the eastern part of the Low Tatras in Slovakia; it is the largest 
right tributary of the Hornád River. The catchment area of the 
upper Hnilec River basin has an area of 67.53 km2 and is located 
in central Slovakia (Figure 1). The basin´s elevation ranges from 
789.13 to 1938.25 m a. s. l., which is 1062.47 m a. s. l. on average. 
This analysis of the predicted future changes in short-term rainfall 
was done for the Telgárt climatological station (ID 11938).

        
        

        




     
      
    


The short-term rainfall intensities from the CLM simulation 
were used for:

a) �an analysis of the seasonal changes (using Burn’s vector
methodology);

b) �the trend testing (using the Mann-Kendall trend test);
c) �estimating and comparing the results of the design floods

(using the SCS-CN method) in combination with the
observed downscaled rainfall intensities.

The observed (1995-2009) and predicted (near future (2031-
2070) and remote future (2070-2100)) design short-term rainfall 
intensities for the Telgárt climatological station (downscaled by 
the authors) are shown in Fig 2.

Fig. 1 Location and Digital Elevation Model (DEM) of the area of 
interest

Fig. 2 The observed (Po ), near (Pnf ) and remote future (Prf ) designs 
of the short-term rainfall intensities for the Telgárt climatological 
station
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To estimate the design floods, the following digital maps were 
used and processed in a GIS environment: a Digital Elevation 
Model (DEM), with a 20 m raster size (Fig.  1); a Corine Land 
Cover (CLC) land use vector map for the year 2018 (Fig. 3a) that 
is available online (Copernicus Land Monitoring Service); a soil 
type vector map (Fig. 3b); and an orthophoto map, with a 25 cm 
raster size (ZBGIS®).

4 RESULTS 

4.1 �Changes in the seasonality of the short-term 
rainfall

One of the aims of this analysis was to look at the shifts in the 
occurrence of the seasonal extremes in the short-term rainfall for 
the periods analyzed and compare what changes in seasonality 
could occur for both future periods. The periods analyzed were 
the historical (1961-2020), the near future (2031-2070), and 
the remote future (2071-2100) periods. The results from the 
seasonality analysis are in Figure 4.

The results show that the seasonal extremes in the short-term 
rainfall intensities occur in July. It can, therefore be assumed that 
there could be a minimal change between the two future periods. 

The most significant change predicted between the future periods 
will be the daily rainfall duration. The remote-future period shows 
a one-week shift to an earlier period in July. The comparison of 
the historical and future periods shows a minimal change, and 
the difference between the occurrence of the seasonal extremes is 
approximately one week.

4.2 �Changes in the trends of the short-term rainfall

An analysis of short-term rainfall trends was undertaken too. 
The results from the trend analysis are available in Table 1.

Tab. 1 The trends in the short-term rainfall intensities data

Duration (min) / Period (year) 60 120 180 240 1440

1961-2020 ↘ ↘ ↘ ↘ ↘

2031-2070 ↗ ↗ ↗ ↗ ↗

2071-2100 ↘ ↘ ↘ ↘ ↘

The study showed interesting results. There are decreasing but 
not significant trends in the historical and remote-future periods. 
A different situation can be seen in the near future period, where 
an increase was revealed in all the rainfall durations. In the 60-, 
120-, and 180-minute durations, significant trends were detected 
at a 90% level of significance.

4.3 �Estimation of the design floods using the SCS – 
CN method

Finally, the design floods (QN) were estimated using the SCS 
– CN method and the downscaled observed, near future and
remote future design rainfall intensities (Fig. 2). The calculations 
were provided for different return periods (N = 10, 20, 50, and 
100 years). The hydrological soil group (needed to estimate the 
CN parameter) was derived using the map of soil types (Fig. 
3b), according to which hydraulic soil group B was selected. 
Subsequently, the CLC land use map for 2018 (Fig. 3a) was used 
to set the CN values shown in Table 2.

