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Abstract. The paper reflects the results of a survey and assessment of the technical condition of steel-
reinforced concrete floor slabs using the “Hoesch Additiv Decke®” technology. Poor execution of concreting 
and reinforcing, lack of combined action between the elements of the slab, various deviations from the 
project significantly affect the stress-strain state of the steel-reinforced concrete floor. The aim of the work 
is to study the influence of various factors on the stress-strain state of steel-reinforced concrete floor slabs 
using the “Hoesch Additiv Decke®” technology before their operation. The main objectives of this study 
are: assessment of the technical condition of the steel-reinforced concrete floor slab, detection of defects 
and damage in the elements of the slab; check calculations of strength, deformability and fluctuation of 
individual elements, taking into account the identified defects and damage; search for the main decisive 
parameters in the production of construction and installation works, which significantly affect the strength, 
deformability and durability of the structure. The object of the study is the elements of the combined steel-
reinforced concrete floor. The paper considers the influence of various factors on the stress-strain state of 
a combined steel-reinforced concrete floor before the start of operation. The authors apply the calculation-
analytical method of research. The strength of the slab elements is checked using the “Scad Office” 
program. The verification of the deformability and fluctuation of the overlap is carried out by manual 
calculation in accordance with current regulations. Results. The authors performed check calculations of 
the slab elements, taking into account the identified defects and damages, the actual reinforcement and 
the thickness of the slab. Deficiencies in the construction and installation works and design errors led to a 
large number of defects in the floor, such as overloading of the slab, the appearance of force cracks in the 
slab above the beams, excessive deflections of structures, defects in reinforcement and in concreting. It is 
required to carry out comprehensive measures to strengthen the floor slabs according to a specially 
developed construction project developed by a specialized organization. Conclusions. The authors give 
recommendations on ensuring the operational characteristics of the examined bearing elements based on 
the results of assessing the technical state of the structures. The results of the research can be used in 
practical work by engineers in the design and construction of steel-reinforced concrete floor slabs, as well 
as in the examination and assessment of their technical state. 

Citation: Bedov, A.I., Shaposhnikova, Yu.A. Bearing capacity of steel-reinforced concrete floor elements 
before the operation period. Magazine of Civil Engineering. 2024. 17(1). Article no. 12501 
DOI: 10.34910/MCE.125.1 

1. Introduction 
The paper reflects the results of a survey and assessment of the technical condition of steel-

reinforced concrete floor slabs made using the “Hoesch Additiv Decke®” technology (developed by 
ThyssenKrupp Bausysteme) for a three-story public building. 
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Technology “Hoesch Additiv Decke®” or “Hoesch Additive Floor®” is a system of lightweight pre-
fabricated steel-reinforced concrete floors, made in Germany [1–3]. The system consists of metal rolled  
I -beams with a possible pitch of up to 5.9 m, a ribbed reinforced concrete plate and trapezoidal steel 
profiled sheeting used as a permanent formwork. The flooring type TRP 200 is used with a trapezoidal 
profile, 200 mm high or more. The profiled flooring is made in accordance with DIN EN 10346-2015 
“Continuously hot-dip coated steel flat products for cold forming – Technical delivery conditions”. A 
distinctive feature of this technology is a patented method of supporting reinforced concrete slabs along 
profiled flooring on massive steel support elements. Supports are made of profiled steel of square section, 
which minimizes the construction height of the slab and maintains the useful height of the storey [1–3]. 

A typical design of a steel-reinforced concrete floor slab using the “Hoesch Additiv Decke®” 
technology is shown in Fig. 1 [4]. 

 
Figure 1. Steel-reinforced concrete floor slab using “Hoesch Additiv Decke®” technology:  

(1) steel support element, (2) stud connector, (3) plastic seal cover, (4) zigzag traverse,  
(5) ribbed reinforced concrete plate, (6) welded wire reinforcing mesh, (7) longitudinal ceiling 

reinforcement, (8) trapezoidal steel profiled sheeting, (9) composite steel beam. 
In Europe, this technology is widespread and is used for multi-storey car parks and two-level parking 

areas. In the Russian Federation, this structural system was used in individual buildings in the cities of 
Moscow, St. Petersburg, Sochi and in some others, mainly for the construction of parking lots and shopping 
centers. 

Steel-reinforced concrete floors have long been widely used both in the Russian Federation and 
abroad for buildings for various purposes [5–8]. The effectiveness of the use of such structures of floor 
slabs, their advantages and disadvantages are considered in [9–10]. Steel-reinforced concrete floors differ 
in design solutions, types and installation technology [11–12]. Traditional combined profiles have a height 
of no more than 70 mm and are installed on the upper shelf of a rolling I -beam. This significantly increases 
the building volume without increasing the useful height of the spaces. 

The development of the construction industry contributes to the continuous improvement of existing 
and the introduction of new types of load-bearing structures, including steel-reinforced concrete floors. The 
use of modern load-bearing systems of buildings, which allow increasing the useful height without 
increasing financial costs, is especially relevant at the present time. The study of the operation of such 
floors, as well as the influence of various factors on the stress-strain state during construction and operation 
is of scientific and practical interest.  

At the first stages of the development of steel-reinforced concrete structures, such domestic 
scientists as N.N. Streletsky, E.M. Gitman, E.E. Gibshman and others were engaged in the issues of their 
calculation and design. They were mainly engaged in large-span bridge structures or steel-concrete 
trusses. The possibilities of using steel-reinforced concrete in civil engineering were not considered at that 
time. 

Many Russian and foreign scientists have studied the work of complex monolithic ceilings supported 
by metal beams. For example, E.S. Karapetov, C.T.T. Hsu, B. Jurkiewiez and others studied the problems 
and methods of including individual components of the steel-reinforced concrete floor in the joint work  
[13–15]. P. Colajanni, D. Kanchana, J. Qureshi and others dealt with the issues of shear resistance of an 
embedded joint between a reinforced concrete slab and a steel beam [16–18]. Researchers A. Albarram, 
J. Qureshi and A. Abbas studied the effect of rib geometry on the performance of composite beams [19]. 
F.S. Zamaliev, A.S.H. Suwaed and others considered the issues of joining the slab with metal beams  

https://translate.academic.ru/stud-bolt/ru/en/
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[20–21]. G.P. Tonkih, M. Konrad, S.W. Pathirana studied the joint work of a slab and metal beams by 
connecting with stud connectors and various anchor fasteners [22–24]. A.G. Tamrazyan, F.S. Zamaliev, 
S.N. Arutyunyan, E.G. Bikkinin studied the features of the stress-strain state of a steel-reinforced concrete 
slab during construction [25-26]. Features of the calculation of such floors are presented in the works of 
such researchers as D.A. Urgalkina, M.L. Porter, V.S. Kuznetsov and others [27–29]. In the works of 
Yu.L. Rutman, V.E. Tarasikova, L.R. Gimranov, K.A. Nazarova the issues of the influence of various factors 
on the deformability of steel-reinforced concrete floors were studied [30–33]. Numerical modeling of 
reinforced concrete composite beams with reinforcement is presented in the works of M. Ramezani, F. 
Alsharari, J.L.P. Tamayo and others [34–36]. L.H. Reginato, A.N. Mironov, D.V. Bely, V.M. Anishchenkov 
paid attention to the effect of creep and cracking on the stress-strain state of such floors [37–39]. 

Initially, in the Russian Federation and abroad, the calculation of the strength of steel-reinforced 
concrete floors was carried out in accordance with the distribution of forces, in proportion to the stiffness of 
the floor elements [40]. In Russia, since 1984, the calculation of steel-reinforced concrete structures has 
been carried out in accordance with SNiP 35.13330.2011 “Bridges and culverts” and its subsequent 
versions. And in 2017, a new regulatory document SP (Russian Construction Rules) 266.1325800.2016 
“Composite steel and concrete structures. Design rules”, which provides more detailed and precise 
recommendations for the calculation of such floors. In Europe, the calculation and design of steel-reinforced 
concrete structures is currently carried out on the basis of “Eurocode 4: Design of composite steel and 
concrete structures”, as well as in accordance with design guides [41–42]. 

Such scientists as S.B. Krylov, A.G. Tamrazyan, V.O. Almazov, S.N. Arutyunyan and many others 
were engaged in comparing the methods of calculation and design of steel-reinforced concrete slabs with 
profiled flooring according to Russian and European standards [43–45]. 

The stress-strain state of individual elements and steel-reinforced concrete floors as a whole before 
the start of operation is influenced by many different factors. Among the main factors that require a detailed 
analysis are the following [26]: 

− the property of steel-reinforced concrete structures to change their stress-strain state after laying 
the concrete mix and in the process of concrete hardening; 

− the effect of creep and concrete contraction on the redistribution of stresses, as well as on the 
increase in deflections before the start of operation; 

− the influence of the development of elastic-plastic deformations of concrete on the formation of 
additional stresses in steel elements (the effect of additional loading); 

− the effect of compliance of the contact joint between a steel beam and a reinforced concrete slab 
on the operation of the system due to the close location of the seam to the neutral zone of the 
composite beam section; 

− the influence of the development of elastic-plastic deformations of concrete on the formation of 
additional stresses in steel elements (the effect of additional loading); 

− influence of compliance of the contact line between a steel beam and a reinforced concrete slab 
on the work on the system due to the close location of the contact line to the neutral zone of the 
composite beam section; 

− influence of heat transfer processes due to cement hydration processes on the stress-strain state 
of steel elements. 

Unsatisfactory performance of concrete work (overflow of concrete mix, poor-quality concrete mix, 
its overdrying during the hardening process), poor performance of reinforcing work, lack of joint work 
between the elements of the slab, lack of adhesion of the profiled sheet to reinforced concrete, solutions 
that do not meet the requirements of construction documents, etc., can significantly affect the stress-strain 
state of the steel-reinforced concrete floor structure. 

The defects and damages identified during the building survey in the elements of the steel-reinforced 
concrete floor before the start of the operation indicate the need for a detailed consideration of the influence 
of these factors on the work of the floors. The study of the features of the stress-strain state of steel-
reinforced concrete slabs before the start of operation to prevent the development of various negative 
phenomena in structures is of particular interest to project designers and engineers. Identification of the 
main decisive parameters and important technological features in the production of construction and 
installation works for steel-reinforced concrete slabs using the “Hoesch Additiv Decke®” technology is of 
practical interest to modern civil engineers and erection supervisors. 

The purpose of this work is to study the influence of various factors before the start of operation on 
the stress-strain state of steel-reinforced concrete floor slabs made using the “Hoesch Additiv Decke®” 
technology. 

https://translate.academic.ru/stud-bolt/ru/en/
https://www.multitran.com/m.exe?s=concrete+contraction&l1=1&l2=2
https://www.multitran.com/m.exe?s=construction+documents&l1=1&l2=2
https://www.multitran.com/m.exe?s=project+designer&l1=1&l2=2
https://www.multitran.com/m.exe?s=erection+supervisor&l1=1&l2=2
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The main objectives of this study were: 

• assessment of the technical condition of the steel-reinforced concrete floor slab, detection 
of defects and damage in the elements of the slab; 

• verification calculations of strength, deformability and fluctuation of individual elements of a 
steel-reinforced concrete slab, taking into account the identified defects and damages; 

• search for the main decisive parameters of construction and installation works, which 
significantly affect the strength, deformability and durability of the steel-reinforced concrete 
floor structure. 

2. Methods 
The paper reflects the results of a survey and assessment of the technical condition of steel-

reinforced concrete floor slabs made using the “Hoesch Additiv Decke®” technology for a three-story public 
building [1–3]. The survey was carried out in accordance with GOST (Russian Government Standard) 
31937-2011 “Buildings and constructions. Rules of inspection and monitoring of the technical condition” 
and SP (Russian Construction Rules) 13-102-2003 “Rules of inspection of bearing structures of buildings 
and facilities”. 

The surveyed building is a detached 3-storey, single-span, rectangular in plan, floor height of 3.6 m. 
The structural scheme of the building is frame-and-link system, consisting of steel columns, welded steel 
and rolled beams, steel-reinforced concrete floors, portal brace between columns, half-timbered vertical 
and horizontal guides. Joints of beams with columns and columns with foundations are hinged. The load-
bearing steel frame is a single-span three-story frame with a span of 15 m and a step of 5.2 m. Fig. 2 shows 
a bottom view of the second floor ceiling. 

 
Figure 2. Bottom view of the floor slab of the second floor: significant deflections  

of the ribs of the profiled steel sheet. 
The spatial rigidity of the building is sufficient, provided by the presence of a metal frame, united by 

monolithic steel-reinforced concrete floors along profiled steel flooring, as well as vertical portal brace and 
half-timbered vertical and horizontal guides from a square profile of 100×100×5 mm. 

The ceiling is a monolithic steel-reinforced concrete slab. A monolithic slab on a profiled steel deck 
type TRP 200, with a total project thickness of 295 mm (flange thickness 90 mm), is laid on steel welded 
prestressed beams with reverse camber (650 mm high with a flange width of 180 mm). Joint work of beams 
and slabs is provided by stud connector welded to steel beams with a certain pitch. Profiled decking TRP 
200–750 is used as a fixed formwork for reinforced concrete floors and rests through steel rectangular bars, 
35 mm high, on the top flange of steel prestressed beams. 

Steel-reinforced concrete beams are pivotally supported through a supporting steel plate using bolts 
on steel columns from an I-section 25K1 according to STO ASCHM (Russian Industry Standard of 
Association of Ferrous Metallurgy) 20-93 “Rolled steel sections. I-beams with parallel edges of flanges. 
Specifications”. The metal of the beams corresponds to the declared design class C355 according to the 
results of physical-chemical analysis. There are no suspended ceilings at the time of the survey. 

Multiple defects and damage to the main load-bearing above-ground structures were found as a 
result of the survey. 

The concrete class of the floor slabs corresponds to class B20 according to the results of a series of 
strength tests in accordance with GOST (Russian Government Standard) 26633-2015 “Heavy-weight and 
sand concretes. Specifications”, which is lower than the B25 class declared in the project. 

https://www.multitran.com/m.exe?s=portal+brace&l1=1&l2=2
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The slab uses a profiled sheet TRP 200-750 with a thickness of 0.9t ≈  mm, which is less than the 
minimum thickness recommended by the “Hoesch Additiv Decke®” technology of 1 mm, and less than the 

1.25t =  mm declared in the project. The metal of the profiled deck has a tensile strength of 343.77 MPa 
according to the results of a series of strength tests. The connection between the reinforced concrete floor 
slab and the profiled flooring using notches or anchors is not provided for by the project. 

According to the results of the geodetic survey, deflections of rolled I -beams up to 18 mm were 
recorded, which is / 833l , where the span of the beams between the columns is 15l =  m. The reverse 
bend provided by the project, up to 36 mm, is fixed only in some beams, which is up to / 417l , where the 
span of the beams between the columns is 15l =  m. 

The deflections of the profiled steel sheet ribs in the longitudinal direction reach up to 29 mm, which 
is /179l , where the span between the beams is 5.2l =  m. Deflection of the profiled steel sheet shelf in 
the longitudinal direction reaches a value of 75 mm, which is l /69, where the span between the beams is 

5.2l =  m. The deflections of the corrugated board shelf in the transverse direction reach a value of 87 mm, 
which is / 7l , where the span between the supports-ribs of the profiled sheet is 0.58l =  m. 

The thickness of the cement-sand screed on the floor slabs was up to 60 mm. This is much more 
than the 30 mm declared in the project and leads to an excess of the constant load. There are no floor 
loads and operating loads at the time of the survey. 

The deflections of the floor slab along the profiled steel sheet between the metal beams already 
exceeded the maximum allowable deflection /150l  at the time of the survey. Deflections of the profiled 
steel sheet in the transverse direction reached critical values up to / 7l . These defects clearly indicate a 
significant overflow of the concrete mix of the floor slab over the profiled flooring. Inadmissible deformations 
indicate an insufficient design thickness of the profiled steel deck 0.9t ≈  mm, which is unable to support 
the weight of the concrete mix without significant deformations. The actual thickness of the floor slab flange 
reached 130 mm in some areas (up to 120 mm on average) due to the insufficient design thickness of the 
profiled sheet and the absence of its additional supports when concreting the floor slab. A significant 
overflow of the concrete mix and an almost 2-fold increase in the thickness of the cement-sand screed led 
to the fact that the actual load on the floor increased significantly. Overloading the floor slab with a constant 
load has a negative impact on the stress-strain state of the steel-reinforced concrete floor. 

The joint work of the reinforced concrete slab and profiled deck is practically absent due to the 
excessive deflection of the profiled deck, as well as the lack of adhesion (for example, with the help of 
notches) of the concrete of the slab and the corrugated sheet. 

Power cracks were fixed in reinforced concrete slabs above steel beams. Single or paired cracks are 
located in the direction along the steel beams for the entire width of the building, with an opening width of 
up to 1.5 mm for the entire thickness of the slab. The formation of such cracks indicates that the limiting 
tensile strains in the concrete of the slab are maximum. In the cross section of a steel-reinforced concrete 
slab above a metal support beam, only reinforcing bars work in tension. That is, in fact, the formation of a 
plastic hinge occurred in reinforced concrete floors in the supporting sections above the beams. Due to the 
occurrence of the described defects, the design scheme was changed from a multi-span reinforced 
concrete beam slab with design spans of 5.2 m to single-span hinged-supported slabs with a design span 
of 5.02 m for each (Fig. 3). 

 
Figure 3. Calculation scheme of a reinforced concrete slab along a profiled deck:  

(a) initial multi-span, (b) single-span with hinged support. 

https://www.multitran.com/m.exe?s=corrugated+sheet&l1=1&l2=2
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The protective layer was exposed in several areas to reveal the actual reinforcement of the floor slab. 
As an example, the results of opening a protective layer in a section above a steel beam in the middle of 
its span are presented (Fig. 4). The geometric dimensions of the steel-reinforced concrete floor elements 
based on the results of opening the protective layer and measurements are shown in Fig. 4. The actual 
thickness of the concrete protective layer and the reinforcement of the slab were established based on the 
results of the examination of the openings. 

 
Figure 4. Section of the opening of the protective layer in the section above the steel beam:  

(1) opening area, (2) welded I-beam h = 650 mm, (3) monolithic reinforced concrete ribbed plate 
along the profiled deck, (4) steel support element, (5) bent reinforcing bars 2∅14 A500S,  

(6) cement-sand screed, (7) reinforcing mesh 4B500-100, (8) reinforcing mesh 8A500S-100,  
(9) stud connector ∅22, (10) I-beam web 12×600 mm, (11) bottom flange I-beam 25×180 mm. 

According to the results of openings and measurements, it was revealed that the slab is reinforced 
with non-tensioned reinforcement: 

− over the entire area of the floor slab, a reinforcing mesh ∅8 A500S was laid, with a step of 
100 mm in both directions, the thickness of the protective layer 50 75za ≈ −  mm from the upper 
surface of the concrete; 

− in each rib of the reinforced concrete floor, along the profiled deck, a reinforcing bar ∅18 A500S 
is laid, the thickness of the protective layer is 40 60za ≈ −  mm from the bottom surface of the 
concrete rib; 

− bent reinforcing bars 2∅14 A500S are laid in the reinforced concrete floor when supported 
through a steel beam, the thickness of the protective layer is 10 15za ≈ −  mm from the lower 
surface of the concrete of the slab shelf; 

− in the upper zone above the metal beams, two reinforcing meshes ∅4 B500 are laid with a step 
of 100 mm in both directions, the thickness of the protective layers is 20 40za ≈ −  mm and 

50 55za ≈ −  mm from the upper surface of the concrete. 

Reinforcement in the upper zone above the steel beams (two reinforcing mesh ∅4 B500 with a step 
of 100 mm in both directions) does not correspond to the one declared in the project (two reinforcing mesh 
∅5 B500). The thickness of the protective layers of the floor reinforcement exceeds the design ones by  
5–25 mm. 

In accordance with Eurocode 4 and SP (Russian Construction Rules) 266.1325800.2016, the 
calculation of a steel-reinforced concrete floor slab traditionally includes two stages:  

− the calculation of the profiled steel deck for the weight of the concrete mix during concrete 
placement; 

− the calculation of the reinforced concrete slab with sheer studs (stud connectors) on the support 
beams, where the profiled deck is additional external working slab reinforcement. 

For a reinforced concrete slab in operation, designers carry out strength checks along normal and 
inclined sections, check the maximum deflection of the slab under the design load, check the adhesion 
strength of the profiled flooring to concrete, and evaluate the compliance of sheer studs (stud connectors). 

In the presented study, in order to assess the actual bearing capacity of the slab structure along the 
profiled decking, as well as the combined floor beam, verification calculations were performed taking into 

https://translate.academic.ru/stud-bolt/ru/en/
https://www.multitran.com/m.exe?s=concrete+placement&l1=1&l2=2
https://www.multitran.com/m.exe?s=concrete+placement&l1=1&l2=2
https://translate.academic.ru/stud-bolt/ru/en/
https://translate.academic.ru/stud-bolt/ru/en/
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account the actual reinforcement, the identified thicknesses of the protective layers of the reinforcement, 
the actual thickness of the slab, and taking into account the indicated defects and damage. Taking into 
account that the connection of the floor slab and the profiled flooring by means of notches or connectors is 
not provided for by the project, the operation of the profiled steel flooring as external working reinforcement 
was not taken into account in the calculation of the slab. Loads were assigned in accordance with SP 
(Russian Construction Rules) 20.13330.2016 “Loads and actions”. 

Calculations of the reinforced concrete slab for strength and deformability were performed in 
accordance with SP (Russian Construction Rules) 63.13330.2018 “Concrete and reinforced concrete 
structures. General provisions” for three sections: 

• cross-section on the support, checking for transverse force (only the rectangular part of the 
cross-section of the floor slab on the profiled deck works); 

• cross-section at a distance x from the support, where the T-section is fully included in the 
work on the action of the transverse force (taking into account the most unfavorable option 
− the size of the section according to the project, without pouring the concrete mix, and the 
maximum value of the transverse force on the support); 

• cross-section in the span-zone of the slab with its actual thickness (taking into account the 
overflow of the concrete mix) to the action of the bending moment. 

Verification calculations for strength, deformability and unsteadiness for a steel-reinforced concrete 
combined beam were performed in accordance with SP (Russian Construction Rules) 266.1325800.2016 
“Composite steel and concrete structures. Design rules”. 

3. Results and Discussion 
The results of verification calculations for various elements of the steel-reinforced concrete floor are 

presented below. The strength of the normal sections of the slab along the profiled flooring was tested 
taking into account the deformation model, which is based on the principle of dividing the section into many 
sections [27]. The shear strength of composite floor slabs depends on many factors [9]. In view of the 
peculiarities of the operation of the floor using the “Hoesch Additiv Decke®” technology, as well as the 
identified defects in the design of the slab, the most dangerous sections of the slab are considered below. 

3.1. Checking the strength of the rectangular section of the slab along  
the profiled deck for the action of the shear force Q  on the support 

Only the rectangular part of the T-section of the reinforced concrete floor slab works on the support. 
The following initial data for the calculation were accepted: general partial factor 1.0nγ = ; effective length 

0 5.02l =  m. The actual section of the floor slab adopted for the calculation: 750b =  mm, 90h =  mm, 

1 13a =  mm, 2 44a =  mm. Concrete of class B20 is accepted. Reinforcement was taken for calculation: 
bottom 2∅14 A500S (bended rods in the lower zone of the slab flange), upper − 6∅10 A500S, which 
corresponds to the actual reinforcement of the upper zone of the slab (Fig. 4). There is no cross 
reinforcement according to the project. The work of a profiled deck as a cross reinforcement is not taken 
into account due to the lack of its adhesion to the concrete of the floor slab.  

The design section of the floor slab is shown in Fig. 5. 

 
Figure 5. Design rectangular section of the floor slab. 

Verification calculation was performed using the “Scad Office” program. The calculation results are 
presented in Table 1. 

 

https://www.multitran.com/m.exe?s=general+partial+factor&l1=1&l2=2
https://www.multitran.com/m.exe?s=design+section&l1=1&l2=2
https://www.multitran.com/m.exe?s=design+section&l1=1&l2=2
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Table 1. Results of calculating the section of a floor slab on a support for the action of a 
transverse force. 

Verification Utilization ratio 
Strength of a concrete strip between oblique sections 0.183 

Strength of oblique sections without cross reinforcement  1.4 
 

The reinforced concrete slab on the profiled deck does not meet the requirements of the standards 
for the strength of oblique sections in a rectangular section near the support. 

3.2. Checking the strength of the T-section of the slab along the profiled deck 
near the support for the action of the shear force Q. 

The check is carried out at a distance x from the support, where the T-section is included in the work 
on the shear force. The most unfavorable option is taken into account – the size of the section according 
to the project (without overflowing the concrete mix) and the maximum value of the shear force on the 
support. The following initial data for the calculation were accepted: general partial factor 1.0;nγ =  

effective length 0 5.02l =  m. The actual section of the floor slab adopted for the calculation: 125b =  mm, 

295h =  mm, 1 750b =  mm, 1 90h =  mm, 1 40a =  mm, 2 44a =  mm. Concrete of class B20 is 
accepted. Reinforcement was taken for calculation: bottom 2∅18 A500S (in the ribs of the floor slab), upper 
− 6∅10 A500S, which corresponds to the actual reinforcement of the upper zone of the slab flange (Fig. 4). 
There is no cross reinforcement according to the project. The work of a profiled deck as a cross 
reinforcement is not taken into account due to the lack of its adhesion to the concrete of the floor slab.  

The design section of the floor slab is shown in Fig. 6. 

 
Figure 6. Design T-section of the floor slab near the support. 

Verification calculation was performed using the “Scad Office” program. The calculation results are 
presented in Table 2. 

Table 2. The results of the calculation of the floor slab on the support for the action of the 
shear force. 

Verification Utilization ratio 
Strength of a concrete strip between oblique sections 0.183 

Strength of oblique sections without cross reinforcement  1.4 
 

The reinforced concrete slab on the profiled deck does not meet the requirements of the standards 
for the strength of oblique sections in a rectangular section near the support. 

3.3. Checking the strength of the tee section of the slab along  
the profiled deck in the span, taking into account the overflow of concrete 

The following initial data for the calculation were accepted: general partial factor 1.0;nγ =  effective 

length 0 5.02l =  m. The actual section of the floor slab adopted for the calculation: 125b =  mm, 

325h =  mm, 1 750b =  mm, 1 120h =  mm, 1 60a =  mm, 2 53a =  mm. Concrete of class B20 is 

https://www.multitran.com/m.exe?s=general+partial+factor&l1=1&l2=2
https://www.multitran.com/m.exe?s=design+section&l1=1&l2=2
https://www.multitran.com/m.exe?s=design+section&l1=1&l2=2
https://www.multitran.com/m.exe?s=general+partial+factor&l1=1&l2=2
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accepted. Reinforcement was taken for calculation: bottom 1∅18 A500S, upper − 5∅10 A500S, which 
corresponds to the actual reinforcement of the upper zone of the slab flange (Fig. 4). There is no cross 
reinforcement according to the project. The work of a profiled deck as a cross reinforcement is not taken 
into account due to the lack of its adhesion to the concrete of the floor slab. 

The calculated section of the floor slab is shown in Fig. 7. 

 
Figure 7. Design T-section of the floor slab in the span. 

Verification calculation was performed using the “Scad Office” program. The calculation results are 
presented in Table 3.  

Table 3. The results of the calculation of the floor slab in the span. 
Verification Utilization ratio 

Strength at the ultimate moment of the section 0.794 
Deformations in compressed concrete 0.208 
Deformations in tension reinforcement 0.116 

Crack width (short-term) 1.17 
Crack width (long term) 1.396 

 

According to the results of the verification calculation, the reinforced concrete slab on the profiled 
deck does not meet the requirements of the standards for the width of the target crack width. The maximum 
calculated deflection of the floor slab along the profiled deck, taking into account operational loads, does 
not go beyond the normative values and is 17.37 mm, which is less than the maximum allowable 

/167 30l =  mm. 

3.4. Verification calculation of a composite steel-reinforced concrete 
The following initial data for calculation are accepted. 

Steel welded beam made of C355 steel, design tensile strength of steel 305yR =  MPa; 

reinforcement modulus of elasticity 52.05 10sE = ⋅  MPa. Beam span 15l =  m, beam spacing 

5.2B =  m. Composite beam section dimensions: flange width 180 mm; flange thickness 25 mm; web 
thickness 12 mm; the total height of the steel beam is 650 mm. 

A monolithic reinforced concrete slab with a thickness of 90 mm is laid on metal welded T-section 
beams. Haunch height is 35 mm (Fig. 8). The design width of the reinforced concrete slab is 180 mm. Class 
of concrete is B20, design resistance of concrete to compression 11.5bR =  MPa, concrete modulus of 

elasticity 327.5 10bE = ⋅  MPa. Class of reinforcement is A500S, design tensile strength of reinforcing steel 

435sR =  MPa, reinforcement modulus of elasticity 52.05 10sE = ⋅  MPa (Fig. 3–5). The main geometric 
characteristics of the section are shown in Fig. 8. 

Geometric characteristics of the section: 1, 45f stA =  cm2 is cross-sectional area of the lower flange 

of the beam; 2, 45f stA =  cm2 is cross-sectional area of the upper flange of the beam; , 72w stA =  cm2 is 

cross-sectional area of the beam web; 1.0sA =  cm2 is cross-sectional area of bar tension reinforcement; 

https://www.multitran.com/m.exe?s=design+section&l1=1&l2=2
https://www.multitran.com/m.exe?s=target+crack+width&l1=1&l2=2
https://www.multitran.com/m20.exe?s=concrete+modulus+of+elasticity&l1=1&l2=2
https://www.multitran.com/m.exe?s=design+section&l1=1&l2=2
https://www.multitran.com/m20.exe?s=concrete+modulus+of+elasticity&l1=1&l2=2
https://www.multitran.com/m20.exe?s=concrete+modulus+of+elasticity&l1=1&l2=2
https://www.multitran.com/m20.exe?s=concrete+modulus+of+elasticity&l1=1&l2=2
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225bA =  cm2 is total cross-sectional area of a reinforced concrete slab with haunch; , 162.0b plA =  cm2 

is cross-sectional area of a reinforced concrete slab; , 63.0b hA =  cm2 is cross-sectional area of the 

reinforced concrete haunch of the slab; 17.06redA =  cm2 is area of the transformed section; 

1, 32.5f stZ =  cm is distance from the center of gravity of the section of the steel beam stC  to the lower 

edge of its section; 2, 32.5f stZ =  cm is distance from the center of gravity of the section of the steel beam 

stC  to the upper edge of its section; , 38.75b stZ =  cm is distance from stC  to the center of gravity of 

reinforced concrete section ;bC  , 2.27st redZ =  cm is distance from stC  to the center of gravity of the 

transformed section ;redC  , 36.48b redZ =  cm is distance from redC  to .bC  

 
Figure 8. Geometric characteristics of the steel-reinforced concrete beam section:  

bC  is center of gravity of reinforced concrete section, stC  is center of gravity of steel beam 

section, redC  is center of gravity of the transformed section. 

The dead weight of the steel beam is 1 0.134P =  t/r.m. 

The first stage of loading (on a steel beam from a monolithic reinforced concrete floor slab and 
profiled deck) is 0.493 tf/m². 

The second load stage (only on the combined beam) is 0.661 tf/m².  

Load on steel beam 1 5.2 0.493 0.12 2.697g = ⋅ + =  t/r.m. 

Load on steel-reinforced concrete beam 2 5.2 0.661 3.437g = ⋅ =  t/r.m. 

Full load on the steel-reinforced concrete beam 1 2 6.134g g g= + =  t/r.m. 

Maximum bending moment in span (from full loads) 2
0 / 8 172.53M g l= ⋅ =  tf∙m, where 0 15l =  m 

– is the calculated span of the steel-reinforced concrete beam. 

Bending moment of the first stage of work 2
1 1 0 / 8 75.86M g l= ⋅ =  tf∙m. 

Bending moment of the second stage of work 2
2 2 0 / 8 96.67M g l= ⋅ =  tf∙m.  

Maximum shear force on supports (from full loads) 0 / 2 46.01Q g l= ⋅ =  tf. 
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Verification of stresses in concrete in accordance with SP (Russian Construction Rules) 
266.1325800.2016 is carried out according to the formula (1)  

2

,
,b bi bi b

b b red

M R
W

σ = −σ ≥ γ
α

                                                    (1) 

where 2M  is the bending moment of the second stage of work; 22.36bα =  is reduction coefficient of 

concrete; , 3395.78b redW =  cm3 is moment of resistance of the transformed concrete section; biσ  is 

stresses in concrete; biγ  is reliability factor for concrete ; 11.5bR =  MPa is design resistance of concrete 
to compression. 

127.3  103.5>  kg/cm2 

The required strength condition for concrete is not met. 

Checking the stresses in the reinforcement in accordance with SP (Russian Construction Rules) 
266.1325800.2016 is carried out according to the formula (2) 

2

,
,s si si s

s b red

M R
W

σ = −σ ≥ γ
α

                                                     (2) 

where 2M  is the bending moment of the second stage of work; 1sα =  is reduction coefficient of steel; 

, 3395.78b redW =  cm3 is moment of resistance of the transformed concrete section; siσ  is stresses in 

reinforcement; siγ  is reliability factor for reinforcement; 435sR =  MPa is design tensile strength of 
reinforcement. 

2846.8 4350<  kg/cm2 

The required strength condition for reinforcement is met. 
Checking the stresses in the upper flange of the steel beam in accordance with SP (Russian 

Construction Rules) 266.1325800.2016 is carried out according to the formula (3) 

, , ,

2,
,b st bR sR bR sR

s y
f st st

M z N N
R

W A
−

− < γ                                                (3) 

where M is bending moment; , 38.75b stZ =  cm is distance from the center of gravity of the steel beam to 

the center of gravity of the reinforced concrete slab; ,bR sRN  is compressive force of the upper part of the 

combined section; 2, 3370.38f stW =  cm3 is moment of resistance of section to the upper flange of the 

steel beam; sγ  is reliability factor for reinforcement; 305yR =  MPa is design tensile strength of C355 

steel. 

4584.9 3050>  kg/cm2 

The required strength condition for the upper flange of the steel beam is not met. 
Checking the stresses in the bottom flange of the steel beam in accordance with SP (Russian 

Construction Rules) 266.1325800.2016 is carried out according to the formula (4) 

, , ,

1,

b st bR sR bR sR
s y

f st st

M z N N
R

W A
γ

−
− < ,                                                (4) 

where M  is bending moment; , 38.75b stZ =  cm is distance from the center of gravity of the steel beam 

to the center of gravity of the reinforced concrete slab; ,bR sRN  is compressive force of the upper part of 

the combined section; 1, 3370.38f stW =  cm3 is moment of resistance of section to the bottom flange of 

the steel beam; sγ  is reliability factor for reinforcement; 305yR =  MPa is design tensile strength of C355 

steel. 
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4966 3050>  kg/cm2 

The required strength condition for the bottom flange of the steel beam is not met. 
The vertical total deflection of the steel-reinforced concrete floor should be calculated taking into 

account the pre-operational deformed state [6, 24, 25]. However, due to the many defects and damages 
found in the combined beam, it is not possible to determine the completeness of the joint work of steel 
beams and steel-reinforced concrete floor slabs. It is required to carry out additional studies of the joint 
operation of the floor elements and additional verification calculations. In view of the above, the steel beam 
deflection is checked separately from the reinforced concrete floor according to the well-known formula (5) 

45 134.5
384

n

s red

g lf
E I

= =  mm,                                                        (5) 

where 15l =  m is design span of the combined beam, ng  is total design load on the beam; 
52.05 10sE = ⋅  MPa is modulus of elasticity for steel class C355; 123892.3redI =  cm4 is inertia couple 

of the transformed section of the combined beam. 

Taking into account the camber 50 mm, the deflection is 134.5 50 84.5− =  mm. 

84.5 /150 100l< =  mm is the required condition for deformations is met. 

From the results of the performed strength calculations, taking into account the actual reinforcement 
and the actual class of concrete of the slab, as well as taking into account the identified defects and damage, 
it follows that the combined floor beams do not meet the requirements of standards for strength. 

3.5. Verification calculation of a combined beam for fluctuation 
Limit deflections of floor elements of residential and public buildings, based on physiological 

requirements, are determined in accordance with SP (Russian Construction Rules) 20.13330.2016 “Loads 
and impacts” according to the formula (6) 

( )
( )

1
2

1
,

30u
g p p q

f
n bp p q

+ +
=

+ +
                                                            (6) 

where 9.8g =  m∙s–2 is acceleration of free fall; 50p =  kg/r.m. is the standard value of the load from 

people that excite vibrations; 1 70p =  kg/r.m. is reduced standard value of the load on floors; 
772.5q =  kg/r.m. is the standard value of the load from the weight of the calculated element and structures 

based on it; 1.5n =  is the frequency of application of the load when a person walks; b  is the coefficient 
taken according to Table D.2 of SP (Russian Construction Rules) 20.13330.2016 “Loads and actions”.  

According to the results of the sway analysis for the combined beam, the maximum allowable 
deflection is 74.4uf =  mm. Calculated deflection of the combined beam is 

84.5 74.4f = >  mm. 

The fluctuation condition for the combined beam is not met.  
According to the results of the calculation for fluctuation for a slab on a profiled deck, the maximum 

allowable deflection is 26.3uf =  mm. Calculated slab deflection is 

17.37 26.3f = <  mm. 

The fluctuation condition for the floor slab along the profiled deck is met. 

4. Conclusions 
1. According to the results of the performed verification calculations: 

• steel-reinforced concrete slab on profiled deck does not meet the requirements of standards 
for strength from the impact of shear force and crack opening width; 

• combined floor beams do not meet the requirements of normative documentation for 
strength, deformability and fluctuation. 

https://www.multitran.com/m20.exe?s=concrete+modulus+of+elasticity&l1=1&l2=2
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2. Violations in the course of construction and installation works and design errors led to the 
occurrence of a large number of defects in the installation of the floor slab: overloading of the slab, 
force cracks in the slab above the beams, excessive deflections of structures, deficiencies in 
reinforcement and concrete work. 

3. The technical state of the floors is unacceptable. It is required to carry out complex measures to 
strengthen the floor slabs according to a specially developed project, carried out by a specialized 
organization. 

4. When assessing the stress-strain state of steel-reinforced concrete structures, it is necessary to 
take into account the actual geometric characteristics of the section and the initial geometry of the 
deflection of the slab due to the possible overflow of the concrete mix. 

5. During the construction of steel-reinforced concrete floor slabs, including the “Hoesch Additiv 
Decke®” technology, it is necessary: 

• apply design solutions, taking into account the recommendations of manufacturers and in 
accordance with all the necessary requirements of the applied technology; 

• strictly follow the design requirements for reinforcement and concrete work, check the class 
of concrete mix supplied to the construction site; 

• ensure collaboration between the elements of the steel-reinforced concrete slab by following 
the correct design decisions; 

• ensure the adhesion of profiled sheets to reinforced concrete with the help of notches or 
special anchors; 

• perform internal quality control, and if necessary, external quality control at all stages of 
design and construction and installation works. 

6. As a result of the defects and damages identified during the inspection, it is currently not possible 
to accurately determine the completeness of the joint work of steel beams and a steel-reinforced 
concrete floor slab. It is necessary to study the influence of the identified defects and damages on 
the operation of the contact line, arranged by means of stud bolts, between the slab and the rolled 
beam. Additional verification calculations are required to evaluate the joint operation of the floor 
elements. This direction is a separate voluminous topic for analysis. The solution of the issues of 
the influence of various factors on the mating of the plate elements will be considered in future 
studies. 

7. The results of the research can be used in practical work by engineers in the design and 
construction of steel-reinforced concrete floor slabs, as well as in the examination and assessment 
of their technical condition. 
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Abstract. The stress-strain state of the foundations of buildings and structures made of weak viscoelastic 
soils is considered. The mechanical characteristics of a viscoelastic water-saturated soil base were 
determined experimentally. A macro sample of soil in a pipe about 1 m high had a water lock on top to 
create excess pore pressure in the sample. Excessive pore pressure simulated the depth of the sample 
from the surface. From the experiment, the universal parameter of the kinematic model was determined, 
and the foundation was calculated. Theoretical data obtained within the framework of a kinematic model 
considering the viscoelastic properties of the soil are compared with the known Flamant solution and 
experimental data for a stabilized state of the soil. The deviation of vertical displacements from experimental 
data is no more than 4 % (one-dimensional case). The deviation of the theoretical solution of the flat 
Flamant-type problem (considering residual pore pressures) from the known solution of the Flamant 
problem is 16 %. The proposed calculation method makes it possible to predict the deformation of 
foundations made of water-saturated viscoelastic soils more accurately than the solution for elastic and 
elastoplastic soils without the influence of pore pressure. The technique is novel because it allows one to 
simultaneously consider the soil's residual pore pressures and the soil's viscoelasticity. 
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1. Introduction 
To improve methods for calculating soil foundations under construction projects, it is necessary to 

experimentally and theoretically study the process of consolidating foundations from water-saturated soils. 
Many factors influence the consolidation process: the presence of pore water in the soil and the soil 
skeleton's creep [1] since the soil is a viscoelastic material. For weak water-saturated soils (water saturation 
coefficient of more than 80 %), the work [2] proposed nonlinear patterns (stress-strain relationship) for the 
deformability of an elastoplastic soil model. In soil mechanics, time-dependent soil reactions have long 
been considered the result of the compaction process of elastic and single-phase soil [3]. Later, models of 
two-phase soils (soil skeleton and pore fluid) appeared. It was assumed that soil compaction would cease 
when the pore fluid pressure had completely dissipated. However, this assumption contradicts the results 
of laboratory [4] and field [5] experiments. It is proposed in [6] to consider soft soils (for example, clay and 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-0274-0673
https://orcid.org/0000-0002-1196-8004


Magazine of Civil Engineering, 17(1), 2024 

loams) as a viscoelastic or viscoplastic material with rheological properties without considering the influence 
of pore fluid. 

The manifestation of viscoelasticity properties in calculation models is considered through physical 
laws. The mechanical characteristics of the material included in the physical laws are determined from the 
experiment. Experimenting is another urgent task in studying the consolidation process [8]. 

In [10], the time-dependent behavior of soil is associated with primary consolidation (filtration 
consolidation) and with the viscoelastic properties of soils. On the one hand, the primary compaction of 
soils, caused by the dissipation of pore pressure, affects the stresses and deformations of bases and 
foundations. On the other hand, the soil is a viscoelastic medium; A. Mishra [11] used a three-parameter 
viscoelastic soil model. The viscoelasticity problem was converted into an elasticity problem using the 
Laplace transform. However, the soil is considered a solid body with viscoelastic properties, and the 
influence of residual pore pressure is not considered. 

To predict changes in the stress-strain state of soil over time, the work [12] developed an elasto-
visco-plastic soil model that considers the change in soil shape simultaneously with consolidation (without 
considering filtration consolidation). This model includes a linear relationship between the rate of 
development of shear strains and the effective stresses. The soil is single-phase, and the mechanics of a 
deformable solid body are applied to its modeling [13, 14]. 

Article [15] examines the influence of groundwater levels on the mechanical properties of soil. A two-
layer soil model is proposed, which includes an unsaturated layer of water-saturated soil and a layer of 
non-water-saturated soil. The viscoelastic properties of the soil were not considered. 

The creep of a weak two-phase soil considering excess pore water pressure was studied in [16] 
using the undrained triaxial unloading creep tests during the unloading of the sample. It was shown that 
soft soil's unloading creep behaviors are related to deviatoric stress and time. If the deviatoric stress is 
lower than the yield stress, then the deviatoric stress-strain curve exhibits linear viscoelastic properties. If 
the deviatoric stress is higher than the yield stress, then it exhibits strong nonlinear viscoplastic properties. 

Previous studies have generally reduced soil consolidation to either compaction of saturated soil or 
compaction of unsaturated viscoelastic soil. The proposed soil models are not applicable for the analysis 
of real soil settlement since experiments show the presence of residual pore pressure in the soil after the 
completion of the filtration consolidation process. The soil is both water-saturated and viscoelastic. This 
article is devoted to partially eliminating these gaps. That is, it is proposed to model the process of soil 
consolidation considering water saturation and viscoelasticity. For this purpose, a kinematic soil model was 
chosen [7], into which physical laws for the soil skeleton and pore fluid were additionally introduced in the 
form of integral Boltzmann relations. Using the methods of operational calculus, the integral Boltzmann 
relations in the images coincided, up to notation, with the physical laws of the theory of elasticity. The 
viscoelastic problem solution is reduced to solving the problem in two stages. In the first stage, the elastic 
sample was calculated without considering time. In the second stage, a solution to the viscoelastic problem 
considering time was obtained. The authors have not found any other publications with this idea. 

The kinematic model quantitatively describes the contribution of residual pore pressures to the 
stressed and deformed state of the two-phase foundation after the end of the filtration consolidation 
process. The soil is considered water-saturated. The water saturation is confirmed by numerous field 
experiments lasting up to 5 years, according to which the residual pore pressure at a depth of three to four 
meters can be up to 50 % of the total [5]. 

The kinematic model is based on two hypotheses [7]: 

1. The difference in pore pressure does not cause the speed of water movement but causes small 
relative movements of particles of the soil skeleton and pore water. 

2. The connection between solid and liquid soil particles is represented through relative movements 
(volume changes in the three-dimensional case). 

It is necessary to conduct tests with water-saturated soil to consider the viscoelastic properties of the 
soil in the kinematic model (determining the model parameters). Creep tests mainly include macroscopic 
and microscopic aspects. Many researchers have proposed experiments at the macro level in an odometer 
[17] and at the micro level using a microscope to study the microstructure of the soil [18] or combine both 
aspects at once [8]. Testing samples of standard sizes (from 4 to 8 cm) cannot characterize the soil as two-
phase. Firstly, all these experiments were carried out with samples of low height, up to 10 cm, and did not 
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capture the influence of pore water in the soil sample. Secondly, the purpose of these experiments was to 
exclude pore water from consideration; as described above, there were no mathematical models that 
considered the influence of residual pore pressure after the end of the filtration consolidation process. There 
was no need to conduct experiments with a soil sample that would remain saturated at the end of the 
filtration consolidation process. When using a kinematic model, the available experimental data is 
insufficient, and a new experiment with a large-sized soil sample is proposed to determine the model 
parameters. 

The purpose of the study was to study the process of consolidation of water-saturated soil 
foundations, considering the viscoelastic properties of the soil. To achieve the goal, experimental and 
analytical-numerical solution methods were used. 

The object of study is a foundation made of weak soils such as loam and clay. The subject of the 
study is the prediction of the stress-strain state of the foundation. In this article, to determine the parameters 
of the kinematic model, it is enough to experiment with a large sample (1 m or more in height) because the 
model is based on the physical equations of the state of a continuous medium. The novelty of the 
experiment is described below in the Methods section. 

2. Methods 
The article uses two research methods: experimental and theoretical. 

2.1 Experimental studies 
A laboratory experiment was carried out to determine the mechanical characteristics (parameters of 

the kinematic model). The description of the experimental stand and experimental conditions is given in 
[19]. Fig. 1 shows the setup in which the experiment was carried out. 

 
Figure 1 Test setup: 1 – sensor for determining total and pore pressure (mass dose);  
2 – sensor for determining the movement of soil skeleton particles (brand); 3 – plug;  

4 – deflection meter; 5 – dial indicator; 6 – clamp; 7 – rubber cuff; 8 – loading rod;  
9 – water column tube; 10 – perforated stamp; 11 – pipe section; 12 – soil sample. 
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A two-phase soil sample had a diameter of d = 0.311 m and a height H = 0.8 m. The water column 
had a height of Htub = 2.2 m above the sample. The sample was placed in a section of pipe with watertight 
walls and bottom. A polyethylene film was glued to the inner wall of the pipe using lithol, then a second 
layer of film was glued using technical petroleum jelly to eliminate friction of the sample against the pipe 
walls. The friction of one layer of film against another is so small that the tangential stresses that arise 
between the layers of the film can be neglected. 

The water column simulated the distance from the daytime surface of the soil base to the soil sample, 
located at a depth of more than one meter. A working pressure of σ0 = 0.1 MPa was applied to the perforated 
stamp with holes. Inside the sample, spaced apart in height, three membrane-type pressure sensors (BEC-
A, manufactured by KYOWA, Japan) are installed to determine the total and pore pressure and sensors to 
determine the movements of soil skeleton particles (ICH-50, LLC NPP "Chelyabinsk Instrumental Plant", 
Chelyabinsk, Russia). The marks are installed at the same level as the messages. Fig. 1 shows the 
arrangement of messages and brands. 

Dial indicators with a division value of 0.01 mm were installed on the stand to determine the 
movement of the stamp and stamps. The stamp was made of steel with dimensions: a height of 0.01 m and 
a diameter of 0.310 m. The stamp has 335 holes with a diameter of 0.004 m. Two layers of filter mesh and 
two layers of filter paper were laid at the stamp's base to prevent the stamp's holes 

The experiment lasted 95 days. The maximum value of pore pressure, measured by the mass dose 
at the base of the sample, was 55 % of the applied pressure. Fig. 2. shows the experimental pore pressure 
curve in the horizontal section z = 0.69 m. 

 
Figure 2. Pore pressure. 

The novelty of the experiment was as follows: 1) the experiment was carried out with a large-sized 
sample; 2) water was additionally used over the sample, forming a water lock; 3) the waterlock increased 
the influence of pore water on the soil skeleton compared to the test without the waterlock. 

2.2 Theoretical studies 
Classical (viscoelastic) and generalized (structural viscoplastic) rheological models of soil are known. 

In [20], a generalized Voigt model was considered to simulate the viscoelastic properties of clay. The 
fractional calculus theory was first introduced in [21] with the dashpot element in a Kelvin-Voigt-type body 
to describe the compaction of viscoelastic saturated soils. In this theory, the soil's time-dependent stress-
strain relationship is interconnected through the damage factor to a fractional degree. The model of 
viscoelastic plastic creep with a fractional derivative for frozen viscoelastic soils is considered in [22]. 

In contrast, in this article, the differential dependences of strains on stresses obtained in various 
viscoelastic models were not used. Still, the integral form of the dependence of strains on stresses was 
considered. The integral form is because the universal parameter of the kinematic model is determined 
from the experiment, so the structure of the material (soil) model is not interesting. The physical law of 
deformation from stress is specified using Boltzmann integrals based on experimentally found influence 
functions (creep). The experimental data were processed within the framework of the model of the linear 
hereditary theory of viscoelasticity proposed by A.A. Ilyushin [23]. The solution to the viscoelastic problem 
was obtained in two stages. In the first stage, the elastic sample was calculated without considering time. 
The resulting solution based on the Volterra principle (redesignation system) is written in Laplace-Carson 
images. In the second stage, for a fixed point in space, an approximate transition from the known image to 
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the original was made using the method of broken lines by L.E. Maltsev [24]. The original is also 
represented by a special broken line (spline) recorded in the images. Several numerical values of the image 
parameter are assigned, that is, a set of points iр , ni ,...,1= , and the condition for the coincidence of the 
image of the broken line with the known image of the solution to the problem on the set of points is written. 
As a result, a system of linear algebraic equations is obtained, the order of which coincides with the number 
of links of the broken line. 

Methodology of Ilyushin A.A. (splitting the problem's solution into two stages) for a Boussinesq-type 
problem about loading a viscoelastic water-saturated soil foundation with standard loads was applied earlier 
in [25, 26]. This article uses a two-stage technique to obtain a solution to the Flamant-type problem of 
loading a viscoelastic water-saturated soil foundation with a strip load. 

3. Results and Discussion 
3.1. Obtaining mechanical characteristics based on experimental data 

The experimental graph ( )l tσ  (Fig. 2) was presented using polyline links and the Heaviside 

function: 

( ) ( ) ( ) ( ) ( )l 1
6
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0 1 , .

1i i i i
i

tt b b t t h t t t
s+

=

 
σ = σ ⋅ − − ⋅ − ⋅ − = 

 
∑                         (1) 

The parameters of the function were as follows: 7 0,o ot b b= = =  ( )0 0.030286 MPa;σ =  

1 0.45;t =  2 3.95;t =  3 11.45;t =  4 38;t =  5 60;t =  6 95;t =  1 2.14973;b =  2 0.04857;b =  
0.00279;3b =  4 0.00553;b = −  5 0.00889;b = −  6 0.b =  

Here ( )0σ  is the voltage value at the initial moment of dimensionless time. 

Using the retardation theorem, the Laplace-Carson image of the stress function with known 
parameters ,оσ  1 5,...,b b  is determined: 
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The formula for the kinematic model parameter in images (the square means that the parameter 
always has a positive value) was [19]: 
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where оσ  is the load on the stamp, 0.69z =  m is the depth of the mass dose. 

The broken line method [24] was used to find the original from a known image. The function ( )2a t  

was represented by a polyline with five links: 
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The image of the polyline, according to Laplace-Carson, is as follows: 
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Here ( )0a  and id  are the required parameters, determined from the condition of coincidence of 

functions in the images ( ) ( )2 2 .j jа р а p
∗ ∗   =    

 The points of coincidence of functions were assigned 

according to the formulas [7] as: 
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The obtained system of linear algebraic equations for points , 1,...5jp j =  of the fifth order was: 
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The last equation of the system of equations (6) was written for the point 0 :5p =  

( )
( )
( )

2
5

1
1

*
0

1.
0i i i

i

a p
d T T

a−
=

  = − = −∑  

The parameter ( )0 0.522854a =  for the point 0p = ∞  was determined from the last equation of 

the system of equations (6). 

The coefficient matrix of the system of equations (6) is weakly defined. The accuracy of solving the 
system of equations depended on the choice of coincidence points (collocations) .р j  Next, the collocation 

points were refined from the solution of the transcendental equation [25]: 

( ) ( )1 1 , 0.8.j i j i j i j ip t p t p t p tm e e e e m− +− − − −− = − =  

The supradiagonal elements of the matrix are 0.8 of the diagonal elements. This method led to 
improved conditionality of the matrix. The method was justified in [25]. 

As a result of solving the system of linear algebraic equations (6), the spline (broken line) parameters 

of the mechanical characteristics of water-saturated viscoelastic soil ( )2a t  were obtained: 0;oT =  

1 0.1;T =  2 1;T =  3 5;T =  4 25;T =  5 60;T =  ;oр = ∞  1 1.618;р =  2 0.2275;р =  3 0.03876;р =  

4 0.01713;р =  5 0;р =  1 2.8277;d =  2 0.14067;d =  3 0.00074;d =  4 0.02296;d = −  

5 0.0034.d = −  

The graph of function ( )2a t  is shown in Fig. 3. 
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Figure 3. Model parameter ( )ta 2 . 

3.2. Solution of the Flamant-type problem 
A Flamant-type problem was solved within the framework of a kinematic model to describe the 

consolidation process of water-saturated viscoelastic soil under load. 