Fig. 3 Digital vector maps: a) CLC land use, b) soil types

Fig. 4 The shifts in seasonality of the extreme short-term rainfall
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Tab. 2 Selected CN values used for the Hnilec River basin

Land use Area [km2] CN [-]
Sport and leisure facilities 0.52 69
Coniferous forest 36.23 60
Broad-leaved forest 1.29 60
Grasslands 1.86 58
Pastures 4.02 69
Agricultural land 2.37 72
Transitional woodland-shrub 5.56 67
Mixed forest 15.67 60
total area [km2] 67.53
weighted average CN value [-] 61.55

The research assumed that the whole analyzed area of the 
Hnilec River basin would be affected by precipitation: 1) with 
a duration equal to the time of the concentration (Pasák, 1983)), 
which, in the case of the Hlinec River basin, is equal to 104 
min; 2) with the same statistical significance as the design flood. 
The values of the estimated design flood values (QN) using the 
observed (Po), the near future (Pnf), and remote future (Prf) design 
rainfall intensities are shown in Table 3.

Compared to the QNa, the results from Table 3 show that the 
values of the QNnf in the near future increased in the cases of 
the 10- and 20-year return periods. The opposite is valid for the 
remote-future design floods, where QNrf increased by 32% in the 
case of the 100-year return period when compared to the QNa.

5 CONCLUSIONS AND DISSCUSION

This study focused on detecting trends and changes in short-
term rainfall and their influence on design floods in the selected 
river basin. The Mann-Kendall trend test method was used in 
this analysis. Historical periods (1961-2020), near-future periods 
(2031-2070) and distant future (2071-2100), and for 60-, 120-
, 180-, 240- and 1440-minute rain durations were tested. The 
results are summarized in Table 1. Significant upward trends of 
90 % significant were detected for the near future (2031-2070). 
This trend is similar to other Slovak stations such as Bratislava-
Koliba, Červený Kláštor, Boľkovce, Hurbanovo, Lipovce, Liesek, 
Ľubochňa, Smolník and Tatranská Lomnica. The next step was 
to analyze the seasonality of occurrences of maximum rainfalls 
during the warm half-year. The Burn vector method was used, 
and future average shifts of short-term rainfall rates since the 
historical period (1961-2020) were also determined. On average, 

the predominant shift between historical and future periods was 
one week earlier in July. From a regional point of view, similar 
shifts to the earlier period were detected at other stations in the 
High and Low Tatra Regions of Slovakia.

Regarding the derivation of short-term design rainfalls, it can 
be concluded from the results of the period-to-period comparison 
that the design values of the short-term rain intensities derived 
from the CLM scenario for future periods are higher, Fig.2.

The changes in short term rainfall will have an impact 
on design flood estimation, as was detected in this case study.

The main results from the study can be summarized as follows:
1. �The changes in seasonality in the short-term rainfall with

durations of 60 min to one day predicted for the future
periods are insignificant. But it can be noted that for the
future periods, there will be a shift in the rainfall maxima
of about one week to an earlier period in July compared to
the historical period;

2. �The changes in the short-term rainfall trends showed
an insignificant decreasing trend for the historical and
remote future periods. However, for the near future period,
significant trends were detected in the 60-, 120- and
180-minute rainfall durations at the 90% significance level;

3. �The results of the design discharges predict higher values in
the near future in the case of lower 10- and 20-year return
periods, and the increase for the 50- and 100-year return
periods will be in the far future. These results could signal
more extreme floods in the future in this area and the need
for re-evaluating flood protection.

Finally, all the results presented can be helpful for future 
water management planning and flood protection measures in the 
study area.
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Tab. 3 Estimated design floods using the observed (Po), the near future (Pnf), and the remote future (Prf) design rainfall intensities

N [years] Po (1995-2009) [mm] QNo [m
3.s-1] Pnf (2031-2070) [mm] QNnf [m

3.s-1] Pff (2071-2100) [mm] QNrf [m
3.s-1]

10 29.7 33.87 30.5 35.38 26.0 26.37

20 33.4 41.95 33.5 42.05 32.0 38.68

50 38.7 54.71 36.9 50.13 41.0 60.61

100 41.7 62.53 39.1 55.84 48.7 82.59
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