 

Figure 4. Pore pressure in different sections: Θ = 0: () – r1 = 0.5 m, (⋅ ⋅ ⋅) – r2 = 0.75 m,  
(- - -) – r3 = 1 m; Θ = 150: () – r1 = 0.52 m, (⋅ ⋅ ⋅) – r2 = 0.76 m, (- - -) – r3 = 1.03 m;  

Θ = 300: () – r1 = 0.58 m, (⋅ ⋅ ⋅) – r2 = 0.87 m, (- - -) – r3 = 1.16 m. 
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The resulting universal parameter ( )2а t  of the kinematic model was used to calculate stresses and 

displacements in the problem of the action of a strip load on a two-phase viscoelastic half-space based on 
the analytical solution from [7]. The solution in Laplace-Carson images to the Flamant-type problem for a 
two-phase elastic half-space in polar coordinates is presented as: 

( ) ( ) ( )
( )

*2*2** 22 cos ,
a t r

a t r
lr

rF et a t e dr
r

 λ⋅ ⋅  −λ⋅ ⋅ 

ρ

⋅ θ  σ = ⋅λ ⋅ ⋅ ⋅    π ∫                    (7) 

where the strip load F, radius 0.07ρ =  m, and scale factor ( ).sam trH Нλ =  

For a fixed point in space ( ), ,i irθ using the broken line method, we obtained the original pore 

pressure function ( )lr tσ  (Fig. 4), for which the initial time of nonmonotonic change was identified. The 

contribution of pore pressure increases with distance from the surface. Soil movements were determined 
using the polyline method. 

The experiment conducted in a flume (Fig. 5, dimensions in mm) with the same soil as in a pipe 
(Fig. 1) was considered to compare the theoretical values obtained by solving a flat Flamant-type problem 
and the experimental values. The pore pressure curves and the function of the time of movement of the 
soil mass were obtained as a result of the experiment. Fig. 5 shows the sensor placement diagram. The 
values for a fixed time of the pore pressure function (stabilized state t = 95 days) are given in Table 1, and 
the displacement functions of soil skeleton particles are given in Table 2. 

 
Figure 5. Tray with water-saturated clay and location of mass doses. 

Table 1. Experimental and theoretical values of displacements. 

,degθ  r,m  exp
lr ( t 95days ),MPaσ =  th

lr ( t 95days ),MPaσ =  ,%δ  
,MPaσ , 

Flamant solution 

0 
0.5 0.0011 0.00131 16.0 0.008913 

0.75 0.0013 0.00142 8.5 0.00594 
1.0 0.0014 0.00149 6.0 0.004456 

15 
0.518 0.001 0.00127 21.3 0.00831 
0.776 0.00105 0.00138 20.3 0.005547 
1.035 0.0012 0.00145 17.2 0.00415 

30 
0.577 0.0009 0.00117 23.1 0.006686 
0.776 0.001 0.00126 20.6 0.004973 
1.155 0.0011 0.00132 16.7 0.003341 
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 Table 2. Experimental and theoretical values of  displacements for Θ = 0°. 

r,m  sw ( r ),m  

experiment 

sw ( r ),m  

Flamant solution 
,%δ  sw ( r ),m , 

theory 
,%δ  

0.25 0.00079 0.00086 8.2 0.00081 3.7 
0.50 0.00048 0.00052 7.8 0.00048 2.1 
0.75 0.00027 0.00031 16.1 0.00027 3.7 
1.0 0.00011 0.00017 35.2 0.00014 21.4 

 

Tables 1 and 2 contain theoretical calculation data based on formula (7) for a fixed time  
t = 95 days. A comparison of experimental and theoretical values of vertical displacements showed good 
convergence except for the edge point r = 1 m. Here, the discrepancy was 21.4 %. 

4. Conclusion 
Based on an experiment with a large water-saturated sample using the proposed method, a 

mechanical characteristic of the soil (model parameter) was obtained. The viscoelastic mechanical 
characteristic was used to calculate the stress-strain state of the soil foundation. As a result of the 
calculation of a viscoelastic water-saturated foundation loaded with an external load, broken time functions 
of pore pressure and vertical displacements of the soil skeleton were obtained using the approximate 
method. A comparison was made with the experiment and the known Flamant solution, because of which 
it was established that: 

1. The pore pressure changes nonmonotonically under constant external load. These nonmonotonic 
changes are a feature of two-phase soil. Pore pressure increased with increasing depth to 50 % 
of the total stress due to the unloading effect of pore water. 

2. The maximum discrepancy between the movements of particles of the soil skeleton and the 
experimental data occurred at a depth of 1 m. It amounted to 35 % according to the well-known 
Flamant solution, and 21 % according to the solution proposed in the article. Still, this discrepancy 
is not indicative since the effect of a solid bottom of the tray is manifested. The actual 
discrepancies between theoretical and experimental values are within 1–4 %. The tests in the 
flume showed that pore water was actively involved in perceiving external load, starting from a 
depth of one meter from the surface. The total stresses in the pore fluid and soil skeleton 
coincided with the stresses obtained by Flamant. The highest calculated pore pressure was 

39.5 % of the total at the point 3( 30 , 1.155 )r mθ = ° = . 

Studying the influence of the viscoelastic properties of the skeleton of water-saturated soil will 
significantly expand the field of geotechnical design using more accurate and efficient methods for 
calculating soil foundations. 
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Abstract. For culverts on slopes greater than critical, rougher material causes greater depth of flow and 
less velocity in culverts of equal size. Velocity varies inversely with resistance thus roughness elements 
resistance is obviously an important factor in reducing velocity at the outlets of culverts on steep slopes to 
prevent scour in downstream of culverts on roads. The criteria for design directives of new energy 
dissipaters must provide for sufficient energy dissipation, characterized by simplicity of design, 
effectiveness of energy dissipation and low construction cost. In this study, two physical models were built 
with producing roughness elements at the end part of the culverts to evaluate the outlet velocities of high-
energy culverts. The results showed that with a slope ranging from 5 % to 13 %, the proposed roughness 
elements reduce energy dissipation from 48.7 % to 52.9 % for roughness elements without gaps and from 
51.6 % to 53.9 % for roughness elements with gaps. This result also indicated that the roughness elements 
in the sloping box culverts can be used to replace energy dissipater structures in the downstream of the 
box culverts in the Central region of Vietnam. 

Citation: Nguyen, D.P., Hoang, N.B., Thiep, H.T., Indra, P., Pham, B.T. Impact of roughness elements on 
reducing flow velocity at outlets of box culverts. Magazine of Civil Engineering. 2024. 17(1). Article 
no. 12503. DOI: 10.34910/MCE.125.3 

1. Introduction 
Culverts are by far the most commonly used channel crossing structures on roads in mountainous 

or steep regions [1–3]. There is no backwater for very steep channels, but the problem is to avoid erosion 
from high velocity outfall. The outlet design should be effective in re-establishing tolerable non-erosive 
channel flow within the right-of-way or within a reasonably short distance below the culvert, and should 
resist undercutting and washout. Energy dissipaters should be simple, easy to build, economical and 
reasonably self-cleaning during periods of low flow. 

Recently, reducing the flow energy in a channel with a relatively large slope ( )cS S>  has drawn 
interest of many hydraulic scientists such as F. Yousefi et al. [4], J. George et al. [5], Y. Dilrooban et al. [6], 
P. Fošumpaur et al. [7], D.F. Peterson and P.K. Mohanty [8], H.M. Morris [9, 10], P.K. Mohanty [11], 
J.M. Wiggert and P.D. Erfle [12], S. Pagliara et al. [13].  A corrugated or rough bed has been shown to 
dissipate much more energy than a smooth bed, but the effect of the coarse bed does not increase once a 
certain level of crushed stone has been reached [14]. In 2013, the research showed that a drainage chute 
with staggered roughness elements of the two-dimensional bars of rectangular cross section throughout 
causes considerable reduction of exit velocity in the case of pipes on steep slopes under inlet control and 

https://creativecommons.org/licenses/by-nc/
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free exit, i.e., flowing partly full [15–18]. A.D. Arpan et al.. The exit Froude number can be reduced to nearly 
unity. A. Simon et al. [19] placed three circular rings (roughness elements) on the inside perimeter of the 
culvert near the outlet of model culverts as dissipaters to optimize the design of ring chambers that 
effectively reduce the outlet velocities of high-energy culverts by producing a hydraulic jump in the ring 
chamber. Experimental models showed model energy reduction up to 90 %. Thus, the ring chamber design 
that produces hydraulic jumps is most economical to construct and may be selected without limiting velocity-
reducing capacity. R.H. Hotchkiss et al. [20] examined the jump geometry and effectiveness of each type 
of jump within the culvert barrel without the aid of tailwater for a horizontal apron with an end weir and a 
drop structure with an end weir to reduce the flow energy at the outlet. Experimental results showed that 
both simple alternatives are applicable to culverts with approach Froude number from 2.6 to 6.0 and are 
effective in reducing outlet velocity 0.21 to 2.59 m/s, and energy 6 % to 71 %. S. Song et al. [21] developed 
a theoretical model to quantify the effect of roughness on fully developed Stokes flow in the pipe. The 
investigated effects of periodically structured surface roughness upon flow field and pressure drop in a 
circular pipe show that the ratio of static flow resistivity and the ratio of the Darcy friction factor between 
rough and smooth pipes are expressed in four-order approximate formulations. 

Even though energy dissipation in canals and culverts were studied over some past decades in 
several countries around the world; however, this topic is still limited in considering local characteristics of 
Vietnam. In this paper, thus, the main objective is to present the experimental results of the energy 
dissipation by producing staggered roughness elements of the two-dimensional bars of rectangular cross 
section at the end part of the box culverts. Box culverts with a relatively large slope ranging from 5 % to 
13 % usually found in the midland and mountainous central regions of Vietnam were selected for the 
experiments and analysis. 

2. Methods 
The laboratory work consists of three main steps: setting up physical models, running different 

scenario models and calculating the hydraulic parameters. 

2.1. Physical models setup 
The first physical model was set up to determine the reasonable range of the roughness elements 

by placing a different number of roughness elements at the end part of the box culverts. The first physical 
model was carried out in a current flume 5.0 m long and 0.073 m wide of the Hydraulics – Hydrology 
Laboratory, University of Transport and Communications (UTC), Hanoi, Vietnam. The length from the flume 
end to the jack is 3.3 m. The flow meter is a Venturi tube mounted on the water supply pipe. The current 
flume system can change the slope as showed in Figure 1. 

 
Figure 1. Schematic view of experimental setup of a flume with variable slope  

and jacking system (not in scale). 
The second physical model was set up in order to determine the height of the roughness elements 

after choosing the arrangement of the first stage roughness elements. The second physical model was 
carried out in a current flume 7.5 m long and 0.28 m wide. Venturi tube mounted on the water supply pipe 
as shown in Figure 1. This current flume is located in Ho Chi Minh City Campus of UTC. 
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The main parameters of the experimental flume are shown in Table 1. 

Table 1. Configuration details of the laboratory flume. 

Parameters Symbols 
Value 

Unit 
Phase 1 (UTC) Phase 2 (UTC2) 

Maximum flow rate Qmax 8 60 m3/h 

Hydraulic flume width B 73 275 mm 

Hydraulic flume length L 5000 7500 mm 

Maximum lifting heigh of hydraulic jack t hjack 120 350 mm 

Distance form hydraulic jack to tail gate  Ljack 3300 6250 mm 

Flow rate observation  Venturi meter Venturi meter  
Water depth observation  Pointer gauge Pointer gauge  

 

These models were constructed at a scale of 1:3.5 to 1:20.5 corresponding to the flow discharge per 
unit culvert width q = 0.4 ÷ 2.8 m3/s/m depending on the full-scale application. 

In the first physical model, the experiments were conducted with and without roughness elements to 
examine the effect of roughness on reducing the flow kinetic energy. Two types of roughness element 
models were made. 

− The first one consists of square shaped roughness elements with height and width of 10 mm with 
a space distance of 100 mm. These roughness elements are placed perpendicular to the flow 
(Figure 2). 

 
Figure 2. Experimental image of first phase 

− The second one consists of roughness elements with a gap as shown in detail in Figure 3, with 
a constant gap length of 0.5 mm; the length of rows of roughness elements with three gaps was 
19 mm, while that for rows with two gaps was 21 mm. 

− The number of roughness elements installed from the culvert end to upstream was 5, 10, 15, 
and 20 for both types of roughness elements. 

The second physical model was conducted with two types of rectangular shaped roughness 
elements with and without gaps (Figure 3, Figure 4). The height of roughness elements was 15 mm, 20 mm, 
25 mm, and 30 mm, respectively. The detailed structure of roughness elements with a gap is shown in  

Table 3. The roughness elements were mounted on the rigid plate with a width of 0.275 mm and a 
length of 2.4 m. The rigid plate slope can be changed by lifting one of its ends. There were five roughness 
elements installed in the downstream of the culvert. 
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Figure 3. Staggered roughness elements used in the test (not in scale). 

     
Figure 4. Experimental image of second phase. 

Table 2. Dimensions of test roughness elements in phase 1. 
Parameter Symbols Unit Value 

Hydraulic flume width B mm 73 

Roughness elements height h mm 10 

Gap width W2 mm 5 

Roughness elements width 

W1 mm 21 

W3 mm 19 

W3/2 mm 9.5 

Distance between roughness elements L mm 100 
 

Table 3. Dimensions of test roughness elements in phase 2. 
Parameter Symbols Unit Value 

Hydraulic flume width B mm 275 275 275 275 

Roughness elements height h mm 30 25 20 15 

Gap width W2 mm 15 12.5 10 7.5 

Roughness elements width 

W1 mm 81.7 83.3 85.0 86.7 

W3 mm 76.7 79.2 81.7 84.2 

W3/2 mm 38.3 39.6 40.8 42.1 

Distance of roughness elements L mm 255÷300 213÷250 170÷200 128÷150 
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2.2. Experimental scenarios of the physical models 
The first physical model was conducted with the constant maximum discharge of 6.83 m3/h (or 

0.0019 m3/s) with four culvert slopes of 2 %, 3 %, 4 % and 5 %, and two types of roughness elements with 
and without gaps. The first physical model included 36 scenarios in total.  

The second physical model were performed with the discharge of 59.65 m3/h (or 0.0166 m3/s), five 
culvert slopes of 5 %, 7 %, 9 %, 11 % and 13 %, and four types of roughness elements with and without 
gaps. The second physical model included 36 scenarios in total as well. 

2.3. Calculation other hydraulic parameters 
The Froude number was used in this study. It is known that the dominant forces in open channel 

problems are controlled by gravity, viscosity and other effects can be neglected, and the Froude's model 
law is applied. It means that the ratio of gravitational forces to inertial forces is the same in both physical 
models and prototypes to maintain dynamic similarity. The following hydraulic parameters are required to 
assess the effect of the roughness elements in box culverts: 

− average observed flow depth ( )y  along the model was determined by N.D. Phong, H.T. Hai 
[22]; 

− the average velocity ( )V  is calculated from the continuity equation; 

− the Froude number is a dimensionless parameter measuring the ratio of “ratio of the flow inertia 
to the external field” the inertial force divided by gravitational force. The Froude number can be 
expressed as: 

( )0.5 ,Fr V gy=                                                              (1) 

where, Fr  is the Froude number and V  is average velocity (m/s). 

− water column velocity is defined as follows: 

( ) ( )2
v 2 ,h m V g=                                                            (2) 

where, g  is the gravity acceleration (m/s2). 

− Specific energy 

( )S v.E m y h= +                                                                (3) 

− Energy dissipation efficiency E∆  (%): 

( )S1 S2 S1.100%,E E E E∆ = −                                                   (4) 

where, S1E  is the specific energy of a flow referred to the culvert bed without roughness elements; S2E  is 
the specific energy of a flow referred to the culvert bottom with roughness elements. 

3. Results and Discussion 
3.1. Hydraulic features  

Based on the results of monitoring flow rate and flow depth at measurement points we calculated 
average flow rate, flow kinetic energy, the Froude number, velocity ratio, flow kinetic energy ratio with and 
without roughness elements. The experimental results and calculation of the average velocity, the Froude 
number, kinetic energy and flow energy at the outlet of the hydraulic flume are given in Table 4. 

The results show that average depth reduced with the increasing of slope in all cases. In case of the 
presence of roughness elements with gaps the average depth reduced less than without gaps. The average 
velocity is proportional to slope and roughness elements with and without gap, and flow is supercritical 
( )1Fr >  at flow rate of 0.0019 m3/s with four flat bottom flume slopes ranging from 2 % to 5 %. The Froude 
number and velocity head increase in all cases of testing and are smaller in case of the roughness elements 
without gaps. The specific energy increase in case of no roughness elements and a decrease in cases of 
roughness elements the without gaps; there is a slight reduction in case of roughness elements with gaps. 

 

Table 4. Experimental results and calculation of Froude number, kinetic energy and the flow 
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energy without roughness elements and with a different number of roughness elements. 

Slope (%) No roughness 
elements 

Number of roughness elements  
without gap 

Number of roughness elements  
with gap 

20  15  10  5  20  15  10  5  

Average depth y (m) [20] 
2 0.027 0.058 0.057 0.056 0.050 0.054 0.052 0.051 0.048 
3 0.023 0.054 0.050 0.055 0.047 0.048 0.046 0.046 0.044 
4 0.021 0.052 0.046 0.049 0.044 0.046 0.044 0.045 0.042 
5 0.020 0.051 0.045 0.048 0.042 0.045 0.044 0.044 0.043 

Average velocity V (m/s) 
2 0.975 0.452 0.458 0.467 0.523 0.484 0.499 0.506 0.545 
3 1.118 0.481 0.525 0.476 0.559 0.540 0.563 0.564 0.594 
4 1.219 0.498 0.563 0.529 0.598 0.563 0.592 0.580 0.619 
5 1.300 0.510 0.578 0.542 0.619 0.578 0.591 0.591 0.605 

Froude number Fr  
2 1.906 0.601 0.614 0.631 0.748 0.667 0.698 0.712 0.796 
3 2.342 0.660 0.753 0.651 0.828 0.785 0.835 0.838 0.907 
4 2.664 0.696 0.835 0.762 0.915 0.837 0.903 0.874 0.965 
5 2.935 0.721 0.870 0.789 0.965 0.870 0.899 0.899 0.931 

Kinetic energy hv (m) 
2 0.048 0.010 0.011 0.011 0.014 0.012 0.013 0.013 0.015 
3 0.064 0.012 0.014 0.012 0.016 0.015 0.016 0.016 0.018 
4 0.076 0.013 0.016 0.014 0.018 0.016 0.018 0.017 0.020 
5 0.086 0.013 0.017 0.015 0.020 0.017 0.018 0.018 0.019 

Specific energy ES (m) 
2 0.075 0.068 0.067 0.067 0.064 0.066 0.065 0.064 0.063 
3 0.087 0.066 0.064 0.066 0.062 0.063 0.062 0.062 0.062 
4 0.097 0.065 0.062 0.063 0.062 0.062 0.062 0.062 0.062 
5 0.106 0.064 0.062 0.063 0.062 0.062 0.062 0.062 0.062 
 

Calculation results of the reduction in flow energy with the presence of roughness elements are given 

in Table 5 and Figure 5, which show that the flow energy increases less with no gaps than with gaps and 

can be further reduced with more elements. The roughness elements with gaps show better energy 

reduction efficiency for slope culverts of 2 %, 3 %, however for the culverts on a larger slope of 4 %, 5 %, 

the energy reduction efficiency is almost the same. 

Table 5. Flow energy reduction with different numbers of roughness elements. 

Slope 
(%) 

Flow energy reduction ∆E (%) 
Number of roughness elements without gaps (A) Number of roughness elements with gaps (B) 

20 15 10 5 20 15 10 5 
2 9.6 10.2 11.1 15.2 12.6 13.7 14.2 16.3 
3 24.3 26.9 24.0 28.2 27.6 28.3 28.4 29.0 
4 33.2 35.8 34.7 36.4 35.8 36.3 36.1 36.6 
5 39.5 41.6 40.7 42.0 41.6 41.8 41.8 41.9 

Mean 26.6 28.6 27.6 30.5 29.4 30.1 30.1 31.0 
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Table 6. Velocity reduction with different numbers of roughness elements. 

Slope (%) 
Percent velocity reduction (%) 

Number of roughness elements without gaps (A) Number of roughness elements with gaps (B) 
20 15 10 5 20 15 10 5 

2 53.7 53.0 52.1 46.4 50.4 48.8 48.1 44.2 
3 57.0 53.1 57.4 50.0 51.7 49.7 49.6 46.9 
4 59.1 53.8 56.6 51.0 53.8 51.4 52.4 49.2 
5 60.8 55.6 58.3 52.4 55.6 54.5 54.5 53.5 

Mean 57.6 53.9 56.1 49.9 52.9 51.1 51.2 48.4 
 

 
Figure 5. Effect of different roughness elements number  

on the decrease of specific energy 2, 3, 4, 5 – slopes of test flume  
(A – roughness elements without gaps and B – roughness elements with gaps). 

 
Figure 6. Effect of different roughness elements number  

on the decrease of velocity 2, 3, 4, 5 – slopes of test flume  
(A – roughness elements without gaps and B – roughness elements with gaps). 
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The flow energy in case of roughness elements present decreased compared to the case without a 
roughness element: the greater the slope, the greater the energy reduction. However, for the case of small 
slope (2 %), the energy reduction was not significant because of 16.3 % maximum reduction with five 
roughness elements with gaps. Thus, it can be seen that the roughness elements are suitable for slope 
culverts of 5 %; the energy reduction in this case is about 40 %. 

In case of roughness elements without gaps, the velocity reduction decreased from 57.65 % to 
39.93 % on average when the number of roughness elements decreased from 20 to 5, respectively. 
Similarly, in case of roughness elements with gaps, the velocity reduction decreased from 52.87 % to 
48.43 % on average. These velocity reductions are larger than research results carried out by J. Wiggert, 
P. Erfle [23] (for the channel slope of 4.3 %, the average velocity reduction was 42.43 % and maximum 
50.4 %). 

The velocity reduction was proportional to the channel slope. For roughness elements with gaps, the 
velocity reduction increased from 44.14 % (for the number of roughness element of 5) to 55.56 % (for the 
number of roughness element of 20) on average when the channel slope rose from 2 % to 5 %, respectively. 
For roughness elements without gaps, the velocity reduction increased from 46.4 % (for the number of 
roughness element of 5) to 60.78 % (for the number of roughness element of 20) on average when the 
channel slope rose from 2% to 5 %. 

In case of a larger number of roughness elements, the velocity decreased but the energy reduction 
efficiency almost remained the same and even decreases in some experiments. In general, it seemed that 
using more than five roughness elements at the end part of the culvert is disadvantageous as mentioned 
in P.L. Thompson, R.T. Kilgore [24]. 

From results of this research as well as previous researches on roughness elements, the row number 
of roughness elements arranged at the end of box culvert is recommended to be five. Five rows of 
roughness elements provide cyclical uniform flow pattern at the end of culvert, which maximizes the energy 
dissipation effect. 

3.2. Affection of the roughness element heights 
The average velocity, the Froude number, kinetic energy and flow energy at the outlet of the test 

flume are given in Table 7, based on the results of the second physical model and calculation. The average 
depth decreased in all experiments. The heights of the roughness elements with gaps resulted in a smaller 
average depth than without roughness elements, and it is also smaller than the case where the roughness 
element has no gap.. The average velocity increased with the increasing of slope and without roughness 
elements. The average velocity, the Froude number, velocity head and specific energy increased with 
height of roughness elements higher than 30 mm and decreased in remaining heights. 

Table 7. Experimental results and calculation of the Froude number, kinetic energy and flow 
energy in case of no roughness elements and with roughness elements of different heights 

Slope  
(%) 

No roughness 
elements 

Roughness elements height 
without gaps 

Roughness elements height 
with gaps 

30 mm 25 mm 20 mm 15 mm 30 mm 25 mm 20 mm 15 mm 

Average depth y (m) 
5 0.039 0.103 0.092 0.089 0.069 0.103 0.087 0.083 0.071 
7 0.030 0.108 0.093 0.084 0.069 0.081 0.086 0.079 0.068 
9 0.028 0.103 0.101 0.084 0.081 0.088 0.091 0.072 0.061 
11 0.026 0.101 0.112 0.097 0.081 0.076 0.103 0.102 0.079 
13 0.026 0.098 0.106 0.104 0.110 0.076 0.097 0.089 0.085 

Average velocity V (m/s) 
5 1.532 0.572 0.643 0.665 0.864 0.577 0.677 0.713 0.829 
7 2.006 0.548 0.638 0.707 0.858 0.731 0.686 0.751 0.865 
9 2.086 0.575 0.584 0.707 0.728 0.671 0.652 0.826 0.970 
11 2.309 0.586 0.527 0.608 0.728 0.781 0.575 0.580 0.745 
13 2.276 0.605 0.561 0.568 0.538 0.783 0.612 0.663 0.693 

Froude number Fr 
5 2.489 0.568 0.677 0.712 1.054 0.575 0.731 0.790 0.990 
7 3.729 0.532 0.669 0.780 1.042 0.820 0.746 0.854 1.056 
9 3.953 0.572 0.586 0.780 0.815 0.721 0.691 0.986 1.254 
11 4.606 0.589 0.502 0.622 0.815 0.905 0.572 0.580 0.844 
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Slope  
(%) 

No roughness 
elements 

Roughness elements height 
without gaps 

Roughness elements height 
with gaps 

30 mm 25 mm 20 mm 15 mm 30 mm 25 mm 20 mm 15 mm 
13 4.507 0.618 0.551 0.561 0.518 0.909 0.628 0.709 0.758 

Kinetic energy hv (m) 
5 0.120 0.017 0.021 0.023 0.038 0.017 0.023 0.026 0.035 
7 0.205 0.015 0.021 0.025 0.037 0.027 0.024 0.029 0.038 
9 0.222 0.017 0.017 0.025 0.027 0.023 0.022 0.035 0.048 
11 0.272 0.017 0.014 0.019 0.027 0.031 0.017 0.017 0.028 
13 0.264 0.019 0.016 0.016 0.015 0.031 0.019 0.022 0.025 

Specific energy ES (m) 
5 0.158 0.120 0.113 0.112 0.107 0.120 0.111 0.109 0.106 
7 0.235 0.123 0.113 0.109 0.106 0.108 0.110 0.108 0.107 
9 0.250 0.120 0.119 0.109 0.108 0.111 0.112 0.106 0.109 
11 0.297 0.118 0.126 0.116 0.108 0.107 0.120 0.119 0.108 
13 0.290 0.116 0.122 0.121 0.125 0.107 0.116 0.112 0.110 

 

Calculation results of the reduction in flow energy due to roughness elements are given in Table 8 
and Figure 7. 

The experimental results showed that the flow was supercritical ( )1Fr >  at the flow rate of 
0.0166 m3/s with different flume slopes in this study. Some experimental results of the roughness elements 
showed an area of 15 mm high ( )15 275 0.055h B = =  in supercritical flow ( )1 .Fr >  With the small 

roughness elements height ( )0.055 ,h B ≤  there seemed to be no advantage of energy dissipation 
efficiency, however, the effect of velocity reductions is relatively high. 

 
Figure 7. Effect of different roughness elements height on the variation of the percent  

of specific energy. 5, 7, 9, 11, 13 – slopes of test flume (A – roughness elements without gaps  
and B – roughness elements with gaps). 
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The energy dissipation efficiency was relatively small for a slope of 5 %, compared to the higher 
slopes (28.7 % with gapless roughness elements and 29.6 % with gap roughness elements). At the same 
time, there is a power dissipation efficiency of up to 50 % for slopes above 5 % (except dissipation efficiency 
of 47.4 % with the gapless roughness elements 30 mm high on a slope of 7 %). Similarly, the velocity 
reduction for the channel slope of 5 % is also relatively small compared to the case of steeper slopes. 

The roughness elements with gaps gain a greater effective dissipation efficiency, averaging 58.4 % 
and 56.3 % compared with gapless abutments. The energy dissipation in models with roughness elements 
varied from 20 275 0.073h B = =  to ( )30 275 0.109 0.1 .h B h B= = ≈  The energy dissipation 
efficiency is almost unchanged: for example, in case of roughness elements with gaps on a slope of 11 %, 
the average power dissipation efficiency is 61.2 % while the smallest efficiency is 59.7 % and the maximum 
energy dissipation efficiency is 64.1 %. The energy dissipation efficiency in this study is equivalent to the 
research results carried by Nghi, Yen [25]. According to Nghi, Yen [25] the energy reduction in chute flow 
using roughness elements was average of 60.75 %, and maximum of 64 %. 

Similar to the energy dissipation efficiency, the velocity reduction did not change much (from 67.2 % 
to 71.2 % for roughness elements without gaps and from 64.4 % to 67.7 % for roughness elements with 
gaps) in case of roughness elements heights from 20 275 0.073h B = =  to 30 275 0.109h B = =  

( )0.1 .h B ≈  This velocity reduction is relatively consistent with the research on circular culverts using 
roughness elements carried by J.M. Wiggert and P.D. Erfle [12] (maximum velocity reduction of 68 % when 

7Fr = ). 

 
Figure 8. Effect of different roughness elements height on the variation of the percent  
of velocity. 5, 7, 9, 11, 13 – slopes of test flume (A – roughness elements without gaps  

and B – roughness elements with gaps). 
Table 8. Percent of flow energy reduction with the different heights of roughness elements. 

Slope (%) 
Reduction of specific energy (m) 

Roughness elements height without gaps (A) Roughness elements height with gaps (B) 
30 mm 25 mm 20 mm 15 mm 30 mm 25 mm 20 mm 15 mm 

5 24.1 28.5 29.5 32.7 24.5 30.0 31.2 32.8 
7 47.4 51.6 53.5 54.6 53.9 53.0 54.2 54.6 
9 52.1 52.5 56.3 56.7 55.5 55.0 57.4 56.4 
11 60.2 57.5 60.9 63.6 64.1 59.7 59.9 63.8 
13 59.8 58.1 58.4 57.0 63.2 60.1 61.5 62.1 

Mean 48.7 49.7 51.7 52.9 52.2 51.6 52.8 53.9 
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Table 9. Percent of velocity reduction with the different heights of roughness elements. 

Slope (%) 
Percent velocity reduction (%) 

Roughness elements height without gap (A) Roughness elements height with gap (B) 
30 25 20 15 30 25 20 15 

5 62.6 58.0 56.6 43.6 62.4 55.8 53.5 45.9 
7 72.7 68.2 64.8 57.2 63.6 65.8 62.6 56.9 
9 72.5 72.0 66.1 65.1 67.8 68.8 60.4 53.5 
11 74.6 77.2 73.7 68.5 66.2 75.1 74.9 67.7 
13 73.4 75.4 75.1 76.4 65.6 73.1 70.9 69.5 

Mean 71.2 70.1 67.2 62.2 65.1 67.7 64.4 58.7 

4. Conclusions 
The impact of roughness elements on reducing flow velocity at outlets of box culverts considering 

the local characteristics of Vietnam was assessed in this study. Based on the experimental results, the 
following conclusions can be drawn: 

1. The energy dissipation efficiency increases along with the increase in the number of roughness 
elements, but insignificantly. Therefore, five roughness elements are recommended to install at the 
end of the box culverts to ensure a relatively uniform cyclic flow pattern there. 

2. Arrangement of roughness elements with staggered clearance at the end part of the sloping box 
culvert instead of gapless roughness elements provides greater energy dissipation efficiency; and 
at the same time, roughness elements with gaps contribute to passing of the sediment and reduce 
the deposition in drainage. 

3. Roughness elements with gaps with a height of about 0.1 times the width of the culvert should be 
employed because with this height, the advantage of energy dissipation efficiency exceeds 50 %. 
If roughness elements height was small ( )0.055 ,h B <  there seemed to be no advantage of 
energy efficiency; if the roughness elements height was great, the power dissipation efficiency 
increased insignificantly, which causes more difficulties in construction and maintenance. 

4. The results of this study are most suitable for box culverts with slopes from 5 % to 13%. When the 
culvert slope is larger, the same structure can be considered. 
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Abstract. When evaluating the dynamic response of soil, shear modulus is an essential parameter to 
consider. In most cases, the shear modulus is estimated using the shear wave velocity (Vs) of the soil as 
observed in field geophysical testing. Consequently, shear modulus is the main parameter for geotechnical 
earthquake engineering problems, both quantitatively and qualitatively. Its measuring must be done 
meticulously. In many cases, however, the shear wave velocity may be predicted using field dynamic tests 
such as the Standard Penetration Test (SPT) N-value of soil when direct measurements of Vs are 
unavailable. There are various empirical formulae that associate soil type and SPT N-value to predict the 
shear wave velocity. On the other hand, all of these equations are based on several field observations 
related to specific places and geology. In this paper, different approaches for estimating the actual shear 
wave velocity measurements from SPT data were clarified and compared. The data of 59 boreholes in Al 
Nasiriya’s soil investigation were used. The standard penetration test data computations were applied. The 
current study investigated and possessed shear wave velocity based on SPT N-values using the Excel 
application, then represented it in the Geographical Information System (GIS) and compared it with 
geophysical exploration. The SPT-Vs correlation generated for Al Nasiriya, Iraq, demonstrated a better 
degree of fitness for the dataset. There was also a suggestion for a site-specific SPT-Vs connection. On 
the other hand, most of the SPT-Vs expressions evaluations indicated a valuable predictive ability. 
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1. Introduction 
Native soil strongly affects the amplification of seismic waves produced by earthquakes. Many 

earthquakes have confirmed this reality throughout the last century. Ground response calculations that 
solely include upward propagating shear waves are commonly used to estimate the ground motion 
parameters at the surface. The shear wave velocity (Vs) is one of the most essential input factors in these 
assessments for representing the stiffness of native soil layers. In comparison to the other in situ 
approaches, measuring shear wave velocity in the field is preferable. However, due to space limitations 
and the high noise levels associated with these tests, it is frequently not economically feasible to conduct 
the shear wave velocity measurement in all circumstances, especially in civil areas. In geotechnical 
engineering, the standard penetration test (SPT) is connected to a number of soil design parameters. The 
shear wave (Vs) must therefore be determined indirectly, such as via the SPT test [1]. Theoretically, there 

https://creativecommons.org/licenses/by-nc/4.0/
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is no connection between destructive processes (such as SPT) and non-destructive ones (e.g., seismic 
methods). As a result, numerous studies have been conducted to assess the geotechnical characteristics 
of the soil and to discover empirical correlations between SPT N and Vs qualities. Numerous researchers 
have suggested an experimental relation between SPT N and Vs since 1970 even now. Hossain et al. [2], 
explained that the number of borehole data sets required to determine shear wave velocity is important. 
The regression curves would be more accurate if there were additional borehole datasets. Some 
coefficients were decreased due to a lack of data, the number of equations utilized, and other causes. The 
regression equation generated by calculating Vs from SPT blow count provides a viable alternative to real 
field data that may be utilized for preliminary seismic microzonation and seismic site response for the 
research region [2]. According to Hasan et al. [3], a new formulation of the equation between Vs and N has 
been presented, and it is able to accurately forecast the values of Vs. The proposed equation was put to 
the test again using a sizable dataset in Erbil city to see how well it predicts the future [3]. Additionally, 
various correlations were formed on the zones of a region and presented for specific ranges of Vs. A 
chronological overview of the numerical link between SPT N and shear waves was reported by Jafari et al. 
[4]. For all soil types, with the exception of gravel, Hasancebi and Ulusay [5] investigated similar numerical 
correlations and superior empirical relationships using 97 data sets obtained from a location in the north-
western region of Turkey. The experience connection was defined as upper and lower boundaries rather 
than an average curve for computing seismic velocities and relative density by researchers in Turkey using 
327 samples collected from various places. In order to estimate seismic velocities and relative density, 
Ulugergerli and Uyank [6] used 327 samples gathered from various regions of Turkey to study statistical 
correlations. They described the experience correlation as lower and upper bounds rather than a single 
average curve. According to Eq. (1), 200 data pairs of the shear wave velocity (Vs) and SPT N collected at 
50 Chennai locations, largely made up of very soft to highly stiff clay and very loose to dense sand, showed 
a correlation between each other [7]: 

0.30195.64 .Vs N= ⋅                                                              (1) 

In-situ tests in Greece were used to estimate the shear wave velocity using empirical data. Soil type 
appears to play a significant role in these connections, as different patterns were detected for different soil 
groups. Clays and marls have Vs-values up to 25 per cent greater than sandy soils, while soft and loose 
soils (N60) have Vs-values up to 30 per cent higher than sandy soils. Using a corrected final blow count 
(N1)60 may have caused the low R2-values, which may have overemphasized the overburden issue (CN) 
[8]. For the appropriate design, construction, and operation of all sorts of geotechnical projects, including 
foundations, earth dams, embankments, excavation, and seismic hazards, geotechnical subsurface 
knowledge is necessary. GIS-based maps and contour maps can be used to represent geotechnical 
subsurface information, such as soil N value, soil classification, and water table. For assessing geotechnical 
earthquake engineering challenges, including site-specific amplification factor and ground reaction 
analysis, SPT N-value and shear wave velocity are crucial input factors. The most popular method for 
obtaining shear wave velocity (Vs) data is borehole logging, but it is expensive and challenging to drill and 
log to the depths needed for seismic ground motion research [9]. Even though GIS-based maps have many 
limitations, foundation designers will find them helpful in both static and seismic circumstances during the 
early stage of site selection. Subsurface investigations are less common in low-cost home complexes, but 
they can be used in those as well [10]. A collection of Thematic Maps for the soil variation in Bearing 
Capacity was developed Using SPTs and MATLAB for the important Iraqi city of Al-Basrah. Drilling 135 
boreholes down 10 meters below the surface of the ground as part of the soil survey. The first-order 
polynomial was the most effective among the other trials despite the fact that several-order interpolation 
polynomials were utilized to calculate the bearing capacity of the soil. The reason for this is that it is simple 
and has quick calculations [11]. The development of thematic maps illustrates how driven pile-bearing 
capacities vary over the whole Al-Basrah Governorate with respect to various depths. The outcomes of the 
statistical equations demonstrated that the results and those obtained from the SPT data are in good 
agreement [12]. 

Also, for each of the models that were tried, the Root Mean Squared Error (RMSE) was essentially 
the same. 

The objective of this study is determination of the SPT N-values and Vs empirical correlations for 
Thi-Qar regime in Iraq. Cross-hole experiments were carried out at four places in Thi-Qar to generate the 
shear wave velocity profiles. Geotechnical boreholes were used to verify the data. The statistical analysis 
of the data was conducted. To take into account soil type, a set of empirical relationships for forecasting 
shear-wave velocity from SPT N were created. 
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2. Methods 
2.1. Site Geology and Seismicity of The Studied Area 

Specifically, this research focuses on the southern Iraqi city of Nasiriya, the administrative 
headquarters of Thi-Qar Province. Nasiriya is an oil city producing conventional oil. The Mesopotamian 
sediments that cover the city's foundation include flood plain deposits, fluvial deposits, marsh deposits, and 
Aeolian deposits, as seen in Fig. 1 [13]. 

 
Figure 1. Tectonic setting of Iraq and environs [14]. 

The area of study represents selected 59 boreholes from Al-Nasiriyah metropolis dispensed on each 
side of the Euphrates River, as shown in Fig. 2. 

 
Figure 2. Location of geotechnical and seismic investigation in the study site. 



Magazine of Civil Engineering, 17(1), 2024 

The Arabian plate's northeastern border, where Iraq lies, is a seismically active location. It is clear 
from the country's seismic records that earthquakes occurred with greater frequency in Iraq's northern and 
northeastern regions and the country's southern and southwest regions, but these earthquakes were much 
less potent than those in Iraq's northern, northeastern regions, as shown in Fig. 3 [15, 16]. 

. 
Figure 3. Delineation of seismic source zones in Iraq and adjacent areas [13]. 

As Jassim and Goff have argued, the Mesopotamian region of volatile shelves includes the city of 
Nasiriya, which sits within the Euphrates subzone of the Mesopotamian solid shelf. According to the seismic 
zoning chart, Al-Nasiriya is a no-destruction zone. Fig. 4 shows this clearly [14–20]. 

 
Figure 4. Tectonic divisions of Iraq [19]. 
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2.2. Field dynamic test and geo-seismic investigations 
The information from 59 borehole sources was used in this analysis to characterize the site 

completely. To ascertain the soil conditions and characteristics at the study site, a model drilling rig was 
used to drill holes with a depth range of 0.5 m to 25 m. SPT N-values for N60 were adjusted for field testing 
procedures at 60 % hammer efficiency and normalized at 1 % effective overburden pressure. The following 
steps were used to execute SPT in all boreholes. Split barrel samplers were used for this experiment. The 
sampler was driven into the ground at different depths by a 63.5 kg slide-hammer that fell freely from a 
height of 760 mm onto an anvil that was placed on surface of the drill rod. To advance the final 300 mm 
sampler, the number of blows required was mentioned. A good shear wave velocity profile is required to 
assess seismic site dependent parameters appropriately. Cross-hole and down-hole seismic methods are 
the most extensively employed for velocity logging nowadays. The dynamic properties of the underlying 
layers can also be determined via seismic refraction, which is widely employed. 

The cross-hole and down/up-hole approaches both rely on monitoring body waves and yield 
reasonably accurate results. On the other hand, boreholes necessitate the drilling of one or more. Also in 
progress were down-hole seismic explorations at four locations. As seismic waves move through the 
surrounding rock and soil, the arrival times of compressional (P) and shear (S) waves will be recorded 
during borehole seismic surveys. To collect data for the down-hole test, a seismic source (hammer, wood, 
and steel plate) is set up on the surface near the hole, and the receiver is lowered into the hole and then 
raised with a 1-meter depth interval. The following is how the source is created: 

A hammer striking a steel plate produces P-waves. There is a steel plate 1.25 meters from the 
borehole's centre. S-waves are created by hammering a piece of wood on both ends to create S-waves 
with polarity opposite each other. Fig. 5 shows that the wood is put 2.5 meters from the borehole's centre, 
as depicted. A 3D (xyz) pattern of three direction geophones makes up the receiver. S-wave and P-wave 
time arrivals are detected using two orthogonal horizontal geophones (x, y) and one vertical z. A clamping 
mechanism secures the tool to the borehole wall at each receiver level, ensuring good coupling between 
the wall and geophones and, as a result, reduced seismic noise. When conducting a down-hole survey, the 
raw data collected includes travel periods for P and S waves, distances from the source to the borehole, 
and receiver depths. The compression velocity of (Vp) and shear wave velocity (Vs) may be estimated 
using the measured time and measured distance. The Shear Modulus (G), Poisson's Ratio ( v ), Mass 
Density (ρ ) and Young's Modulus (E) could then be calculated using the Eq. (2, 3 and 4) below: 

2Shear Modulus : ;G Vs= ρ                                                                 (2) 

( ) ( )2 2 2 2Poisson's Ratio : 2 2 ;v Vp Vs Vp Vs= − −                                        (3) 

( )Young's Modulus : 2 1 .E G= + ν                                                            (4) 
The seismic wave velocity test was conducted for four (4) downhole tests the project site. The 

downhole locations are 1, 2, 3, and 4 at location coordinates. Summary of test results is shown in Table 1. 

 
Figure 5. Express of Down-hole velocity test. 
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Table 1. Summary of results of Down-hole test. 

Average 
Shear 
Wave 

Velocity 
(ṽs) 

Undrained 
shear 

strength 
cu 

(Average) 
kPa 

N 
(average) 

P.I%  
average 

L.L%  
average 

Location 
Coordinates 

Site 
NO. 

N E 

224.7 72.9 10 24 45 31.354063 45.964396 1 
225.3 200.2 10 20.9 45.5 31.353724 45.964746 2 
224.1 50 8 29.6 50.4 31.354026 45.965898 3 
238.1 34 20 26 45 31.354499 45.966386 4 

3. Results and Discussion 
3.1. Suggested correlation between SPT N and shear wave velocity 

This investigation developed correlations between Vs and SPT-N using 59 data points from borehole 
pairings. The N-SPT has to be corrected according to the following correction [21]. 

1 2 3 4.cor field NN N C= ⋅ ⋅η ⋅η ⋅η ⋅η   

where NC  adjustment for effective overburden correction computed as: 

0.5

0

95.76
NC

 
=  σ 

 

• corN  is numbers of bowls corrected, 

• 4η  is correction for Bore hole diameter, 

• 3η  is correction for length of drill rods, 

• 2η  is correction for length depends on the length, 

• 1η  is correction for energy. 

Correlations were derived from the current database using a simple regression analysis SPT-N 
adjusted values, and the measured values of Vs are given in Figure 6 as a scatter plot of points. For each 
SPT-N value, a correlation was applied to predict Vs. We calculated the R-squared value (R2) and the root 
mean square deviation for each correlation based on the actual and expected Vs values (RMSD). This 
study proposed new connections between Vs and the soil's corrected SPT-N levels. The correlations are 
also presented in Fig. 6. Table 2 below provides a summary of the current, pertinent SPT-Vs that were 
chosen for study. 

 
Figure 6. Correlation of VS and N-SPT for all locations. 
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Table 2. Summary of existing relevant SPT-Vs selected for evaluation. 

Item 
No. Authors Original 

Equations Remarks 

SPT-Vs Correlations 

1 Imai (1977) [22] Vs= 102N0.242 Developed for Cohesive-Soils based on geophysical 
tests for Vs 

2 Japan Road Association 
(1980) [23] Vs=100 N0.33 Developed for Cohesive- Soils based on geophysical 

tests for Vs 

3 Seed et al. (1983) [24] Vs= 56.4 N0.5 Developed for Cohesionless Soils based on 
geophysical tests for Vs 

4 Lee (1990) [25] Vs=114.43 N0.31 Developed for Cohesive Soils – Vs from seismic 
downhole tests 

5 Kalteziotis et al. (1992) 
[26] Vs= 76.6 N0.45 Developed for Cohesive-Soils using geophysical tests 

for Vs Soils 

6 Raptakis et al. (1995) 
[27] Vs= 184.2 N0.17 Developed for Cohesive Soils using geophysical tests 

for Vs 

7 Jafari et al. (2002) [4] Vs=27 N0.73 Developed for Cohesive Soils – Vs from seismic 
refraction, downhole and SASW 

8 Hasancebi and Ulusay 
(2007) [5] Vs=97.89 N0.269 Developed for Cohesive Soils – Vs found from field 

Geoseismic tests 

9 Dikmen (2009) [28] Vs= 44 N0.48 Developed for Cohesive-Soils – Vs determined from 
field Geoseismic tests 

10 Uma Maheswari et al. 
(2010) [29] Vs= 89.31 N0.358 Developed for Cohesive-Soils – Vs determined from 

MASW 

11 Tsiambaos and 
Sabatakakis (2011) [30] Vs= 88.8N0.370 Developed for Cohesive-Soils – Vs based on seismic 

cross hole tests 

12 Anbazhagan et al. 
(2012) [31] Vs=106.63 N0.39 Developed for Cohesive-Soils – Modified previous 

correlations to suit indigenous setting 

3.2. Data Analysis 
Most process modelling applications rely on graphical residual analysis, a statistical tool used for 

model validation. The appropriateness of different model parts can be assessed using several sorts of plots 
of residuals from a fitted model. The (R2) statistics and other numerical model validation methods are also 
valuable, but they are rarely as effective as graphical methods. It is easy to visualize a wide range of 
complex relationships between the model and data using graphic tools. In this way, the validity of the 
regression model is examined further by doing residual analysis. The residual graphs for each model are 
shown in Fig. 7. The residuals are horizontal, evenly dispersed, and random, demonstrating a satisfactory 
fit to the data by the regression model with equal variance from the horizontal axis. For the most part, the 
regressed data is well-suited to all of the regression equations' values. The normalized consistency ratio 
can assess how well the equations for predicting Vs value are performing. It is expressed in Eq. (5) as 
Normalized Consistency Ratio (Cd). 

( ) ( ) .SM SC SPTCd V V N= −                                                           (5) 

SCV  is derived using correlation shear wave velocity models, and SPT-N is the SPT blow count 

corresponding to ,SCV  whereas SMV  is derived from down-hole test Vs measurements. Fig. 7 compares 

SMV  and SCV  to assess the predictive strength of the correlations. The proposed correlations, with the 
exception of SPT-N values, appear to perform well in the prediction of Vs according to the figure, therefore 
the Cd value is close to zero. 

To assess how well the various formulae performed in foretelling the shear wave velocity of the 
collected data, the Root Mean Square Error (RMSE) values of the proposed correlation were compared to 
the other formulas. Eq. (6) gives the RMSE values, where SMV  is derived from the Down-hole Test and 
derived from correlation shear wave velocity models, whereas Vsc is derived from SPT-N blow counts that 
correlate to ,SCV  and where n is the number of measurements. As demonstrated in Table 3, the average 
shear waves with RMSE of 21.23 (m/Sec) had a lower error value than all of those provided by researchers. 
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.SC SMV VnRMSE i n
−

= ∑                                                            (6) 

Fig. 8 also shows comparisons between the measured Vs and the anticipated Vs from several 
models. 

 
Figure 7. Normalized consistency ratio (Cd) calculated using corrected N values  

and correlation shear wave velocity Vs from different references. 
Table 3. Comparison of the RMSE values of the studied correlations with measured average 

shear wave. 
Item 
No. Authors Original 

Equations 
RMSE 
(m/sec) R2 

1 Imai (1977) [22] Vs= 102N0.242 48.11 0.9853 
2 Japan Road Association (1980) [23] Vs=100 N0.33 21.23 0.9885 
3 Seed et al. (1983) [24] Vs= 56.4 N0.5 48.67 0.9936 
4 Lee (1990) [25] Vs=114.43 N0.31 23.03 0.988 
5 Kalteziotis et al (1992) [26] Vs= 76.6 N0.45 27.44 0.9923 
6 Raptakis et al (1995) [27] Vs= 184.2 N0.17 49.49 0.9824 
7 Jafari et al (2002) [4] Vs=27 N0.73 78.74 0.9981 
8 Hasancebi and Ulusay (2007) [5] Vs=97.89 N0.269 44.40 0.9863 
9 Dikmen (2009) [28] Vs= 44 N0.48 91.32 0.9931 
10 Uma Maheswari et al. (2010) [7] Vs= 89.31 N0.358 27.25 0.9894 

11 Tsiambaos and Sabatakakis (2011) 
[30] Vs= 88.8N0.370 25.21 0.9898 

12 Anbazhagan et al. (2012) [32] Vs=106.63 N0.39 51.04 0.9905 
 

A specific correlation was created to account for the impact of the local SPT hammers utilized, 
workmanship, and geology. Statistical correlations between the two parameters were created using 63 data 
pairs between corrected SPT-N values and measured values of Vs. Because corrected SPT-N values have 
a significant impact on the estimation of Vs, they were used in the creation of this correlation. The models 
listed below were chosen to provide correlations between SPT-N and Vs for Eq. (7): 

,qVs p N= ⋅                                                                             (7) 

where N is corrected SPT-N and p, q are coefficients. The overburden effects and the SPT-N variance 
were taken into account by using this model. Fig. 8 makes it evident that the Vs changes practically linearly 
with N. Nonlinear regression was performed for the model using least squares analysis. The Equation 7 
was developed as presented in Eq.(8): 

0.340892.922 .Vs N= ⋅                                                             (8) 
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Table 4 provides an overview of the degree of fitness of various equations. Equation (8) produced 
the strongest correlation, with an R2 of 0.9889 and an RMSD of 28.46, demonstrating the highest ability to 
forecast. It is suggested that this equation be used because of its high fitness level for the dataset. 

 
Figure 8. Comparisons between Proposed and measured Vs and SPT-N Correlations. 

Table 4. The degree of fitness of various equations. 
Correlation for Vs (m/s) RMSD R2 

Vs = 92.922 N 0.3408 28.46 0.9889 

4. Conclusions 
The study used the data from 59 borehole locations in the city of Al-Nasiriya where dynamic field 

SPT tests were carried out and used to complete the full field testing. After conducting necessary data 
analyses, SPT tests close to the down-hole test locations were chosen to create correlations between SPT-
N and Vs. The required data were analyzed using linear models and correlation coefficients (R2) were 
determined. R2 and error values for the power model were high, indicating that this model provides the best 
fitting relationship between the Vs and SPT-N parameters. The following conclusions were obtained: 

1. Regression analysis yielded correlations between the adjusted N-values and Vs for all equations 
(with a power model). The high correlation coefficient for all of the produced correlations reveals a 
strong association between these two soil parameters (SPT N and Vs), indicating that these 
proposed correlations can be used to estimate the Vs value of this location acceptably.  

2. Compared to other equations, the proposed formula had a lower RMSE value of 21.23 and 
performed better at predicting Vs values. The dataset is best fit by the empirical correlations 
presented in this study. 

Finally, GIS is an important tool for geotechnical engineering, including preliminary site 
investigations. On the GIS-based map that displays average shear wave velocity (Vs) and average value 
N in Al-Nasiriya city, the corrected average SPT-N values and average shear wave velocity (Vs) for all 
locations of the study area are readily visible. The GIS-based maps created in this study can be useful to 
foundation designers during the initial site selection and preliminary design of the project in both static and 
seismic conditions. 
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Abstract. Rutting is the most common and most dangerous defect of asphalt pavements. One of the 
problems of northern countries such as the Russian Federation is abrasive rut due to studded tire loading. 
Precise prediction of the asphalt concrete abrasion and wear resistance allows improving the durability and 
reliability of asphalt pavements. Several laboratory tests are used for the prediction of asphalt concrete 
abrasion resistance. An abrasive wear model of asphalt concrete is needed to predict wear resistance 
changes under different conditions. The aim of this article is to evaluate compaction quality effect and air 
voids value on the abrasion resistance of asphalt concrete. To estimate the influence of the percentage of 
connected voids on abrasive wear of asphalt concrete, an asphalt wear model was presented. This model 
is based on G.Y. Lee’s approach. This approach divides the abrasive processes into normal abrasion and 
particle loss. Air voids lead to the aggregate loss and affect the abrasion resistance of the asphalt 
pavements. Calculation of these effects is possible using G.Y. Lee’s approach. Calculations of the lost 
particles include the empirical coefficient X  (1/mm) characterizing the influence of the pores on the lack 
of adhesion to the aggregate particle surface and the influence of the lack of adhesion on the fraction of 
lost particles. The Prall test was used for the abrasion resistance estimation. The saturation degree method 
was used for the estimation of compaction quality and air voids content. For the coefficient estimation, 63 
samples of different mixes were tested. The mixes were used for the construction of the Republic of 
Tatarstan road network. The used asphalt concretes correspond to requirements of Russian standards 
GOST 9128-2013 and GOST 31015-2002. The experiments show good reliability of the presented model. 
This model predicts abrasion resistance of asphalt concretes under uncompaction and provides insight into 
the abrasive wear processes in the asphalt concretes. Furthermore, the study results allow us to improve 
the laboratory tests precision by 2.3 % by excluding the uncompaction effect during the comparison of the 
results. 

Citation: Baimukhametov, G., Gayfutdinov, R., Khafizov, E. Calculation of the influence of various 
compaction on the wear resistance of asphalt concrete using material loss calculation approach. Magazine 
of Civil Engineering. 2024. 17(1). Article no. 12505. DOI: 10.34910/MCE.125.5 

1. Introduction 
Fast and safe roads between cities and regions is the most vital component of every country. The 

Russian Federation has more than 1.4 million km of roadways including 1 million km of roads with concrete 
pavement. Rutting is one of the most dangerous defects of pavements; it can result from permanent 
deformation or abrasion. Most roads of the Russian Federation are located in regions with cold climates, 
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which leads to damages to roads during the winter season. Abrasive ruts have become a commonplace 
with the increasing traffic and the emergence of studded tires. Many researches aimed to confirm the 
abrasion genesis of the ruts on heavy traffic roads [1]. Abrasion rutting is a common problem for the Nordic 
countries, the northern states of USA, et.al. [2]. 

This problem has been under study in different countries. In 1980s, the government of Japan began 
investigating complaints about increasing dust pollution and rut propagation in different cities. After public 
litigations pursued by civil society organizations it was decided to reduce the use and distribution of studded 
tires in Japan. These government limitations were accompanied by studless tire use education programs 
carried out in different cities. Studless tires have better performance than the studded tires in the case of 
dry and wet surface without snow. Tests in the ice crust conditions showed that accurate and effective using 
of studless tire can have the same performance as a studded tire [3]. As a result, the rut propagation and 
dust pollution reduction was achieved in Sapporo within the three years of the requirements enactment. 
Despite a small increase of the vehicle accident rate these measures were admitted as an expedient by 
the Japanese government and society [4]. In the Nordic countries this problem has become sever in the 
second half of the last century. Many researches were performed to estimate the effect of studded tires on 
the pavement. In Sweden, regular and lightweight studs damage on the pavement was compared by 
Swedish National Road and Transport Research Institute. Based on the above statistical data, it was 
calculated that the studded tire damage causes above 1.5–2 times more road maintenance costs, including 
the road wear and the environmental damage [5]. In the Baltic countries, similar calculations were 
performed by Vilnius Gediminas Technical University. It was concluded that the use of studded tires brings 
more than 38 million EUR losses. Despite the road accidents, it was concluded, that the Baltic countries 
have to prohibit studded tires use [6]. The researches performed in the United States show that the annual 
cost to repair the damage caused by studded tires in Alaska is approximately $13.7 million and it has 
significant effect for the other northern states [7]. Thus, the performed researches emphasize the 
significance of abrasive wear resistance. Therefore, it is important to research the abrasive wear properties 
of asphalt concretes. 

 
Figure 1. Wear rut investigation in Kazan: (a) rut propagation monitoring by Glavtatdortrans;  

(b) transverse profile of rut by the KGASU [8]. 
SOI “Glavtatdortrans” supervises all of the region roads of the Republic of Tatarstan and controls the 

quality of roads. Abrasive wear investigation was carried out in SOI “Glavtatdortrans” due to rut propagation 
on the new roads (Fig. 1. a). Before it, in 2016 the Kazan State University of Architecture and Engineering 
did a research to confirm the wear nature of the ruts on the main streets of Kazan city (Fig. 1. b). The rutting 
became a common problem for the Russian Federation and the Republic of Tatarstan particularly. It affects 
both asphalt and rigid pavements. The investigations of these types of defects were performed in the 
Russian Federation by many researchers [9]. The relevance of the investigation in this direction is 
emphasized by the increasing number of cement concrete pavement roads. The president of the Republic 
of Tatarstan ordered to construct such pavements using local road construction materials. Abrasion 
resistance is a critical parameter for the cement concrete roads in contrast to the asphalt pavements with 
the bitumen binders, which have the ability to remove a fraction of microcracks in the asphalt concrete 
structure. The understanding of the processes between the pavement and studded tires is necessary for 
the safe and reliable road network construction in the future. 

Several researches were performed to evaluate the properties of asphalt concrete, which affects the 
abrasion resistance. Field measurements collected in Alaska and analyzed by the National Academy of 
Sciences show that the best abrasion resistance of asphalt concrete can be achieved using a polymer 
modified binder with a hard aggregate in the asphalt pavement. Good binder quality can lead to higher 
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toughness of material and abrasion resistance of asphalt concrete, while hard aggregate improves the 
abrasion resistance of asphalt concrete [10]. Different properties of asphalt concrete were estimated 
several times in the Nordic countries. It was concluded that aggregate properties and a type of mix grading 
have the most influence on the asphalt pavement abrasion resistance. Increasing the maximum aggregate 
size and the amount of a coarse aggregate improve the abrasion resistance of asphalt concrete. However, 
it is impossible to unlimitedly increase the coarse aggregate size due to the huge noise pollution of such 
pavements [11, 12]. Increased abrasion resistance of aggregate can be used for the high abrasion 
resistance asphalt concrete production. Several researches were performed to estimate the effect of 
various types of an aggregate for the asphalt pavements abrasion resistance [2, 13]. The previous 
researches of the SOI “Glavtatdortrans” show the influence of the aforementioned properties of asphalt 
concrete on the asphalt concrete abrasion resistance and note the air voids content effect [8]. 

The effect of air voids on the abrasion resistance of asphalt concrete was explored in several studies 
[14–17]. Air voids can reduce the asphalt concrete abrasion resistance due to different causes. One paper 
[15] studying the raveling resistance of the porous asphalt pavements affected by hydrocarbon spills 
noticed the air voids effect on the raveling resistance. The influence occurs both from the side of the 
decrease of asphalt concrete strength and the susceptibility to the erosion of the asphalt concrete by water 
and the other conditions. A few air voids can lead to severe rutting, similar to the case of low compaction 
[14]. However, the increasing of air voids leads to the reduction of asphalt strength. It leads to freeze 
damage of asphalt concrete and low fatigue life [18]. The importance of this parameter stipulates the 
requirements for pavements. 

Asphalt concrete can be classified as a composite material. Nowadays several models for the 
different abrasion types exist. Existing models of composite wear are mostly related to the pin-on-disc type 
of abrasive wear due to the typical exploitation conditions of such composites. Existing models are based 
on the tribological properties of several particle and fiber reinforced composites [19, 20]. The G.Y. Lee’s 
composites abrasion model includes the reinforcement particle removal (Fig. 2); this process is similar to 
the wear processes in asphalt concretes. G.Y. Lee’s approach is based on the inverse rule of mixtures, and 
includes the composite microstructure. It can be used for the simplified modeling of the abrasive wear of 
asphalt concrete including the air voids and uncompacting effect [21]. 

 
Figure 2. General schematic drawing of two-phase composite in abrasion with simplified sliding 

wear geometry: plowing mechanism (a); cracking at the matrix (b)/reinforcement (c); particle 
removal at the matrix (d)/reinforcement (e) [21]. 
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Calculation of the air voids effects in asphalt concretes is important due to various compaction 
requirements for the asphalt concrete pavements. The existing testing methods and abrasion resistance 
requirements do not include uncompacting and air voids effect on the asphalt material. It can lead to the 
misunderstanding of pavement properties and reduction in durability of pavement in the northern countries 
with severe winter exploitation conditions. The existing models of composite abrasion resistance use and 
the empirical data can reduce the mix design errors and increase the reliability of abrasion resistance 
evaluation.  

The aim of this study is to determine the compaction quality effect on abrasion resistance of asphalt 
pavement. This is necessary for accurate prediction of the development of pavement wear on highways 
and accurate selection of materials in the design of asphalt concrete mixes. The study includes the existing 
model of composite materials wear modification for the case of studded tire wear of asphalt concrete. For 
the empirical determination of the equation coefficient, various mixes were tested. The analysis of obtained 
data is needed for the coefficient determination. 

2. Materials and Methods 
2.1. Applied materials 

The research includes testing of various grades of stone mastic asphalt and dense graded asphalt 
with different types of aggregate and binder. Tests and materials were made according to the Russian 
series of standards (GOST). GOST include dense graded and stone mastic hot mix asphalt with nominal 
maximum sizes of 5/10/15/20 mm regulation. The difference between the nominal dimensions of the 
aggregate from European and American ones is that the shape of the sieve hole is round according to 
Russian standards [22]. 

For this study, sixty-three asphalt samples of mixes were tested during 2018–2020. The mixes 
included different mix types: stone mastic asphalt concretes and dense graded asphalt concrete type A. In 
the Russian Federation, specifications on stone mastic asphalt concrete (SMA) are given in GOST 31015-
2002 “Bituminous stone mastic mixtures and stone mastic asphalt. Specifications” and specifications on 
dense graded mix type “A” in GOST 9128-2013 “Asphaltic concrete and polimer asphaltic concrete 
mixtures, asphaltic concrete and polimer asphaltic concrete for roads and aerodromes. Specifications”. 
Grading of the tested mixes is shown in Fig. 3. Nominal sizes 2.5; 5; 10; 15; 20 mm in Russian standards 
corresponds to 2; 4; 8; 11,2; 16 mm in European and US standards due to round sieve opening shapes. 
Comparing of Russian mixes with international ones by the EN and other protocols is not necessary for this 
study. 

 
Figure 3. Tested mixes grading limits according to GOST 9128-2013 and GOST 31015-2002 [8]. 

Testing mixes fell into nineteen groups according to the mix type, type of binder and type of 
aggregate. Mix samples are shown in Table 2. Each mix was used in the real construction of the road 
network of the Republic of Tatarstan. Aggregates include stone from the different carriers of the Russian 
Federation as a “Sangalyck”, “Pervouralskiy”,”Sheleyka” et al. Binders include the polymer modified binders 
(styrene-butadiene-styrene) and non-modified binders. 
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2.2. Numerical methods 
Asphalt concrete is defined as a particle composite material containing three parts: mastic or binder 

as a matrix, coarse and fine aggregate as a reinforcement and pores inclusion. Besides, the abrasive wear 
of asphalt concrete can be shown as a two-dimensional process with a wear surface, which can be 
represented as a line. In this case, wear surface is defined as a surface of asphalt concrete in contact with 
an abrasive medium such as a studded tire or a steel ball in laboratory experiment and loses the material 
due to abrasion (Fig. 4,a). 

 
Figure 4. Asphalt concrete abrasive wear process: a) Original asphalt concrete before abrasion,  

b) regular abrasion process is plowing, c) particle removal, d) cracking [8]. 
G.Y. Lee reports that the mechanism of composites abrasive wear can occur in three general 

scenarios: plowing, cracking and particle removal [21]. In terms of asphalt concrete, it means the abrasion 
of aggregate with binder (Fig. 4 (b)), aggregate fragmentation due to removal (Fig. 4(c)) and cracking 
(Fig. 4(d)). Plowing is a simple process which can be modeled by several models [23]. Thus, the abrasion 
resistance of asphalt concrete depends on abrasion resistance of aggregate, binder and pores. However, 
the abrasion resistance of pores and binder is much less than the abrasion resistance of aggregate. The 
mutual influence of the various content can be described using two main approaches. The first is an inverse 
rule of mixtures introduced by Khrushchev and Babichev: 

1 1 2 21 ,cW V W V W= +                                                                  (1) 

where cW  is the wear rate of the composite; iW  is the wear rate of the material, meaning wear of each 

material separately under an equal abrasion loading, the subscript means the number of components; iV  
is the volume part of the materials, the subscript means the number of components. 

In Eq. (1) 1 iW  means wear resistance of the component. Eq. (1) is based on the assumption that 
each component of the composite wears at the equal rate. The equal wear rate means straight wear surface 
and uniform wear of each component due to its fraction. For example, the wear rate of aggregate is less 
than the wear rate of binder and pores in the case of asphalt concrete and wear resistance primarily 
depends on the wear resistance of asphalt aggregate, which is perfectly observed in practice [10, 24]. 

The second approach is given by K.-H. Zum Gahr and is aimed to explain the experimental data. 
The governing assumption is an independent wear of each component of the composite, summary wear is 
an algebraic sum of each component wear multiplied to its volume fraction. 

1 1 2 2.cW V W V W⋅= + ⋅                                                          (2) 

The geometrical representation of this approach is the lack of continuous wear surface and nonlinear 
process of wear. Despite the nonlinear wear process representation, according to practice, this approach 
is disadvantageous for the pores problem due to complexity of pores representation in equations and the 
nature of abrasive wear in case of flat pavements (Fig. 4 (b)). For our problem, both of these approaches 
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are required for different parts of abrasive wear evolution. The first approach in Eq. (1) needs to be modified 
due to the curved form of the wear surface (Fig. 5). However, the second approach in Eq. (2) can be used 
as is because of the continuous wear surface.  

 
Figure 5. Asphalt concrete wear surface. 

In any case, using both assumptions is complicated due to the impossibility of wear surface control 
during the test and modified Khrushchev and Babichev method is comprehensive with required for the test 
precision. 

G. Y. Lee suggested a modified approach for the problem solving. This approach is based on the 
modified Eq. (1) with a coefficient of non-contributing portion (NCP). The governing equation based on the 
G.Y. Lee’s approach is shown below [21]. 

1 1 2 21 ,cW C V W V W= ⋅ +                                                            (3) 

where C  is the contribution coefficient of the reinforcement; 

1 ,C C′= −                                                                             (4) 

where C′  is the non-contributing portion. 

The physical meaning of NCP is a fraction of material particles that are removed during the abrasion 
(Fig. 4 (c)). Because of the similar processes of cracking (Fig. 4 (d)) and removal (Fig. 4 (c)) of material 
during testing and the impact of pores on these processes, we assume that cracking particles in this 
problem can be replaced as removed particles. For the determination of the NCP removal model is needed. 
For the aggregate particles modeling we represent them in a form of spheres. Potential volume of pores 
can be represented as a space around the sphere thickness of .dl  The dl  variable does not characterize 
actual space thickness around the particle, it is a representation for the determination of the contact area 
between pores and particles. This space can be filled with the binder or other particles and in these cases 
this space represents a filled space. Pores can open the space on the fraction of .L′  The opening of the 
space on the proportion of L′  is a condition to lose the NCP with volume of X ′  fraction (Fig. 6). 

 
Figure 6. Non-contributing portion loss condition. 
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With the proportional increase of particle size, proportional increase of surface area occurs, which 
makes these conditions independent of the particle size. The volume of the space around the particle can 
be shown with the equation below. 

,vCV D dl= π⋅ ⋅                                                                       (5) 

where vCV  is the volume of space around the particle; D is the size of a particle. 

The volume of a single non-contributing portion can be represented as: 

2 4,V X D′ ′= ⋅π ⋅                                                                      (6) 

where X ′  is the fraction of a single particle supposed to be a non-contributing portion. 

The non-contributing portion can be represented as: 

( ) ,vC V CV L CV′ ′ ′= ⋅ ⋅                                                               (7) 

where ( )vCV L CV′ ⋅  is the conventional number of non-contributing portions.  

This assumption is conventional due to the lack of tangible representation of .L′  In the practice this 
value is not a fraction of open space around the particle but characterizes the total number of deficiencies 
of adhesion. The tangible sense of equations above is a coefficient area of the particle in the contact of 
pore and lack of adhesion on the surface. Due to equations above, the final expression of C′  is: 

( )4 4,C D CV X dl L D CV X′ ′ ′= ⋅ ⋅ ⋅ ⋅ = ⋅ ⋅                                       (8) 

where X  is the conventional empirical value characterizing the area of contact between pores and particles 
and the amount of lost material due to the lack of adhesion. This value includes all of the unknown constants 
of the Eq. (8). This coefficient is unique for every material and depends on the adhesion, quality of 
aggregate, roughness and the binder type. The aim of this study is finding average X  coefficient for the 
group of materials conventionally used in the construction in the Russian Federation. The problem of this 
equation is determining the diameter of the particles .D  Calculation of the fraction of NCP for each size of 
material is complicated. Therefore, the average diameter of particles can be represented as: 

4 ,i iD pV pS= ⋅∑ ∑                                                                 (9) 

where ipV  is the volume of the particles of i  size; ipS  is the surface area of the particles of i  size. 

The particles less than 1 mm are determined as a part of binder. The volume of particles of every 
size and mass is a proportional value due to the conventional constant of specific gravity of every size of 
particles. Thus, the volume of particles can be founded through the grading curve of mixes. The surface 
area of particles can be found by Eq. (10). 

4 .i i ipS pV D= ⋅                                                                 (10) 

1V  and 2V variables of the Eq. (3) mean asphalt concrete without connected voids fraction and 

connected voids fraction respectively. It is obvious that wear resistance of the open voids 2 2V W  is equal 
to zero. So, the summary equation for this study is presented below: 

( ) ( )
( ) ( )

2 2 2
1

1 1

1 4 1
,

1 4 1

ab
ab W D CV X CV

W
D CV X CV

⋅ ⋅

⋅

− ⋅ ⋅ −
=

− ⋅ ⋅ −
                                      (11) 

where 1
abW  is the wear value or the Prall test value of an asphalt concrete with 1CV  connected void value 

or the degree of saturation; 2
abW  is the wear value or the Prall test value of an asphalt concrete with 2CV  

connected void value or the degree of saturation. 

2.3. Experimental methods 
As a measure of the compaction quality, the saturation degree method can be used. This method is 

trivial for quality control of the asphalt concrete pavement in the Russian Federation. Moreover, it had been 



Magazine of Civil Engineering, 17(1), 2024 

the most common method of compaction quality control before the new asphalt concrete designing systems 
were introduced in 2020. The degree of saturation value is equivalent to the connected void under the 
vacuum conditions for the asphalt concrete saturation in the laboratory (2000 Pa/15 mm Hg, 1 hour). 
Usually this parameter shows more than 80 % of the total air voids in the asphalt concrete [25]. It depends 
on the quality of compaction, mix grade, percentage of binder and type of aggregate. The value of saturation 
test method according to GOST 12801-98 “Materials on the basis of organic binders for road and airfield 
construction. Test methods.” was used to determine the compaction quality. The value of saturated water 
depends on a percentage of air voids [16]. This method is fast and acceptable for the case when the 
evaluation of maximum specific gravity is impossible. This method is acceptable for the determination of 
connected void value as a compaction quality. 

For the evaluation of percentage of saturated water according to GOST 12801-98, clean and dry 
weighted samples of asphalt were saturated under (20±2) °С water for the specific bulk volume evaluation 
for 30 min. After saturation, the samples were weighed in water and in the air. After the weighing, the 
samples were placed under water and saturated under 2000 Pa vacuum for 1 hour and with atmospheric 
pressure for 30 minutes. The degree of saturation was determined by the following formula: 

3

2 1
,m mCV

m m
−

=
−

                                                                      (12) 

where m is the mass of the dry sample in the air (g); 1m is the mass of the sample under water (g); 2m  is 

the mass of the sample saturated for 30 minutes, in the air (g); 3m  is the mass of the vacuum-saturated 
sample in the air (g). 

It is impossible to make evaluation for this research based on the field measurement of the rut 
propagation. Constant abrasion loading requires laboratory test equipment. The Glavtatdortrans, SPI 
laboratory is equipped with a Prall testing machine to imitate the damage from the studded tires. The Prall 
test is commonly used in Northern Europe for the testing of asphalt specimens and has good precision to 
determine the abrasion resistance of asphalt concrete [26]. As an alternative, the following methods are 
most commonly used in the world practice: Cantabro test, VTI road simulator and various tests for the 
abrasion resistance of stone testing [27]. The Cantabro test was invented for the similar type of the asphalt 
concrete damage: raveling and adhesion loss. But it cannot be used for the abrasion modeling. At the same 
time, different testing methods for the abrasion resistance of stone cannot be used due to the polishing 
nature of abrasion loading (for example, EN14157 or ASTM C241 tests) [28]. One of the main drawbacks 
of these methods is temperature and moisture conditions. In the case of asphalt concrete it is obvious that 
the typical abrasion conditions are spring and fall weather with wet and cold surface of the road. Due to the 
prevalence of Prall test in Europe, it is more often applied for the researching and testing in the Russian 
Federation as well. 

The Prall test method was used to determine the abrasion resistance. It is described in EN 12697-
16 “Bituminous mixtures – Test methods – Part 16: Abrasion by studded tyres” in Europe and in GOST 
58406.5 “Automobile roads of general use. Hot asphalt mixtures and asphalt. Method for determination of 
abrasion.” in the Russian Federation. The Russian test method corresponds to the European one [8].  

The test requires asphalt specimens with a height of 30 mm and diameter of 100 mm. The specimens 
can be prepared on Marshall or gyratory compactor or can be sampled from the pavement. Compacted 
specimens must be cut to the required size. Preparing for the test includes saturation with water at a 
temperature of 5 °С for 5 hours. Sample weight after saturation is 4.m  Prall apparatus included specimen 
holder (Fig. 7), abrasive loading, including 40 steel balls 12 mm in diameter, engine and cooler. During the 
test, the specimens were subjected to a loading impact with frequency of 950 strikes per minute with water 
cooled for 5 °С for 15 minutes. After the test, the samples were weighted ( )5 .m  
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Figure 7. Prall test equipment. 

Prall test wear value is determined by the following formula: 

4 5 ,ab

mb

m mW
G
−

=                                                              (13) 

where abW is the Prall test abrasion value (cm3); 4m  is the mass of the specimen before testing (g); 5m  

is the mass of the specimen after testing (g) (Fig. 8); mbG  is the bulk gravity of the specimen (g/cm3). 

 
Figure 8. Asphalt sample with steel balls after testing. 

The classification of the abrasion resistance of asphalt concrete in the Russian Federation is carried 
out in accordance with GOST R 58406.1 “Automobile roads of general use. Stone-mastic asphalt mixtures 
and asphalt concrete. Specifications” recommendations. The classification is shown in Table 1. 

Table 1. Abrasion resistance classification of asphalt concrete according to the Russian 
Federation GOST R 58406.1 “Automobile roads of general use. Stone-mastic asphalt mixtures and 
asphalt concrete. Specifications”. 

The abrasion resistance class The Prall Test value, cm3 
1 Less than 25 
2 From 26 to 35 
3 From 36 to 45 

 

For example, for the stone mastic asphalt it is recommended to use mixes with the 1st class of 
abrasion resistance. The contractor can decide on abrasion resistance for each road depending on the 
loading if necessary. 
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Considering all of the above, using these laboratory tests, it is possible to obtain all the necessary 
terms of Eq. (11). 

3. Results and Discussion 
To provide experimental verification of the proposed model abrasive wear test, we prepared and 

analyzed 63 samples. For the abrasive wear test, VTI Prall test machine was used (Fig. 7). The test results 
are presented below (Table 2). 

Table 2. Mixes abrasion testing result with calculated average size (Eq. 9) of aggregate and 
estimated degree of saturation. 

The sample 
number 

The mix 
number 

Average size of aggregate, 
D (mm) 

Mix type 
The degree of saturation, 

CV (%) 
Prall test value, Wab 

(cm3) 
1 1 11.04 SMA 20 4.19 18.00 
2 1 11.04 SMA 20 1.14 13.23 
3 2 7.98 SMA 15 2.18 20.26 
4 2 7.98 SMA 15 1.73 18.29 
5 3 11.04 SMA 20 3.38 22.40 
6 3 11.04 SMA 20 0.91 20.20 
7 3 11.04 SMA 20 0.96 20.80 
8 4 7.98 SMA 15 2.59 23.58 
9 4 7.98 SMA 15 2.26 23.95 

10 5 11.04 SMA 20 1.94 24.67 
11 5 11.04 SMA 20 1.86 25.05 
12 6 11.04 SMA 20 3.35 27.33 
13 6 11.04 SMA 20 3.77 20.68 
14 6 11.04 SMA 20 3.60 25.29 
15 6 11.04 SMA 20 2.29 23.32 
16 6 11.04 SMA 20 3.18 22.64 
17 6 11.04 SMA 20 3.80 25.64 
18 6 11.04 SMA 20 3.34 21.46 
19 6 11.04 SMA 20 2.73 20.94 
20 6 11.04 SMA 20 3.55 25.04 
21 7 11.04 SMA 20 3.68 17.45 
22 7 11.04 SMA 20 1.51 16.08 
23 7 11.04 SMA 20 2.16 18.38 
24 7 11.04 SMA 20 4.83 20.90 
25 7 11.04 SMA 20 3.31 18.58 
26 7 11.04 SMA 20 1.92 17.95 
27 7 11.04 SMA 20 2.69 22.33 
28 7 11.04 SMA 20 3.14 17.77 
29 7 11.04 SMA 20 3.94 29.60 
30 8 4.70 Type "A" 3.87 28.54 
31 8 4.70 Type "A" 4.03 25.22 
32 8 4.70 Type "A" 3.07 21.60 
33 8 4.70 Type "A" 3.67 23.58 
34 8 4.70 Type "A" 3.67 22.74 
35 9 6.10 SMA 10 3.92 26.80 
36 9 6.10 SMA 10 0.61 22.92 
37 9 6.10 SMA 10 4.42 28.29 
38 9 6.10 SMA 10 3.12 28.67 
39 10 7.98 SMA 15 2.17 18.68 
40 10 7.98 SMA 15 1.08 19.71 
41 11 11.04 SMA 20 1.34 27.54 
42 11 11.04 SMA 20 0.59 26.34 
43 12 7.98 SMA 15 1.40 21.40 
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The sample 
number 

The mix 
number 

Average size of aggregate, 
D (mm) 

Mix type 
The degree of saturation, 

CV (%) 
Prall test value, Wab 

(cm3) 
44 12 7.98 SMA 15 2.60 23.37 
45 12 7.98 SMA 15 2.02 18.40 
46 13 11.04 SMA 20 1.97 21.31 
47 13 11.04 SMA 20 3.20 26.58 
48 13 11.04 SMA 20 3.03 23.35 
49 13 11.04 SMA 20 3.50 26.84 
50 14 7.98 SMA 15 3.65 29.53 
51 14 7.98 SMA 15 2.12 27.53 
52 15 6.10 SMA 10 3.04 33.70 
53 15 6.10 SMA 10 0.51 28.30 
54 16 7.98 SMA 15 2.63 28.40 
55 16 7.98 SMA 15 3.85 28.90 
56 16 7.98 SMA 15 0.67 26.30 
57 16 7.98 SMA 15 2.44 30.70 
58 17 7.98 SMA 15 0.70 23.47 
59 17 7.98 SMA 15 2.41 25.20 
60 18 11.04 SMA 20 0.83 19.59 
61 18 11.04 SMA 20 0.53 20.01 
62 19 6.10 SMA 10 3.28 22.98 
63 19 6.10 SMA 10 3.62 26.67 
 

Statistical values of the tested mixes are shown in Table 3. 

Table 3. Mean abrasion value, standard deviation and coefficient of variation of every mixes 
test with the average of the values. 

The mix number Mean abrasion value 
(cm3)  Standard deviation (cm3) Coefficient of variation 

1 15.615 3.373 0.216 
2 19.275 1.393 0.072 
3 21.133 1.137 0.054 
4 23.765 0.262 0.011 
5 24.860 0.269 0.011 
6 23.593 2.350 0.100 
7 19.893 4.092 0.206 
8 24.336 2.695 0.111 
9 26.670 2.627 0.099 
10 19.195 0.728 0.038 
11 26.940 0.849 0.031 
12 21.057 2.503 0.119 
13 24.520 2.665 0.109 
14 28.530 1.414 0.050 
15 31.000 3.818 0.123 
16 28.575 1.810 0.063 
17 24.335 1.223 0.050 
18 19.800 0.297 0.015 
19 24.825 2.609 0.105 

Average 23.575 1.901 0.083 
 

The data obtained were analyzed using Eq. (11). To verify the approach, for each of the 19 groups 
of materials, the Prall test value for the asphalt concrete with zero connected void was calculated. The 
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minimum of the average coefficient of variation was found by changing the X  coefficient value. The 
empirical X  coefficient was found equal to 1.974 (Fig. 9). 

 

Figure 9. Average coefficient of variation depending on the X  value. 
The large minimum range of the graph and the presence of an obvious minimum indicates a good 

reliability of the approach and the obtained value of the coefficient X . The final value of abrasion loss for 
the asphalt concretes with zero value of connected voids is given in the table below (Table 4). 

Table 4. Mean abrasion value, standard deviation and coefficient of variation of every mix 
obtained by Eq. 11 abrasion value. 

The mix number Mean abrasion value 
(cm3)  Standard deviation (cm3) Coefficient of variation 

1 12.787 0.736 0.058 
2 17.433 0.967 0.055 
3 18.734 0.966 0.052 
4 20.975 0.494 0.024 
5 21.863 0.324 0.015 
6 18.712 1.788 0.096 
7 16.013 2.778 0.174 
8 21.436 2.185 0.102 
9 23.420 1.248 0.053 
10 17.690 1.382 0.078 
11 25.265 0.110 0.004 
12 18.987 2.087 0.110 
13 19.939 1.352 0.068 
14 24.529 0.237 0.010 
15 28.704 1.387 0.048 
16 25.217 1.458 0.058 
17 22.461 0.286 0.013 
18 18.939 0.552 0.029 
19 21.467 2.031 0.095 

Average 20.767 1.177 0.060 
 

Using the particle loss model (Eq.11) reduces the variation coefficient of the test results from 0.083 
to 0.060 and points to good reliability of the approach. In addition, the approach to evaluation of the 



Magazine of Civil Engineering, 17(1), 2024 

connected voids influence of asphalt concretes allows improving the laboratory abrasion tests precision 
due to ignoring the voids fraction influence in the comparison of the asphalt specimen’s abrasion values. 

Summary expression for the asphalt concretes with obtained X  coefficient is shown below: 

( ) ( )
( ) ( )

2 2 2
1

1 1

1 1.974 4 1
.

1 1.974 4 1

ab
ab W D CV CV

W
D CV CV

⋅ ⋅− ⋅ ⋅ −
=

− ⋅ ⋅ ⋅ −
                                   (14) 

Note that connected voids value in the expression is in fractions of a unit. 

The obtained model and the expression does not contradict the existing model of the abrasive wear 
of composites, but complements it. A fast and reliable way to include the pores effect on the abrasive wear 
can effectively improve the precision of the abrasion resistance assessment. 

This expression Eq. (14) allows us to calculate the degree of the connected voids influence on the 
abrasion resistance of the asphalt concrete. For the demonstration of the connected voids effect on the 
asphalt concrete, abrasion resistance evaluation of the relative abrasion resistance of asphalt concrete for 
the different connected voids values is presented in Fig. 10. 

 
Figure 10. Calculated relative abrasion value for different mix types with different connected voids 

values. 
The obtained dependence confirms the other studies results [8]. These results allow us to assess 

the abrasive wear resistance of asphalt concretes. For example, for SMA mixes to be reliable asphalt 
pavements, the Prall test value has to be less than 20 cm3 to have the 1st class of the abrasion resistance 
in the case of uncompaction in the permissible limits by specifications (1 to 3.5 % of saturating water or the 
connected voids value). On the contrary, abrasion resistance can be reduced for the pavements with the 
stable compaction quality. This approach shows the vital role of compaction quality for the pavement life. 

4. Conclusions 
1. The existing models of composite abrasion have good accuracy for various types of composite and 

single materials but the asphalt concrete. Asphalt concrete is a unique composite structure, which 
consists of a hard reinforcement coarse aggregate, fine aggregate and binder presented by 
bitumen, mineral powder and various additives. Asphalt concrete in pavement as a material can 
contain pores and other inclusions which affect asphalt concrete. Various models obtaining asphalt 
properties were investigated, but the conventional model of asphalt concrete abrasive wear needs 
to be evaluated for the accurate prediction of the asphalt pavement behavior under loads. 
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2. The proposed model of asphalt concrete fragmentation under abrasive wear is based on two basic 
processes: normal abrasive wear of each component and particles loss (Fig. 4). Due to a large 
aggregate influence on the abrasive wear resistance, the latter has a big impact on abrasive wear. 
Normal abrasive wear of each component is a common task for the existing models of composites 
wear (Eq. (1–2)). However aggregate particles evaluation is a difficult problem. Based on the G.Y. 
Lee’s approach, th presented model uses Khrushchev-Babichev wear model to estimate particles 
loss. The particles loss condition is based on the case when a part of particle surface lacks adhesion 
due to pores. The lack of adhesion and fraction loss calculations are a practical problem. It was 
solved with finding an empirical coefficient X (Eq.11). G.Y. Lee’s approach can not be applied to 
the wear of asphalt concrete due to the complex loading conditions and difference of the aggregate 
size. The empirical coefficient calculation presented in this study allows us to modify the method 
for particle loss calculation. 

3. The proposed model allows us to assess the abrasion resistance of the asphalt concrete and 
changes under various compaction conditions. An understanding of the particle loss process is 
necessary for the following research. The approach allows obtaining all the coefficients by 
laboratory tests for every type of material or an average coefficient for all types of the materials 
used. 

4. The Prall test was used to verify the model. We tested 63 samples in 19 groups (Table 2). The 
mixes were sampled at the road construction works of the Republic of Tatarstan in 2018–2020. The 
saturation method was used to estimate pores volume fraction. In accordance with the mix grading 
(Fig. 3), the average particle size (Eq. (9)) was calculated. The standard deviation and the 
coefficient of variation were calculated for each mix (Table 3). 

5. The experimental data show good reliability of the model. The average coefficient of variation was 
reduced from 8.3 % to a 6.00 % significantly improving the test accuracy. The empirical coefficient 
X was found equal to 1.974 (1/mm) for the mixes presented. 

6. The obtained coefficient for materials used in the Russian Federation road construction and the 
modified G.Y. Lee’s approach (Eq. (14)) allows assessing the connected voids and compaction 
effect on the abrasion resistance of materials and provides insight into the processes in asphalt 
concrete under hard winter loads. 
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Abstract. The climatic changes induce now more and more serious environmental problems such as 
landslides, especially in arid and semi-arid countries where rainfalls happen with high and short duration 
intensity. This paper aims to study the influence of unsaturated mechanical properties on the slope 
instability. The research was conducted based on the combination of a physical model and numerical 
simulations with the aim to analyze rainfall-induced slope failure. The benefits of the proposed method are: 
1) increase of monitoring efficiency by considering several parameters in large ranges of variation; 2) cost 
reduction by a combination of minimal laboratory physical model data and numerical modeling. In this study, 
the effect of rainfall intensity and duration as a hydraulic loading was investigated. The used model is an 
elastoplastic one based on effective stresses and a non-associative flow rule. A function of a reduction of 
mechanical parameters with suction was implemented in CODE_BRIGHT software. The results are 
presented in terms of: 1) displacement values; 2) evolution of pore water pressure (PWP); 3) plastic 
deviatory strains and saturation zones. 
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1. Introduction 
Weathered shallow landslides have been observed in different regions in the world. In fact, climatic 

changes have led to many extreme weathering scenarios. Among them, the rainfalls which are more and 
more intensive and happen in a short duration, causing different environmental hazards such as landslides. 
Serious landslides have often occurred during or just after rainfall (a non-exhaustive example of disaster 
has occurred in the North West of Tunisia (Béja) [1, 2]). So, the objective of this study is to provide an 
expertise methodology, based on the consideration of the hydro-mechanical coupling for unsaturated soils. 
This expertise aims to: 1) provide a power modeling tool to reproduce some experimental results [1, 2]; 
2) to evaluate the role of the main physical and hydraulic parameters (grain size distribution, density or 
porosity, saturated permeability) to explore how landslides occur and the shear band develops; 3) to inform 
about the influence of such numerical parameters as the mesh elements and the test of convergence. 

Currently, to investigate the effects of the water pressure increase due to the rainfall water infiltration, 
various theoretical and numerical methods have been used. The limit analysis approach and the 
elastoplastic model using the so-called c-phi reduction method have been frequently used in the 
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engineering field. However, these approaches do not explicitly include the hydraulic-mechanical coupling 
stresses. Thus, in the last two decades, numerous studies have proposed several approaches considering 
hydraulic-mechanical coupling, which have provided a powerful tool for the prediction of the rainfall-induced 
landslide [2, 11]. Other researches have been also proposed to combine the modeling and field monitoring 
to evaluate the landslide risk [12]. 

In fact, some of the previously coupling approaches have considered the dependence of apparent 
cohesion, effective stress and friction angle with suction (and eventually the degree of saturation as function 
of void ratio), as well as the variation of permeability with the suction [2, 8, 9, 13]. Other approaches consider 
the suction or the degree of saturation as a state variable [8]. In addition, many rainfall-induced slope 
instability studies have focused on the role of the water retention properties under diverse rainfall scenarios 
on unsaturated slope stabilities [14, 17]. 

As noticed by experimental results, the increase of water table level is one of the most relevant 
conditions to landslide incidence [18–20]. The shear band, defined as a band where plastic shear strain is 
well developed in relation with the pore water pressure increase, which in the end, governs the failure mode. 
In order to deeply understand the mechanisms of such rainfall-induced failure, the study of coupling 
problems is now becoming an absolute need in the environmental engineering field. In this context, different 
reduced-scale slope models were developed to investigate the main conditions that cause slope failure and 
quantify the main factors that govern it under rainwater infiltration, particularly in extreme weather 
conditions, and under hydraulic and environmental cycles effects [20, 29]. 

Relevance of this study lies in the quantification, separately, of the unsaturated hydraulic parameters 
(unsaturated permeability and water retention function) and mechanical parameters leading to slope failure 
considering numerous types of soils. This study detailed the observations of the failure process, duration 
of soil moisture content development and pore-water pressure during the rainfall period. A pre-failure stage 
analysis was performed by plastic strain development. The CODE_BRIGHT program [30] was used, where 
the proposed model was implemented [18]. 

Indeed, the proposed model was based on the extension of effective stress concept to unsaturated 
soils, considering the cohesion reduction under humidification [8, 31, 33] (e.g., the reduction of the suction 
as an internal variable in the model). 

The obtained numerical results show that for the long rainfall duration and for the well permeable 
soil, infiltration develops groundwater table from the bottom up, leading to matric suction loss in the transient 
unsaturated to saturated zone. Analysis of the strain evolution indicates that failure localization originates 
in the lower part and the shear zone develops through the superficial part to the upper part of the slope. 
The suction loss and the increase of the pore water pressure in the saturated zone, near the toe of the 
slope, are considered as the main factors leading to the slope failure. 

2. Methods 
2.1. The proposed hydro-mechanical model 

As it is mentioned above, landslides may occur due to rapid reduction of suction under rainwater 
infiltration [3, 23, 34]. Obviously, experimental efforts are yet needed to link the mechanical parameters as 
stiffness, compressibility, cohesion and friction angle to the water content/degree of saturation and suction 
evolution and consider this issue in landslide analysis. For some authors, adding to the internal variables 
such the elastic and plastic deformation, the degree of saturation is considered as an internal variable [8]. 
This idea was firstly proposed by [31], and was open to debate based on experimental and theoretical 
evidence. At the first stage, various shear test results showed the influence of water content on friction and 
cohesion due to wetting-drying cycles [35, 36]. These tests highlighted the fact that the increase of water 
content (or saturation degree) has led to a decrease of the suction in the soil and consequently, the 
decrease of “apparent” cohesion and then the decrease of effective stresses. Obviously, the decrease of 
these mechanical parameters entailed a reduction in the soil shear strength. 

In this paper, an elastoplastic model is proposed and formulated in an elastic and visco-plastic 
framework. A modified Mohr–Coulomb model based on effective stress (using an extended mathematical 
relation of [32]) has been proposed and implemented in the CODE_BRIGHT software. The algorithm of the 
resolution of the obtained iterative non-linear equations system was solved using a regularization method 
[18]. To find different previous forms of extended effective stresses formula, see, e.g. [33, 37, 39]. 

The suggested model defined the apparent cohesion as a nonlinear function of suction, thus leading 
to a non-linear shear strength-suction relationship [40]. 
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We use here some results of triaxial drained tests conducted by [20], on the Kumano silty sand with 
initial relative densities (Dr varied from 58 % to 86 %). The soil was used in a physical slope model. These 
tests showed a Young modulus dependency on suction, which varied in the range of 3–10 MPa. 

The equations of the proposed model were implemented in the CODE_BRIGHT software. Table 1 
and Table 2 summarize the mechanical and hydraulic equations (for more details about the implementation 
of hydro-mechanical model and the applied regularization method, see, e.g. [17, 18, 39]). 

Table 1. Mechanical equations used in the model. 
Mechanical part of the model  

Balance equations 
(the variable is the 

effective stress 
tensor of water 

pressure) 

'( ) ( )wDiv Grad u= −


σ γ  Div(.) and grad(.) are respectively the 
divergence and gradient operators.  

  γ


 is the vertical volumetric force (vertical unit 

weight force) 

The effective strain 
rate 

e pd d d
dt dt dt
ε ε ε

ε = = +  

:
ed dA

dt dt
′ε σ

=  

εe and εp are respectively the elastic and plastic 
components of an effective strain tensor. 

Hooke’s law was used to link the elastic tensor’s 
components to the effective stress components. 

′σ  is effective stress, A  is the behavior tensor 

with components depending on the stiffness E 
(function of suction) and Poisson’s ratio ν (not 

dependent on the suction). 

Plastic effective 
deformation 

(determined using a 
non-associative flow 

law) 

0

pd G( F )
dt
ε ∂

= Γ Φ
′∂σ

 

 

0Γ  (s-1) is a fluidity parameter, F  (MPa) is the 
yield function (Here is the Mohr–Coulomb 

function), G  (MPa) is the plastic potential, Φ  
is a stress function. 

The stress function 

( )
( )

( ) ( )
0 if

ifm

F
F

F F F

Φ <Φ = 
Φ = Φ >

 
m is a parameter which depends on the 

material. It is experimentally calibrated. For 
instance, m was calibrated by some primarily 
numerical tests and fixed at 3 (this calibration 

was convenient for the studied sandy soil which 
exhibited dilatancy). 

The yield function (F) 
and the visco-plastic 

potential  

(G) 

 

F c q p′ ′+ β = − δ ,   

 

    G c q p′ ′+ β = − αδ  

α is a parameter to define non-associative 
plasticity rules. 

where  

6sin 6cosand
3 sin 3 sin

′ ′φ φ
δ = β =

′ ′− φ − φ
  

The first and second 
invariants p and q  ( )1

3 x y zp ′ ′ ′= σ + σ + σ  

( ) ( ) ( ) ( )2 2 2 2 2 21 6
2 x y y z z x xy yz zxq = σ − σ + σ − σ + σ − σ + τ + τ + τ  

c′  is the effective cohesion and ′φ is the effective friction angle.   

The effective stress ( )ij ij a ij a w iju u u′σ = σ − δ + χ − δ  

The general expression of the adapted cohesion is as follows 
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 
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 

λ
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φ  

ijδ is the Kroemer’s symbol ( 1ijδ =  if i = j; 0ijδ =  if i ≠ j) 
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2.2. Hydraulic constitutive models 
For numerical simulations, the needed hydraulic properties are the soil-water retention curve, the 

relative permeability variation with suction or degree of saturation and the variation of intrinsic permeability 
with porosity. The following table presents all the used functions (The relative permeability function [41], 
van Genuchten equation fitting the water retention curve [42] and the effective saturation Se is defined by 
Mualem [43]). 

Fig. 1 and 2 give respectively an example of experimental calibration of water retention function and 
intrinsic permeability. 

Table 2. Hydraulic constitutive equations. 
The flow motion 

Richards equation ( )rw
w w w

w

kkq u g z= − ∇ + ∇ρ
µ

 
qw (m/s) is the flux of the water, and ∇uw is the 

pressure gradient vector (Pa/m). K (m/s) 
represents the hydraulic conductivity, k (m2) the 

intrinsic permeability, ρw (kg/m3) the water 
density (ρw =103 kg/m3), g (m/s²) the acceleration 
of gravity and μw (Pa.s) the dynamic viscosity of 

water (μw = 10-3 Pa.s). These parameters are 
fixed for a temperature T = 20º.  

The relative 
permeability function rw ek S= ξ  Se is the effective saturation. For numerical 

simulation ξ = 3. 
And the intrinsic  

permeability  

( )
( )23

2 3
1

1
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o
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−
=

−
 

on  is the initial porosity and ok  is the saturated 

permeability corresponding to on . (For the 
calibrated experimental data,  
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Sr is the saturation degree, Sr max and Sr min 
denotes respectively the maximum and the 
residual saturation degree, λ and P0 are 

respectively the van Genuchten parameters (P0 
is a reference capillary pressure and λ is a 

shape’s curve), (for the calibrated experimental 
data, λ = 0.4, P0 = 4 10-4  MPa, Sr max = 1 and Sr 

min = 0.22). 

 

 
Figure 1. Fitting of water retention curve with experimental data [18]. 
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Figure 2. Saturated permeability as function of porosity for a silty sandy soil [18]. 

In the same context, Table 3 summarizes the modeling parameters values used in the simulations. 

Table 3. Constitutive parameters. 
ELASTICITY  

Parameters Value Parameters definition 

E (MPa) 10 Young’s modulus 

ν 0.3 Poisson’s Ratio 
VISCO-PLASTICITY PARAMETERS 

Parameters Value Parameters’ definition 

m 3 Stress power 

Γo (s-1) 1.106 Viscosity coefficient (a high value is needed to approach 
the plastic behavior) 

Q (J mol-1) 0.0 Parameter for temperature dependency  

c’ 
tan ϕ’ 

 
λ 
 

P0 

0.0 
0.4762 

 
0.4 

 
4.10-4 

 
Total cohesion  

( )
1

1

0
tan 1 a w

a w
u uс с u u

P

−

−
 

 − ′ ′= + − +   
  

 

λ

λ
φ  

α 1.10-4 Parameter to reduce dilatancy: a low value for the sandy 
soil case (which can exhibit dilatancy) 

δ 1.462 6sin
3 sin

′
=

′−
φδ
φ

 

3. Results and Discussion 
We employed the finite element code (CODE_BRIGHT) to build the geometry of the slope model, 

and used GiD pre- and post-processor [30, 44]. The slope’s angle was 40 degrees. As indicated in Fig. 3 
for the finite element mesh, the elements were of a four-node quadrilateral type. The numerical simulation 
was performed by taking into account the hydraulic and mechanical boundary conditions of the flow as 
shown in Fig. 3. 
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Figure 3. Geometry, hydraulic, and mechanical boundary conditions  

for the proposed numerical model. 
Moreover, the simulations were performed in 2D with plane strain assumption. In order to study the 

effect of rainwater infiltration on slope stability, two numerical simulations were presented in this paper in 
Table 4. 

Table 4. Reduced scale slope model characteristics, initial and boundary conditions. 

Model type Type of Test Initial and boundary conditions Rainfall period  

A Rainfall 
Slope angle α = 40%, porosity n0 = 0.471,  

saturation degree Si = 30%,  

suction, s = 12.85kPa and rainfall intensity I = 50 mm/h 

40000 sec 

B Rainfall 
Slope angle α = 40%, porosity n0 = 0.415,  

saturation degree Si = 30%,  

suction s = 12.85kPa and rainfall intensity I = 50 mm/h 

20000 sec 

 

For the first test (Type A model as indicated in Table 4), the following figure shows the displacement 
and suction evolutions during the simulation and the obtained numerical results show that important 
displacements have occurred when the region near the toe of the slope becomes fully saturated. In addition, 
Fig. 4 confirms that important displacement (plastic deformation) occurred due the positive pore water 
pressure increase near the toe of the slope. Fig. 5 shows that the groundwater table begins to develop in 
the lower part of the slope and that the upper part remains unsaturated until the end of the simulation. On 
the other hand, Fig. 6 represents the positive pore water pressure isovalue at the end of the simulation. 
The obtained numerical results confirm that landslides occurred when the toe of the slope became saturated 
and positive pore water pressure developed. In our case, a superficial landslide occurred as shown in Fig. 7. 

 
Figure 4. Displacement and suction against time for rainfall water infiltration. 
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Figure 5. Pore water pressure in different points on the top layer of the slope. 

 
Figure 6. Positive pore water pressure isovalue at the end of infiltration period. 

 
Figure 7. Vectors of incremental displacements at the end of rainwater infiltration. 

In the second test, only the soil porosity and rainfall test duration were modified. Fig. 8 shows the 
numerical results of the vectors of incremental displacement and the contour of deviatoric plastic strain at 
the end of rainwater infiltration. The vectors of incremental displacements in Fig. 8 (a) delineate the most 
probable failure mechanism under current loading conditions. The consequences of rain infiltration on slope 

deformation are noticeable as the contours of accumulated deviatoric plastic strains p
dε  in Fig. 8 (b) 

illustrate. 
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Figure 8. Vectors of incremental displacements and the contour of deviatoric plastic strains  

at the end of rainwater infiltration duration. 
In this part of our simulation, an analysis of the temporal evolution of deviatoric plastic strains for 

different points located in the superficial layer of the slope allows identifying the most active shear zones 
during the water flow associated with the formation of a progressive failure mechanism (Fig. 9). Four 
different points, which are located in the shear zone identified in Fig. 8 (b), are selected for the analysis. At 
the beginning of rain infiltration, deviatoric plastic strain occurs in the shallow (Pt 1), lower part of the slope. 
Subsequently, plastic strain mobilized in the middle part (Pt 2) and finally in the upper part of the slope 
(Pts 3 and 4). As indicated, large irreversible shear strain occurred after 1200 sec of rainwater infiltration in 
the toe of the slope part. The most probable failure mechanism originates in the lower part of the slope, 
then the lower part is sheared and finally the shear zone spreads through the soil to the slope surface in 
the upper part. 

 
Figure 9. Evolution of deviatoric plastic strains in different superficial points. 

4. Conclusions 
Based on a current proposal of hydro-mechanical modeling, some conclusions can be given. Firstly, 

the introduced model modified Terzaghi’s definition of the effective stresses by introducing parameter χ  
equal to the effective degree of saturation. 

This means that the effective stresses change not only with water pressure, but also with the degree 
of saturation. The cohesion was formulated as a function of suction, and decreases along with suction. As 
a consequence, the soil shear strength decreases with the reduction in suction. 

This model permitted the deformations calculation from the elastic state to plastic state until reaching 
the slope failure. This allowed us to analyze the progressive failure mechanism of one layer and multilayer 
slope. 
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In addition, we demonstrated that: 

• The capillarity benefit was lost due to rainwater infiltration. Water infiltration led to an increase of 
pore water pressure (decrease of suction). The proposed numerical model also demonstrated its 
capability to correctly reproduce the pore water pressure distribution that triggers slope failure. 

• The obtained numerical results show for the first time that rainwater infiltration leads to a loss in 
suction from the top slope layer. If the rainfall duration is long, the groundwater table level goes 
back up from the slope bottom. According to the analysis of plastic deformation in different parts 
of the slope, the failure mechanism originates in the lower part of the slope and the shear zone 
moves through the superficial part of the soil to the upper part of the slope. A large irreversible 
shear strain occurred, firstly in the toe of the slope due to the increase of pore water pressure and 
the decrease of the effective stress, and then a decrease in soil shear strength (which can be 
vanished in the extreme case) is considered as the main factor leading to the slope instability. 

• The rainfall duration is a significant parameter for slope failure. The longer the duration is, the 
more rainwater infiltration happens. This induces local and shallow slope failure. If the duration is 
long, failure mass occurred more. 

• The moved mass of soil is occurred according to a kinematic log-spiral line as it was proved for 
friction granular soils.  

• Deviatory plastic strain is a main parameter used for failure assessment. Large deviatoric strain 
was reached in the failure zone (20 %) and the plastic irreversible strain started from 2 % to 
localize the beginning of a failure zone. 

• When suction tends to zero (saturated zone), total and horizontal displacements increase 
suddenly. 

• Using unsaturated hydraulic permeability and water retention curve, effective cohesion and 
friction as main data, the model has the capability to introduce different initial hydraulic and 
environmental conditions (wetting-drying cycles) and hydro-mechanical boundary conditions 
(wetting by raining, drying by evaporation and the mechanical loading). 
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Abstract. The work is aimed at research of technology of lightweight concrete with porous aggregate with 
improved strength characteristics to expand the field of its application in reinforced concrete structures. The 
lack of demand for lightweight concrete in structural construction is due to its low reliability in view of the 
increased ultimate deformation of compression and tension. However, as recent studies show, when taking 
into account the ultimate compressive strain of lightweight concrete, it is quite possible to ensure the 
reliability of such structures. In order to expand the scope of application of light concretes in bearing layers 
of multilayered enclosing and bearing reinforced concrete structures, our purpose was to determine the 
features of the lightweight concrete composition selection technique with improved characteristics using a 
porous aggregate of modified zeolite-alkaline charge. Empirical equations of dependence of lightweight 
concrete strength on concrete density and aggregate density as well as dependence of lightweight concrete 
strength on coarse aggregate volume concentration and aggregate strength were established to determine 
rational compositions of lightweight concrete. The possibility of producing structural lightweight concrete of 
strength classes B15 to B27.5, with the frost-resistance mark F₁ 150 with the use of porous aggregate 
modified zeolite-alkaline batch is shown. 

Citation: Matveeva, O.I., Baishev, N.K., Makarov, A.I., Popov, A.L., Pavlyukova, I.R., Grigoriev, N.A. 
Enhancing lightweight concrete strength through modified zeolite-alkaline porous aggregate: composition 
optimization and structural application. Magazine of Civil Engineering. 2024. 17(1). Article no. 12507. 
DOI: 10.34910/MCE.125.7 

1. Introduction 
Currently, a large volume of experimental and theoretical studies devoted to the study of physical-

mechanical and thermal properties of lightweight concretes on glassy porous aggregates has been 
accumulated [1–3]. Analysis of the works indicates that researchers have developed effective aggregates 
for light concretes with increased content of glassy phase, which open up new possibilities of improving the 
whole complex of properties of light concretes and structures from them. Promising glassy aggregates with 
partially or completely amorphous grain structure include: granulated foam glass, granulated foam glass 
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https://orcid.org/0000-0001-7226-9859
https://orcid.org/0000-0002-7829-6839


Magazine of Civil Engineering, 17(1), 2024 

ceramics and other similar aggregates with a closed cellular structure and bulk density of less than 
250 kg/m3, on the basis of which it is possible to obtain light concrete with a density grade D600-D800 and 
with a strength class up to B2.5. [4, 5]. Major research is aimed at obtaining lightweight high-strength 
concrete with expanded areas of application using alternative aggregates, including waste glass sand 
(WGS), municipal solid waste incineration bottom ash (MSWI-BA), recycled coarse aggregates (RCA), fly 
ash (FA), waste rubber (WR), steel waste (SW), and waste plastic (WP), etc. [6–8]. 

We have made an attempt to develop compositions of light structural zeolite concretes for the 
manufacture of load-bearing layers of multilayer enclosing, load-bearing reinforced concrete structures 
(wall panels) and load-bearing reinforced concrete structures for low-rise construction (walls, lintels, floor 
slabs and overlaps) with specified properties: B15; D1600, F1100. For this purpose, previous studies have 
produced pilot batch of foam-zeolite porous aggregate on the production base of LLC "Suntarzeolit" with 
bulk density of 680–740 kg/m3 (bulk density mark M700-800) and a strength of 2.45–2.63 MPa (grade of 
strength P100-P125). 

However, when selecting the composition of concrete, we encountered low verification of the actual 
properties of concrete with the calculated ones. This fact is due to the fact that the existing methods of 
selection are suitable either for heavy concretes with a density of 2200–2800 kg/m3 [9, 10] or for light 
concretes with a density of less than 800 kg/m3 [11]. The inefficiency of concretes with a density of  
1000–1800 kg/m3 is due to intermediate values of the properties of lightweight concrete, which does not 
allow their use in energy-efficient construction as a heat insulating material due to insufficiently low thermal 
conductivity and in structural engineering because of low reliability in view of the increased ultimate 
deformation of compression and tension. As one of the options for combining such concretes, scientists 
from Beirut Arab University considered the option of a reinforced concrete beam with lightweight concrete 
in the tension zone. However, the presence of lightweight aggregate in the tension zone tends to cause 
brittle failure of the beam [12]. To increase the relevance of the use of lightweight intermediate density 
concretes, researchers from the University of the West of England, Bristol, describe the ultimate 
compressive strain of lightweight concrete by a linear dependence on the ultimate compressive strain of 
heavyweight concrete, described by the coefficient :η  

0.4 0.6 .
2200
ρ

η = +                                                              (1) 

If you take into account this figure it is possible to calculate a reinforced concrete beam of lightweight 
concrete with ultimate compressive strain of 2.18 % and a reduction in reinforcement to 47 % [13]. Also, 
scientists from Anhui Jianzhu University, China, who were able to simulate the fatigue life of lightweight 
concrete on porous aggregate using the Weibull distribution, are studying the reliability of lightweight 
concrete in reinforced concrete structures [14]. Increasing the durability of lightweight concrete on porous 
aggregates is related to water absorption and porosity of lightweight aggregates, and as the team of authors 
from Republic of Korea, Germany, Poland and Egypt emphasize, the aggregate used should either be 
artificially treated to close open pores or artificial porous aggregate with closed surface pores should be 
used [15]. Alternatively, cold granulation aggregates with closed porosity have been proposed, which uses 
cement as a binder and filler in the form of fly ash [16] or aggregates from industrial wastes such as POS 
[17]. 

Thus, the development of technology of lightweight concrete with porous aggregate with improved 
durability characteristics to expand its application in the load-bearing layers of multilayer enclosing, load-
bearing reinforced concrete structures (wall panels) and load-bearing reinforced concrete structures for 
low-rise construction (walls, lintels, roof slabs and floor slabs) is relevant. 

The aim of the study is to establish the technology and peculiarities of selecting the composition of 
lightweight concrete using porous aggregate from modified zeolite-alkaline charge that improves its 
properties. As the first step towards achieving this goal, the task was set to clarify the method for selecting 
the composition of lightweight concrete by deriving new dependencies for the influence of the quantitative 
and qualitative composition of components on the strength and density of concrete. The method was also 
tested. 

2. Materials and Methods 
When selecting the composition of lightweight concrete, the following components were used: as a 

binder, Portland cement grade CEM I 32,5B by Interstate Standard 31108-2016, produced by JSC PA 
Yakutcement with the characteristics indicated in Table 1; river sand was used as a fine dense aggregate 
from the Lena River floodplain (Table 2); porous aggregate of the pilot batch manufactured by Suntarzeolite 
LLC is used as a coarse aggregate (Table 3); as the plasticizing additive used was an additive for concrete 
and mortars produced by JSC Polyplast (LLC Polyplast-UralSib) – Superplasticizer SP-1. 
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Table 1. Properties of used Portland cement. 
No. Cement quality index Unit. Value 
1 Cement strength class MPa 32.5 
2 Flexural/compression strength at 2 days of age MPa 3.8 / 16.8 
3 Compressive strength after steaming  MPa 27.1 
4 Uniformity of volume change mm 0.0 
5 Normal cement density % 26.5 
6 Mass fraction of sulfur oxide (VI) SO3 % 2.55 
7 Mass fraction of chloride ion % 0.026 
8 Initial setting time min 135 

9 

Information about clinker: 
- C3S + C2S 
- CaO/SiO2 

- MgO 

 
% 
- 
- 

 
76.55 
3.09 
2.12 

10 Signs of a false setting - no 
 

Table 2. Grain composition of used sand. 

No. Indicator name Unit. 
Requirements of Interstate 

Standard  
8736-2014 

Actual value 

1 2 3 4 5 
1. Bulk density kg/m3 not regulated 1444 

2. Total residue on sieve with mesh No. 063, % by 
mass % up to 10 0.06 

3. The content of grains smaller than 0.16 mm % no more than 20 4.84 

4. Modulus of grain size Mod. from 1.0 to 1.5 for the "very 
fine" group 1.09 

5. 
The content of grains in coarseness, by mass: 

% 

  

more than 10 mm. not more than 0.5 0.10 
more than 5 mm. not more than 10 0.00 

6. Content of dusty and clayey particles % not more than 5 for class II 
sand 0.25 

7. Clay content in clumps % not more than 0.5 for class II 
sand 0.00 

8. True density g/cm3 2.0 to 2.8 2.62 

9. The content of organic impurities standar
d lighter than the standard lighter 

10. Hollowness % not regulated 44.89 
 

Experimental studies of the initial materials (fine and coarse aggregates) were carried out in 
accordance with the following regulatory documents: 

− Interstate Standard 9758-2012 "Non-organic porous aggregates for construction work. Test 
methods". Controllable characteristics of foam-zeolite. 

− Interstate Standard 8735-88 "Sand for construction work. Testing methods". Controllable 
characteristics of dense sand. 

Concrete mixtures and concretes were tested in accordance with the following standards: 

− Interstate Standard 10181-2000 "Concrete mixtures. Methods of testing". Controllable 
characteristics of concrete mixtures; 

− Interstate Standard 10180-2012 "Concretes. Methods for strength determination using reference 
specimens”; 

− Interstate Standard 12730.1-78 "Concretes. Methods of determination of density”; 
− Interstate Standard 12730.2-78 "Concretes. Method of determination of moisture content”; 
− Interstate Standard 10060-2012 "Concretes. Methods for determination of frost-resistance"; 
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− Interstate Standard 7076-99 "Building materials and products. Method of determination of 
steady-state thermal conductivity and thermal resistance". 

Table 3. Physical and mechanical properties of the experimental batch of foam-zeolite. 

No. Name of indicators Requirements of Interstate 
Standard 32496-2013 Actual value 

1 2 3 4 

1. 
Bulk density, kg/m3 

 fr. 5 -10 (screening) 600 to 700 for M700 696 
 fr. 10-20 700 to 800 for M800 733 

2. 
Crushing strength of foam-zeolite in a cylinder, MPa 

 fr. 5 -10 (screening) 2.0 to 2.5 for P100 2.31 
 fr. 10-20 2.5 to 3.3 for P125 2.53 

3. True density, g/cm3  2.40 

4. 
Average density, g/cm3 

 fr. 5 -10 (screening) 
 

Not rationed 
1.12 

 fr. 10-20 1.25 

5. 
Resistance against silicate decay, % 

 fr. 5 -10 (screening) 
 

No more than 5 
1.93 

 fr. 10-20 1.77 

6. 
Resistance to ferrous decay, % 

 fr. 5 -10 (screening) 
 

No more than 5 
1.56 

 fr. 10-20 1.32 
7. Mass loss on ignition, % No more than 3 1.20 

8. 
Mass loss by boiling, % 

 fr. 5 -10 (screening) 
 

No more than 5 
2.87 

 fr. 10-20 2.53 

9. 
Softening coefficient 

 fr. 5 -10 (screening) 
 

At least 0.75 
0.77 

 fr. 10-20 0.85 

10. 
Grain shape coefficient 

 fr. 5 -10 (screening) 
 

No more than 1.5 
1.21 

 fr. 10-20 1.37 

11. 
Water absorption, % 

 fr. 5 -10 (screening) 
 

No more than 20 
15.04 

 fr. 10-20 13.86 

12. 

Frost resistance grade (weight loss after 3 cycles of 
testing in sodium sulfate solution, %) 

 fr. 5 -10 (screening) 

 
 

F15 (No more than 8) 

 
 

F15 (4.38) 
 fr. 10-20  F15 (5.65) 

 

The calculation of the composition of lightweight concrete with porous aggregate is based on 
Interstate Standard 27006, reference book "Artificial porous aggregates and lightweight concrete on their 
basis" [18], normative and industrial edition "Recommendations on the selection of lightweight concrete 
compositions (for Interstate Standard 27006-86)" [11]. 

The average strength of the class when making selections is assigned equal to the strength of the 
concrete with a coefficient of variation nV  = 13.5 %. To do this, the specified concrete class is multiplied 

by the specified strength coefficient TK  equal to the specified coefficient of variation. 

,TR B K= ⋅                                                                        (2) 

where B is the strength value corresponding to the adopted class of concrete, MPa; TK  is coefficient of 
specified strength. 
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According to the reference manual "Artificial porous aggregates and lightweight concretes based on 
them". [18], the ultimate strength of concrete can be achieved depending on the mass strength of the coarse 
aggregate and is calculated by the following formula: 

.
12 ,
0.5agR R −ϕ

=                                                                (3) 

where .agR  is the grade strength of coarse aggregate; ϕ  – volumetric concentration of coarse aggregate. 

Immediately, you can calculate the consumption of coarse aggregate :K  

.1000 ,agK = ⋅ϕ⋅ρ                                                             (4) 

.agρ  is average aggregate density, g/cm3. 

The dependence of cement consumption on the density of concrete is described by the formula: 

( ). . .0.97 1.15 0.4 ,con ag agCρ = ρ + − ρ                                            (5) 

where .agρ  is the average density of the aggregate, g/cm3; .conρ  is average density of concrete, g/cm3. 

Then the cement consumption ( )C  can be found according to the derived formula, g/cm3: 

. .

.

0.97
.

1.15 0.4
con ag

ag
C

ρ − ρ
=

− ρ
                                                           (6) 

Next, the amount of fine aggregate required is calculated by the formula: 

( )( )1000 1000 ,P csV C= − ρ −ϕ⋅ ⋅α                                            (7) 

where csρ  is the true density of cement stone, kg/l; α  is coefficient of grain separation equal to 1.12. 

The amount of fine aggregate ( )P  in the absolute volume of aggregates is calculated by the formula: 

,S bP V= ⋅ρ                                                                    (8) 

where bρ  is the bulk density of the sand used, kg/l. 

The water flow rate is calculated by the formula: 

0 1 2,B B B B= + +                                                           (9) 

where 0B  is the initial consumption of water, taken according to the methodological manual for the grade 
of workability P1 with the use of plasticizer equal to 165 liters per cubic meter. 

1B  and 2B  are correction for water consumption of fine and coarse aggregate, determined by the 
following formulas: 

( )1 0.025 7 ,P
P

PB W= −
ρ

                                                   (10) 

( ) ( )0 1
2

0.75 15
.

100
К К

B B W
B

C
+ −

= ⋅ ×                                            (11) 

The optimal amount of additives, if any, is determined by the manufacturer's recommendations. 

According to the provisions of doctoral dissertation of A.N. Davidyuk for aggregates grade P15-50 
an updated formula (12) is proposed for formula (3), calculated on the basis of experimental data [19, 20]. 
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11.8
0.5 ..1.1 agR R e
−ϕ ⋅ 

 ⋅= ⋅                                                   (12) 

This formula with exponential growth of the influence of the volumetric concentration of coarse 
aggregate is more correct. Further calculation of the composition of lightweight concrete continues by 
formulas 4–11. 

In this work, our task was to derive experimental formulas for the ultimate strength of concrete 
depending on the strength of coarse aggregate, which will make it possible to predict the physical and 
mechanical properties of concrete on the basis of non-standard properties of foam-zeolite on the basis of 
modified charge from the experimental batch. 

3. Results and Discussion 
An analysis of empirical data from early studies and tests of lightweight concretes on porous 

aggregates has been carried out and equations with exponential growth of strength depending on concrete 
density and aggregate density have been derived (Table 4, Fig. 1). According to sources, the minimum 
voids content of materials of the same fraction varies from 33 % to 47.7 % depending on the topology  
[21, 22]. Then when grouping aggregate by density when using it in cement stone with a true density of 
2.65 g/cm3, it is possible with a step that will be equal to the difference of the minimum hollowness multiplied 
by the true density of the cement stone, which is approximately 300 kg/m3. 

If the task of selecting the composition of lightweight concrete satisfies the dependencies shown in 
the figure, you can carry out further calculations according to this methodology. 

From the empirical data of earlier studies (Table 5), formula 12 is corrected for porous aggregates of 
different grades of strength with a grouped step of 2.2–2.5 MPa (formulas 13–15). 

Table 4. Properties of lightweight concrete depending on the density of aggregates usedю 
Density grade of aggregate Concrete density Concrete strength 

From M150 to M450 ---* 

From M500 to M800 

1100 
1185 
1100 
1500 

1600 
1150 
1150 
1000 

5.9 
7.8 
6.5 
17 

25 
7 

8.3 
5 

From M900 to M1200 

1672 
1708 
1975 
1944 
1958 
1929 

1916 
1919 
1610 
1637 
1649 

19 
17.8 
28.6 
25.9 
33 

35.6 

26.4 
33.2 
11.5 
11.9 
16.8 

* For a given aggregate grade, the equation of dependence is taken according to the source [20]. 

 
Figure 1. Experimental equations for the dependence of concrete strength  

on concrete density and aggregate density. 
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Table 5. Properties of lightweight concrete depending on the strength of the aggregates used. 

Strength grade of the aggregate Volume concentration of coarse 
aggregate Concrete strength 

P15–50 ( ). 0.8agR =  ---* 

P75–125 ( ). 3.3agR =  
0.4 
0.5 
0.6 

13 
11 
9 

P150–250 ( ). 5.5agR =  
0.4 

0.54 
0.57 

19.5 
19.5 
25 

P300–400 ( ). 8agR =  
0.4 
0.5 
0.6 

28 
26 
23 

* For a given aggregate grade, the equation of dependence is taken according to the source [20]. 

 

For aggregate grade P75-125: 

11.14
0.5

.1.03 .agR R e
−ϕ ⋅ 

 ⋅= ⋅                                                (13) 

For aggregate grade P150–250: 

2

.
1 12.5 18.5 0.98 .
0.5 0.5 agR R−ϕ −ϕ = − ⋅ + ⋅ + ⋅ 

 
                                 (14) 

For aggregate grade P300–400: 

2

.
1 15.3 23.2 0.94 .
0.5 0.5 agR R−ϕ −ϕ = − ⋅ + ⋅ + ⋅ 

 
                                  (15) 

A graphical representation of the dependence of concrete strength on the volumetric concentration 
of coarse aggregate was also obtained (Fig. 2). The dependence for stronger aggregates is described by 
a quadratic function, and for less strong aggregates by an exponential function. As a confirmation in the 
work of the authors from Nanjing University of Aeronautics and Astronautics, China, the effect of coarse 
aggregate volume concentration with an aggregate strength of 10 MPa, is also described by a quadratic 
function. However, in their case, an increase in aggregate fraction greater than 0.61 is accompanied by an 
increase in concrete strength, which we cannot agree with [23]. 

 
Figure 2. The dependence of the strength limit of concrete on the volume concentration  

of coarse aggregate of different grades of compressive strength in the cylinder. 
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From the formulas you can calculate the required volume concentration of aggregate to achieve a 
given strength, depending on the initial. 

For aggregate grade P15-50: 

.
1 0.28 ln .

1.1 ag

R
R

 
ϕ = − ⋅   ⋅ 

                                                 (16) 

For aggregate grade P75-125: 

.
1 0.44 ln .

1.03 ag

R
R

 
ϕ = − ⋅   ⋅ 

                                                (17) 

For aggregate grade P150-250: 

( ).1 37 2.24 317 8 .
110

agR
R

 
ϕ = − × − ⋅ − ⋅ 

 
                                     (18) 

For aggregate grade P300-400: 

( ).1 116 17431 530 .
848

Rag R
 
 ϕ = − × − − ∗
 
 

                                       (19) 

Further calculation of the composition of lightweight concrete can continue with the formulas 4–11. 

A selection task was made to test the porous filler and the methodology (Table 6). 

According to the methodology, the concrete compositions shown in Table 7 were calculated. The 
nominal composition (0) was obtained, according to the calculation, and was adjusted to obtain the density 
of concrete according to the selection card of the composition. 

In additional compositions (1–3) varied the consumption of cement downward. According to the 
developed compositions of concrete mixtures cone slump and density of concrete mixtures were 
determined for compliance with the brand for workability and density control (Table 8). The actual 
consumption of concrete mixes was determined according to Interstate Standard 27006-2019 “Concretes. 
Rules for mix proposing”. The average discrepancy between the components of the calculated composition 
and the actual – 9.1 %. 

Table 6. Task for selection of lightweight concrete. 

Indicator Defined properties and characteristics of starting 
materials 

Compressive strength class В15  

Density grade D1500 
Grade of workability P1 

Frost resistance grade F1150 
Terms of manufacture of products and structures: 

- molding 
- solidification 

 
Vibrocompacting 

Steaming at 80° C 
Raw materials:  

Binder  
Strength class 

 
CEM I 32.5B Yakutcement, JSC PA 

Fine aggregate  
Grain modulus of sand, Mod. 

Bulk density, kg/m3  
True density, g/cm3  

Water consumption, % 

River sand from the Lena River floodplain 
1.09 
1444 
2.62 
10 

Coarse aggregate  
Foam-zeolite fractions 5-10  

Bulk density grade  
Strength grade  

LLC Suntarzeolite 
 

М700 (696 kg/m3)  
P100 (2.31 MPa) 
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Indicator Defined properties and characteristics of starting 
materials 

Water absorption, % 
Foam-zeolite fractions 10-20  

Bulk density grade  
Strength grade  

Water absorption, % 

15.04 
 

М800 (733 kg/m3) 
P125 (2.53 MPa) 

13.86 
Chemical additive SP-1 

 

Table 7. Concrete compositions. 

Component 

Consumption per 1 m3, kg 
0 1 2 3 

Calc. Actual Δ, 
% Calc. Actual Δ, 

% Calc. Actual Δ, 
% Calc. Actual Δ, 

% 
PCG 10-20 375 413 9.2 254 279 9.0 254 279 9.0 254 279 9.0 
PCG 5-10 386 425 9.2 508 559 9.1 508 559 9.1 508 559 9.1 
Cement 442 486 9.1 400 440 9.1 350 385 9.1 300 330 9.1 

Sand 421 463 9.1 238 262 9.2 300 330 9.1 363 399 9.0 
Water 195 215 9.3 197 217 9.2 204 224 8.9 213 234 9.0 

SP-1 0,5% 2.21 2.4 7.9 2 2.2 9.1 1.75 1.9 7.9 1.5 1.7 11.8 
 

Table 8. Properties of concrete mixes. 

Indicator, unit 
Composition number 

0 1 2 3 
Cone draft, cm 0 0 1 0 
Density, kg/m3 1730 1620 1510 1580 

 

The results of checking the properties of light concretes are given in Table 9. The results obtained 
showed compliance of properties of zeolite concretes of the selected compositions with the requirements 
of Interstate Standard 25820, the task of selecting lightweight concrete composition with a large margin of 
safety factor and are comparable to the characteristics of lightweight concretes developed by various 
leading researches [24, 25] and accepted in structural calculations [26]. 

Table 9. Established grades of zeolite concretes in accordance with the requirements of 
Interstate Standard 25820-2121 "Lightweight concretes. Specifications". 

Number  
(marking) of 
composition 

Mark of 
lightweight 
concrete by 

average 
density D 

Compressive 
strength 
class of 

lightweight 
concrete B 

Lightweight 
concrete frost 

resistance 
grade F1 

Heat-water 
coefficient,  
W/ (m*о C) 

Classification of concrete 
according to its main 

purpose 

Composition 
No. 0 of 

05.09.2022 
D1700 В27.5 F1150 0.52 Structural 

Composition 
No. 1 08.09.22 D1600 В25 - 0.52 Structural and thermal 

insulation 
Composition 

No. 2 08.09.22 D1500 В15 - 0.53 Structural and thermal 
insulation 

Composition 
No. 3 08.09.22 D1550 В20 F1150 0.50 Structural and thermal 

insulation 

4. Conclusion 
The research performed to establish the technology and peculiarities of selecting the composition of 

lightweight concrete using porous aggregate from modified zeolite-alkaline charge, which improves its 
properties, has determined the following: 
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1. The empirical equations for the dependence of lightweight concrete strength on concrete density 
and aggregate density and the dependence of lightweight concrete strength on the volumetric 
concentration of coarse aggregate and aggregate strength have an exponential trend. 

2. In the derived dependencies, the average discrepancy between the components of the calculated 
composition of lightweight concrete with the actual is 9.1 %, but the margin of assured strength in 
the samples obtained suggests the need for further work to clarify the methods of calculation of 
lightweight concrete composition. 

3. It is shown that the porous aggregate – M700-M800, P100-P125 foam-zeolite can produce 
structural lightweight concrete of strength classes from B15 to B27.5, with F1150 freeze-thaw-
resistance grades. The developed compositions of concretes expand the scope of their use for 
load-bearing structures, including elements of the framework of buildings and structures. 

Thus, the possibility of improving the characteristics of lightweight concrete by obtaining a more 
refined methodology for selecting the composition is shown. Further research should be aimed at obtaining 
the dependences of concrete characteristics on the quantitative and qualitative composition of components 
using numerical modeling methods and mutual verification with experimental data to obtain the most 
reliable method for selecting the composition of lightweight concrete on porous aggregate. 
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Abstract. In the planar hydraulics, the problems with previously unknown boundaries are most difficult. The 
best adequacy in terms of flow parameters is provided by simplified analytical methods based on a potential 
flow model. A mathematical model of a stationary, potential, 2D planar high-velocity open water flow of an 
ideal fluid, freely spreading back from a non-pressure orifice is studied. The boundary problem of flow free 
spreading in plane were formulated. Studying the system of dimensionless equations of motion resulted in 
identification of the criteria influencing the process of flow spreading. A critical analysis was carried out and 
a description of various methods for solving the problem of free spreading of a high-velocity water flow was 
given. The problem in an analytical form was solved in the velocity hodograph plane. All flow parameters 
are determined in the physical plane. For the first time, the conjugating flow "simple wave" was applied. 
The proposed analytical method for solving the problem of flow free spreading is effective, unambiguous 
and has no singularities and discontinuities, particularly, at the outlet of a non-pressure pipe. The adequacy 
of the mathematical model was verified on a test example. The relative error of the flow parameters does 
not exceed 10 % compared to the experimental data. 

Citation: Burtseva, O.A., Evtushenko, S.I., Kokhanenko, V.N. Determining parameters of high-velocity 
open water flow. Magazine of Civil Engineering. 2024. 17(1). Article no. 12508. DOI: 10.34910/MCE.125.8 

1. Introduction 
In modern hydraulic engineering construction, the hydraulic structures for passing water from 

elevated areas to lower ones are frequently used. These can be large hydro power plants, road drainage 
channels, spillways, junctions of various channels for changing flow parameters, small bridges that pass 
water flows during river floods or high water. 

Due to inaccurate or irrational modeling in the construction of hydraulic structures, the operational 
reliability of a structure as a whole decreases; this causes collapses of fastenings of culverts under roads, 
small bridges under railways. Improper design of spillways leads to environmental disasters in Russia. 
There is a practical need for a reliable method for calculating the parameters of a water flow. 

It was revealed that the methods of I.A. Sherenkov and G.A. Lilitsky, referred to as the most famous, 
accessible and described in the reference literature ones, do not always give results with sufficient accuracy 
for practical calculations when we compared the experimental and calculated contours of the border 
streamlines of flow free spreading downstream of rectangular cross-section pipes according to these 
methods. 

Among the many tasks in the hydraulics of planar flows, the tasks with previously unknown flow 
boundaries are the most difficult. At the outlet of the flow from the pipe, the best adequacy in terms of flow 

https://creativecommons.org/licenses/by-nc/4.0/
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parameters is represented by simplified analytical methods based on the model of the potential flow of the 
current. Further, the flow resistance forces increase and it is necessary to make a transition to numerical 
methods. 

However, the fastening of the structure is carried out precisely at the culvert outlet for a flow, where 
an analytical solution may be enough. If the boundary value problem is immediately solved by numerical 
methods, then due to the characteristics of the problem (discontinuity of parameters in the pipe outlet area), 
the adequacy of the solution of the problem decreases. Therefore, first of all, it is necessary to use analytical 
methods as a basis for further use of numerical methods. 

Therefore, there is a need for a simple analytical method for calculating the parameters of the water 
flow, which allows obtaining sufficient adequacy in terms of its parameters. Next, we consider a stationary, 
potential, high-velocity 2D planar open water flow of an ideal fluid freely spreading downstream of non-
pressure culverts (hereinafter referred to as the water flow). Such a flow is characterized by local averaged 
velocities in depth and local depths at each point in the flow. The presence of velocities perpendicular to 
the planar flow plan distinguishes 3D flows from 2D planar flows. 2D water flows are studied and analyzed 
mathematically much easier than 3D spatial flows. 

N. Bernadsky and V. Makkaveev were the first to set the problem of planar hydraulics. They also 
developed an approximate solving method for calm (precritical) flows. The theory of 2D planar flows was 
further developed in the works of Russian researchers N. Meleshchenko, G. Sukhomel, I. Levi, S. Numerov, 
F. Frankl, I. Sherenkov, B. Emtsev, A. Tursunov, N. Kartvelishvili, M. Mikhalev, V. Lyakhter, L. Vysotsky 
and foreign scientists A. Ippen, H. Rauz, D. Harleman, D. Dowson, R. Knapp, D. Liggett, T. Akatai, etc. The 
theory and methods for solving planar hydraulic problems are most fully described in monographs of 
G. Sukhomel, I. Levi, B. Yemtsev [1], I. Sherenkov [2], A. Yesin [3] and V. Kokhanenko [4]. 

There are two main types of engineering problems in the 2D planar hydrodynamics [2]. The first type, 
or the direct problems, includes the configuration of the planar channel, i.e. the shape of its banks, in 
addition to the bottom surface (topography). To supplement these data with known values of velocities and 
depths in one of the boundary cross-sections, it is necessary to find the form of the free surface and velocity 
distribution within the selected section of the channel. The second type of problems is the inverse problems, 
where the law of estimating certain hydraulic parameters is given and other flow parameters are found as 
well as geometric characteristics of the bed (relief of bottom) forming the indicated flow. At the same time, 
it is necessary to take into account the flow’s dynamic features and properties. The authors of this paper 
consider the second type of problems. 

The mathematical basis of the problems mentioned above are systems of quasi-linear partial 
differential equations. The analytical solution is difficult to obtain in most cases due to the complexity of the 
motion. Therefore, a numerically analytical approach to solving such problems is considered promising. 

Furthermore, the use of approximate methods of solution is recommended. The most famous 
approximate solution method is the method of characteristics developed by S. Chaplygin and borrowed from 
gas dynamics [4]. 

Sherenkov's method based on using a universal graph [2] constructed by means of the 
characteristics method is considered to be one of the most known approaches to determining parameters 
of a high-velocity flow. However, this method was not adequate enough for practical use. The discrepancy 
between the calculated and experimental values reached 50 % [2]. The characteristic method was further 
developed in works of V. Kokhanenko and his students. 

In 1997, V. Kokhanenko [4] proposed the idea of an analytical method for determining flow 
parameters using the velocity hodograph plane, where such natural coordinates were proposed: τ  – flow 
kineticity (the square of the flow velocity coefficient) and θ  – angle of direction of the velocity vector in 
relation to symmetry axis ОХ of the flow. As the unknown functions we considered the potential function 

( ),ϕ = ϕ τ θ  and the current function ( ), .ψ = ψ τ θ  The basic system of differential equations of motion 

for the flow in the plane of the variables ,τ θ  has become linear, allowing a wide set of solutions to be 
defined. 

E. Duvanskaya [5] calculated hydraulic parameters considering the friction forces and the slope of 
the bottom of 2D stationary precritical flows for solving problems at designing melioration networks and 
road structures. 

This idea was further developed in the works of N. Kosichenko [6]. She set the problem about free 
flow spreading, solved it and indicated the limits of applicability of the results of solving of the planar 
problem. She proposed an analytical method for calculating the geometry of the flow spreading area and 
its parameters inside and at the boundary of the flow area. 
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N. Papchenko has developed new mathematical methods for modeling 2D planar flows. He 
determined a set of previously unknown analytical solutions for systems of 2D planar flows in the plane of 
the velocity hodograph. He founded solutions of the boundary problem of a free flow spreading both in the 
plane of velocity hodograph, and in the physical plane of the flow by both analytical and numerical methods 
[7]. 

The main contribution of D. Kelekhsaev to theory of planar flows was the definition of the inertial front 
length formula at the pipe outlet [8]. 

Substantial development of an analytical method for determining flow parameters was presented in 
the works of O. Burtseva and M. Aleksandrova [9–10]. They have formulated a boundary problem of free 
spreading of a planar flow. The system of equations of motion of water flow in dimensionless form was 
obtained in two ways. Criteria influencing the process of flow spreading were revealed and their universality 
was proved. The problem has been solved in the analytical form in the velocity hodograph plane. The 
transition to the physical plane made it possible to determine all parameters of plane water flow. 

Improvement of the accuracy of the analytical method by splitting the flow scheme into four main 
sections: uniform flow, “simple wave”, section limited by the characteristics of the 1st family and the radial 
flow section. Conjugation the sections and obtaining an adequate mathematical model for determining the 
parameters of a high-velocity open water flow. 

2. Methods 
2.1. Motion equations of a 2D planar water flow in the physical region of a flow 

(ОХY) 
The initial physical assumptions for the 2D planar water flow model are [1]: 

а) vertical components of local averaged velocities and accelerations are small; 

b) velocity vectors of liquid particles located on the one vertical line are located in the same plane; 

c) velocity distribution on any vertical is almost uniform. 

In practice, in most open water flows the assumptions a), b), c) are satisfied by the high-velocity 
flows, the transverse dimensions of which are several times greater than the flow depth and there are no 
return currents [11–13]. 

Background of the paragraph c). The uneven distribution of open flow velocities along the vertical is 
conditioned by the retarding effect of the channel bottom. Herewith, a boundary layer develops which 
spreads its influence up to the free surface. However, the velocity distribution in the boundary layer has an 
asymptotic character and its conditional thickness is decreased with an increase in the flow kineticity. 
Therefore, in high-velocity flows (Froude number F > 1), the longitudinal component of the velocity at some 
point becomes almost equal to the surface one at a small distance from the bottom. Hence, there appears 
an almost uniform distribution of velocities along the vertical [18]. 

To obtain the dynamic equations of motion of a 2D open planar flow N.M. Bernadsky [1] suggested 
to proceed from L. Euler's equations, supplemented by components considering the flow resistance forces. 
For the flows satisfying the assumptions (a-c), the form of the motion equations for the average values of 
parameters in terms of depth and time coincides with the L. Euler’s equations for ideal liquid supplemented 
by the flow resistance force per mass unit of the liquid. This model has been obtained artificially but it has 
the right to both theoretical and practical use. 

The system of dynamic equations of motion of a non-stationary open 2D planar flow has the form  
[1, 3]: 

( )

( )

0;

0,

x x
x y g x

y y
x y g y

u uu u g z h T
x y x

u u
u u g z h T

x y y

∂ ∂ ∂ + + + + = ∂ ∂ ∂
 ∂ ∂ ∂ + + + + = ∂ ∂ ∂

                                           (1) 

where ,x yu u  are projections of the local velocity vector on the axes of a Cartesian coordinate system – 

OXY; gz  is the mark of the channel bottom; h  is flow depth; g  is acceleration of gravity; ,x yT T  are the 

projections of resistance forces to the flow, referred to the unit mass of the liquid. 
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In the case of a flat horizontal channel bottom 0,gz =  without taking into account the flow resistance 

forces 0,x yT T= =  from (1) there follows the system of equations: 

( )

( )

0;

0.

x x
x y

y y
x y

u uu u g h
x y x

u u
u u g h

x y y

∂ ∂ ∂ + + = ∂ ∂ ∂
 ∂ ∂ ∂ + + = ∂ ∂ ∂

                                                   (2) 

Adding to the system (2) the flow continuity equation, which has a specific form (3) for 2D open water 
planar flows [1]: 

( ) ( )
0yx u hu h

x y

∂∂
+ =

∂ ∂
                                                           (3) 

and the flow potentiality equation 

0yx uu
y x

∂∂
Ω = − =

∂ ∂
                                                                (4) 

we obtain a closed system of equations relatively to variables , , .x yu u h  

2.2. Boundary value problem of flow free spreading in plane 
The system of equations describing the flow is as follows: 

( ) ( )

0;

0;

0,

0.

x x
x y

y y
x y

yx

yx

u u hu u g
x y x

u u hu u g
x y y

u hu h
x y

uu
y x

∂ ∂ ∂ + + = ∂ ∂ ∂
∂ ∂ ∂

+ + = ∂ ∂ ∂
 ∂∂ + = ∂ ∂


∂ ∂
− = ∂ ∂

                                                       (5) 

One can go from ,x yu u  to the local velocity vector V with modulus 2 2
x yV u u= +  the angle θ  

characterizing the direction of the velocity vector to the longitudinal axis of flow symmetry [4, 18]. 

The boundary conditions for a flow: 

1) at the outlet of a non-pressure rectangular pipe: 

0 00; ; ; ; 0,
2 2
b bx y h h V V= − ≤ ≤ = = θ =                                          (6) 

where b  is the width of the culvert; 0 0,h V  are the depth of the flow and rate of its velocity at the outlet of 
the pipe into a diversion channel; 

2) along the boundary streamline 

( ); ; 0,xy f x y tg′= = α α =                                                         (7) 

α  is wave angle; 

3) at 

 ;x →∞  0;h →  max ;V V→  max ,θ→ θ                                               (8) 
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where max max,V θ  are maximum flow velocity and spreading angle. 

2.3. Research of the boundary value problem without its complete solution 
Reducing the system of motion equations of 2D planar water flow and boundary conditions to 

dimensionless form. 

Obtaining a system of motion equations of a water flow in a dimensionless form is necessary to 
identify dimensionless criteria that influence the process of flow spreading, and to answer the question, 
whether the type of the system and the boundary value problem are universal in dimensionless coordinates 
as a whole. 

As a basis, we take the system of equations (5). Let us consider various variants for bringing it to a 
dimensionless form. 

Variant I. We introduce the following dimensionless coordinates and dimensionless flow parameters 

0 0 0
; ; ; ; ,yx

x y
uux y hx y h V V

b b h V V
= = = = =  

where ,x y  are coordinates of the flow. 

After transition in the system (5) to the dimensionless quantities ,x  ,y  ,h  ,xV  ,yV  we obtain the 

following system: 

( ) ( )

0

0

0;

0;

0;

0,

x x
x y

y y
x y

yx

yx

V V hF V V
x y x

V V hF V V
x y y

V hV h
x y

VV
y x

  ∂ ∂ ∂
⋅ + ⋅ + =  ∂ ∂ ∂ 

  ∂ ∂ ∂ ⋅ + ⋅ + =   ∂ ∂ ∂  


∂ ⋅∂ ⋅
+ =

∂ ∂
 ∂∂ − =

∂ ∂

                                           (9) 

where 
2

0
0

0

VF
gh

=  is Froude criterion of a flow at the outlet from of a pipe. 

Analyzing the system (9), we see that the first and the second equations are not reduced to a 
universal form as they contain the dimensionless parameter 0.F  The third and the fourth equations have a 
universal form. Therefore, without solving the boundary value problem, we can say that its solution will 
depend on the Froude criterion 0F  of a flow at the outlet of a pipe and is not reduced to a universal form1. 

In case of the boundary value problem is universal, it can be solved one time. For the different 
boundary conditions, we can use only recalculation of the parameters describing the problem in 
dimensionless parameters. 

Variant II. Further we show that from I.A. Sherenkov’s graph [2] in coordinates 

0
; ,y xy x

b b F
   

for the system (5) that he used, and for the boundary conditions (6), there follows a transformation: 

 

1 A universal form is a form of the boundary value problem in the dimensionless coordinates, which does not 
depend on any dimensionless criteria. 
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0 0 0 0
; ; ; ; .yx

x y
x yr

VVy x hy x h V V
b h V K V Kb F

      

The system of equations (5) is not reduced to the universal dimensionless form in this case: 

the first three equations at 
0 0

1 1;x y
r

K K
FF

   are reduced to a universal form, except the fourth 

one. 

( ) ( )

0

0;

0;

0;

1 0.

x x
x y

y y
x y

yx

yx

V V hV V
x y x

V V hV V
x y y

V hV h
x y

VV
y F x

 ∂ ∂ ∂
⋅ + ⋅ + = ∂ ∂ ∂

 ∂ ∂ ∂
 ⋅ + ⋅ + =

∂ ∂ ∂


∂ ⋅∂ ⋅ + = ∂ ∂
 ∂∂

− =
∂ ∂

 

The boundary values (6-8) cannot be reduced to universal dimensionless form at the outlet of the 
pipe (6). That means that the problem of free spreading of the 2D flow cannot be reduced to the 
dimensionless form. Therefore, the universal graphic can be used only with the Froude criterion values 
close to 1 (see Fig. 1). 

 
Figure 1. Graphs of boundary streamlines: 1 – according to the method of G.A. Lilitsky;  
2 – according to the method of I.A. Sherenkov; 3 – according to the experimental data  

at 0 2.184F  . 

2.3.1. Methods for solving problem of free spreading of a water flow 
I.A. Sherenkov’s method. He developed a method based on the use of universal graphic with the 

additional D. Bernoulli equation for the total hydrodynamic pressure. The graphic was given in 
dimensionless coordinates, and at the first approximation, it allowed the design organizations to obtain the 
entire spectrum of flow parameters. However, the adequacy of this solution was rather low and it made the 
researchers of 2D planar water flows search for new ways to solve the problem. The development of 
numerical solution of the problem based on integral equation system has not been brought to possibility of 
practical use in hydraulic construction. 

G.A. Lilitsky’s method is not universal, it is based on the experimental data processing. 
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The most promising method of solving problems may be the analytical method using the velocity 
hodograph plane [4]. However, it has its own drawbacks. 

2.4. Description of the analytical methods using the velocity hodograph plane 
According to S.A. Chaplygin’s method of [10], the system of equations (5) is converted to the 

variables τ  and θ  by using a complex differential connection between the physical plane Ψ(XY) and the 
velocity hodograph plane ( ), :Γ τ θ  

( ) ( )
0

1 2
00

1 ,
12

ihd x iy d i d e
HgH

θ 
+ = ϕ+ ψ ⋅ − ττ  

                                (10) 

where τ  is flow kineticity; θ  is angle characterizing the direction of the velocity vector to the longitudinal 

axis of symmetry of the flow; 1i    is the imaginary unit. We obtain a system of equations [1, 4]: 

( )
0

2
0

0

0

3 1 ;
2 1

2 ,
1

h
H

h
H

∂ϕ τ− ∂ψ = ⋅ ⋅ ∂τ ∂θτ − τ


∂ϕ τ ∂ψ = ⋅ ⋅ ∂θ − τ ∂τ

                                                     (11) 

where ( ),ϕ = ϕ τ θ  is the potential function; ( ),ψ = ψ τ θ  is the current function; the hydro-dynamic 
pressure is 

2 2
0

0 0 ;
2 2
V VH h h H

g g
= + = + =  

the flow kineticity parameter is 

2

0
;

2
V
gH

τ =                                                                      (12) 

the local depth and velocity (average over the live section) is: 

( ) 1 2
0 01 ; 2 .h H V gH= − τ = τ                                                   (13) 

The system of equations (11) is already a linear system admitting to obtain analytical solutions. The 
authors in [4, 9, 18] chose from these solutions the following solution: 

( )
0

1 2 1 2
0

sin cos; ,
1

hA A
H

θ θ
ψ = ⋅ ϕ = ⋅ ⋅

τ τ − τ
                                              (14) 

where the constant A  is determined according to the theory described in [4, 5]: 

0

max
;

2sin
V bA =
θ

 

here b  is the width of the culvert. 

Therefore, by solving the problem in the plane of the velocity hodograph and using (11), we can 
define the solution over the entire spectrum of flow parameters in the flow plane. 

The main necessary requirements to perform boundary conditions of the problem of free flow 
spreading at 1τ→  are as follows: 

( )max 0 00; 2 ; 1 .h V V gH h H→ → = = − τ                                        (15) 

There are two appropriate types of flows to fulfill conditions (15): radial spreading of the flow and flow 
of the type (14). 
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The additional condition is flow spreading with a free surface curved from the bottom towards the 
atmosphere along the channel (the axis of symmetry of the flow). This condition follows from experimental 
studies of flow spreading. The flow of type (14) also corresponds to this condition but the radial spreading 
of the flow does not. This is why the authors have chosen the scheme (Fig. 2) and the common type flow 
(14). 

However, solution (14) satisfies the boundary conditions on infinity at 1,τ→  but it does not satisfy 

the boundary conditions at the outlet of the pipe at 
2

0
0

0
0, .

2
V
gH

θ = τ =  

I

IIIII

A0

A1

A2

M0

M1

M2

An , Mn

x0

Uniform flowb/2

General flow

Simple wave

 

1100 , MAMA  are characteristics of the 2nd family;  

nМММ ,, 10  are characteristic of the first family; OХ –flow symmetry axis 
Figure 2. Scheme of combining a uniform flow and the flow (14): I – steady-state flow in the pipe; 

 II – simple wave; III – general flow. 
The authors tried to eliminate this contradiction by searching for other types of solutions and by 

switching from a straight edge of the outlet pipe to a curvilinear shape as well. The authors obtained a 
sufficient adequacy to the real process in terms of the form of the border streamline (but not in all 
parameters) [5–7]. A detailed study of the theory of 2D planar water flows provided the following conclusion 
[10, 19]: a uniform flow in a pipe can be combined with a flow of the general type to which the flow belongs 
(14), only by a simple wave. This is why when using the scheme of free spreading of the flow (region 2, see 
Fig. 2) it satisfies the boundary conditions at the outlet of the pipe. 

2.5. Determination of flow parameters in various areas 
Let us consider the region of flow spreading in the plane of the velocity hodograph, see Fig. 3. Here 

are the following indications: 

 0 0τ ,0М  is the point corresponding to the region I of a uniform flow current (see Fig. 2) with 

parameters 0, 0.τ θ =  On the velocity hodograph plane the point 0M  corresponds to the entire region I 
of the uniform flow current. 

0 nM M  is the characteristic of the first family, the conjugation line of the flow of the general form 
(14) III and the simple wave flow (see Fig. 2). 

М

θmax

M0 TO

τy

τx

τ=1

τ=1/3

 
Figure 3. Flow spreading region in the velocity hodograph plane. 
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1. Determining the boundaries of the uniform flow area. 

Point 0M  in the sector I (see Fig. 2) belongs to the characteristic of the 1st family with parameters 

0, 0.τ θ =  The wave angle at this point is 

0
0 0 0

0 0

1arcsin ; .
2 2tg

bA M− τ
α = =

τ α
 

I

A0

M0

x
0

A/
0

α0

α0

K

K /

II

XI
D

b/2

b/2

 
Figure 4. Boundaries of the of uniform flow area. 

Since 0 0M A′  and 0 0M A  are straight lines, the pentagon is 0 0 0K OKA M A′ ′  in Fig. 4 is symmetrical 

about the OX axis. Its upper part is a rectangular trapezoid. Thus, with known distance X ,I
D  the geometry 

and kinematics of sector l of the flow spreading are determined. 

To determine the parameter XI
D  we use the formula given in [8] 

( )
0

0
max 0

1
X 1,

sin 2
I
D

F
trunc h

F
 −

= + 
θ +  

                                           (16) 

where 1 is the depth measuring unit of 0.h  In calculations this is 1 cm, in natural experiments it is 1 m. 
Formula (16) was derived from the compilation of the structural formula and the determination of the 
coefficients by the regression analysis method. To derive this formula we used information from 70 
experiments, some of which was published in [4]. 

The flow parameters 0,V  0,h  0τ  in the closed region I are constant and are defined by formulas 
(12) and (13). 

2. Determining flow parameters in terms of the 0 nM M  characteristic. The angle of inclination of the 
first family characteristicsin the plane of the velocity hodograph has the following form [4, 18]:  

( )
3 1 3 13 arctg arctg ,

3 1 1
C

 τ − τ − ′θ = ⋅ − +  − τ − τ 
                                         (17) 

where the constant C′  is found from the condition of the characteristic’s passing through the point 0 :M  

0 0

0 0

3 1 3 11arctg 3 arctg .
1 13

C
 τ − τ −′ = − ⋅   − τ − τ 

  

The angle θ  takes the maximum value at the boundary condition 

( ) 1 2
0 0 0 max1; 1 0; 2 2 ;h H V gH gHτ→ = − τ → = τ → θ→ θ  

and is equal to 

( )max 3 1 .
2

C π′θ = + − ⋅  
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Note that at 1τ→  according to the scheme (Fig. 2), the boundary streamline (free boundary) tends 
to the characteristic 0 nМ М  and the points nA  and nM  approach each other, since the wave angle tends 
to zero: 

1arcsin 0.
2

n
n

n

− τ
α = →

τ
 

The parameters ,τ θ  on the characteristic of the 1st family are also parameters of the “simple wave” 
flow. In a simple wave the characteristics of the second family are straight lines [1]. 

Given the parameter [ ]0,1 ,Mτ ∈ τ  we define the corresponding angle Mθ  by formula (17) and 
calculate the depths and velocities by formulas (13). 

2. Determining the coordinates of the points iM  along the characteristic of the first family, see Fig. 5.  

The specific volumetric flow rate coefficient of an arbitrary streamline is equal to: 

, 0 1,
2
bQ K K= ≤ ≤  

where K  is the flow rate coefficient. 

To determine the kineticity Mτ  along the characteristic of the 1st family we substitute function (17) 
into the streamline equation (14) and solve it [18]: 

max1 2
sin sin .M

M
Kθ

= θ
τ

                                                            (18) 

We find Mτ  and then .Mθ   

To find the coordinates of points ,iM  we use the relation equation (10) between the physical plane 

Ψ(XY) and the plane of the velocity hodograph ( ), .Γ τ θ  Separating the imaginary and real parts in (10) 

and considering that 0dψ =  along the streamline, we obtain 

1 2
0

1 2
0

cos ;
2

sin .
2

ddx
gH

ddy
gH

ϕ = ⋅ θ τ
 ψ = ⋅ θ
 τ

                                                       (19) 

From the equation (18) we have 

1 2
maxsin sin .M MKθ = ⋅ τ θ                                                        (20) 

Then, by differentiating both parts of the expression (20) and omitting the index "M", we obtain: 

max
1cos sin
2

dd K τ
θ θ = ⋅ θ

τ
                                                      (21) 

or 

maxsin1 .
2 cos

dd K θτ
θ = ⋅

θτ
                                                          (22) 

To determine dϕ we use the expression for the potential function in equations (14) 

( )
0

1 2
0

cos .
1

hA
H

θ
ϕ = ⋅ ⋅

τ − τ
                                                           (23) 



Magazine of Civil Engineering, 17(1), 2024 

Differentiating  φ φ τ,θ , we obtain 

( )
( )
( )

0
1 2 23 20

cos 3 1sin .
1 2 1

dAh dd
H

 θ τ − τ− θ θ ϕ = +
τ − τ τ − τ 

                                            (24) 

Considering expressions (20)–(24) we can transform the system (19) to: 

( )
( )

1

2

;
,

dx f d
dy f d

= τ τ
 = τ τ

                                                                       (25) 

where ( ) ( )1 2,f fτ τ  are the functions of the flow kinetics parameter defined after transformations. 

Integrating the system (25) at the initial values we obtain the values of the coordinates of the selected 
flow point: 

( ) ( )
0 0

0 0

1 2; .M MX X f d Y Y f d
τ τ

τ τ

= + τ τ = + τ τ∫ ∫   

Thus, we find the coordinates of the point M  that is located of the intersection of the streamline with 
the flow rate coefficient K  and the characteristics of the first family in the planar flow. 

3. Determining flow parameters in the flow region III (see Fig. 2). 

We have to solve the system of equations in the plane of the velocity hodograph to determine the 
parameters ,θ τ  at the point of intersection of an arbitrary streamline and an arbitrary equipotential: 

( ) ( )

max1 2

1 2 1 2

sin sin ;

coscos ,
1 1

x

MM

A Kθ = θ τ
 θθ =
τ − τ τ − τ

                                                  (26) 

where K is given; ,M Mθ τ  are parameters at the point of intersection of the characteristics of the first 

family with the streamline determined by the flow rate coefficient K. The solution of the system (26) is 
reduced to the solution of the cubic equation [4]. 

4. Determining the parameters on the rectilinear characteristics of the second family, in a simple wave II 
and determining the coordinates of the points 1 2, , , nA A A  (Fig. 2). 

Parameters ,M Mτ θ  change along the characteristic of the 1st family, but not in simple waves – 
section II (from the characteristic of the 1st family up to the flow boundary). In other words, the boundaries 
of the flow and characteristics of the 1st family have the same look in the velocity hodograph plane [1, 4]. 

Since the characteristics of the 2nd family are straight lines with constant parameters , ,M Mτ θ  they 

will have the same values of the parameters ,A M A Mτ = τ θ = θ  in the points 0 1, , , nA A A  of their 

intersection with the flow boundary. As soon as the value of the kinetic parameter Aτ  is determined it is 

possible to find the velocity and depth of the flow at the point iA  using the formulas (13). 

To construct the boundary streamline, we have parameters , ,A Aτ θ  and the direction of the 

segments 1i iA A +  should be taken along the corresponding streamline passing through these points on the 
characteristic, with the wave angle taken into account [4]. 

1arcsin .
2

i
i

i

 − τ
α =   τ 

                                                            (27) 
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To determine the coordinates of the points of the boundary streamline, we write a system of 
equations in which the first equation determines a pencil of lines passing through the point ,iM  and the 

second equation is the equation of a circle centered at the point .iM  

The coordinates of the boundary streamline point are the solution of this system of equations, i.e. 
intersection point of a pencil of lines and a circle. 

Omitting the index "i+1", we have 

( ) ( )( )
( ) ( )2 2 2

tg ;

.

A M A M

A M A M AM

Y Y X X

X X Y Y

− = θ−α −


− + − = ρ
                                            (28) 

Obviously, the following conditions must be met: 

1 0 1
; ; ; .

2 i i i i
A M A AA A A A

bY Y Y Y X X X X
+ +

> > > > >  

To determine the coordinates of points lying on the boundary streamline we solve the system of 
equations (28). As a result, we obtain: 

2

;

,
1

A M A M

AM
A M

Y Y k X X

X X
k

 = + −
 ρ = −

+

                                                    (29) 

where ( )tg .k = θ−α  

Let us consider a model of a non-stationary potential 2D planar open high-velocity water flow of an 
ideal fluid with free spreading back of a culvert, as a test example. The validation of the model is performed 
on the basis of real experimental data published in [4]. Data on spreading coordinates, depth and flow 
velocity are given in Table 1. 

Table 1. Experimental data on the coordinates of the water flow, its depth and velocity. 

XE (cm) 9 24 44 64 71 

YE (cm) 9 38 59 76 80 

V (cm/s) 151.928 186.461 191.243 192.714 194.49 
 

The flow at the outlet of the pipe has the following initial parameters:  

− initial flow velocity (at the outlet of a pipe) 0 147.654V =  (cm/s); 

− initial flow depth relative to the bottom 0 9.27h =  (cm); 

− acceleration of gravity 981g =  (cm/s2); 

− pipe width 16b =  (cm); 

− flow rate at the outlet of a culvert 42.19 10Q = ⋅  (cm3/s); 

− relative flow expansion 5.β =  

3. Results and Discussion  
3.1. Parameters in the area of uniform flow and on the characteristic of  

the 1st family 
According to the above presented algorithm, we find:  

− Froude criterion 0 2.397F =  (see formula (16)); 

− hydrodynamic head 0 20.382H =  (cm); 
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− initial flow kinetics 0 0.545;τ =  

− length of the inertial front I
DX = 3 (cm) [8]; 

− wave angle at the outlet of the pipe is 0 0.702 radianα =  or 0 40 23;α = °  

− angle of inclination of the fluid flow velocity vector to the ОХ axis at infinity max 0.981 radianθ =  

or max 56 23;θ = °  

− distance along the flow symmetry axis from the end of the inertial section to the  

0 :M 0 9.457AM = (cm); 

− straight line length of a segment of the characteristic of the second family between the points 

0A  and 0 0 0 12.387M A M⋅ = (cm). 

We divide the width of the flow pipe 2b  into 40 parts with step length 0.2.Y∆ =  We find the flow 
parameters at the points of intersection of a particular streamline with the characteristic of the first family, 
see equation (18). Table 2 shows the calculated values of the flow coefficient K, kineticity ,Mτ  the angle 

of inclination of the velocity vector ( ) ,M radianθ  abscissa ( )cmMX  and ordinate ( )cmMY  at the points 
on the characteristic of the 1st family. 

Table 2. Values of the flow parameters on the characteristic of the 1st family. 
No. 
step iK  Miτ  Miθ  MiX  MiY  

0 0 0.545 0 0 0 
1 0.25 0.559 0.016 12.633 4.162⋅10-4 
2 0.05 0.574 0.031 12.899 1.77⋅10-3 
3 0.075 0.588 0.048 13.185 4.234*10-3 
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

28 0.7 0.926 0.594 39.34 6.273 
29 0.725 0.936 0.623 43.235 8.757 
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

33 0.825 0.972 0.742 73.489 47.873 
34 0.85 0.979 0.774 89.655 85.193 
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

 

Next, we constructed a grid in the general flow region and the parameters are determined according 
to the equations (26). We do not present them here. 

3.2. Determining the coordinates of points along the boundary streamline iA  

Since the parameters ,M Mτ θ  do not change in simple waves, we assume that 

, .M A MA = τ θ = θ  

We calculate the wave angle ( )radianα  (see expression (27)) for segments of the straight lines 

.i iA M  From the system of equations (29) we find the radii of the circles ( )cmρ  with centers at the points 

iM  and define the coordinates of the points iA  on the boundary streamline. 

The adequacy of the model was evaluated in terms of the error of the abscissa, ordinate, and velocity 
compared to the experimental data. The calculation results are summarized in Table 3. 
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Table 3. Values of the flow parameters along the boundary streamline. 

No. 
step iα  iρ  AiX  EX  Xδ , 

% AiY  EY  Yδ , 
% AiV  EV  Vδ , 

% 
0 0.702 12.387 0 0  8 8 0 147.654   
1 0.678 12.989 9.545 9  9.457 9 0.455 149.561 151.928 1.558 
2 0.656 13.303 10.643   10.324   151.45   
3 0.634 13.64 11.75   11.458   153.321   
⋮ ⋮ ⋮   ⋮ ⋮ ⋮     

28 0.201 61.37 23.337 24 2.761 35.771 38 6.233 192.435 186.461 3.204 
29 0.185 70.962 25.767  5.671 58.644  0.607 193.504 191.243 3.067 
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮     

33 0.121 158.398 46.495 44 8.654 73.13 59 3.924 197.109 192.714 2.649 
34 0.105 212.027 58.462 64 9.855 89.332 76 10.446 197.82 194.49 2.034 
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

 

 
Figure 5. The graphs of the boundary streamlines obtained  

by the presented method (solid line) and experimental data (line labeled with circles),  
as well as the characteristic curves of the 1st family (line labeled with squares). 

Fig. 5 shows the curves of the extreme streamline obtained by the presented algorithm (solid line) 
and experimental data (labeled with circles), as well as the characteristic curve of the 1st family (labeled 
with square markers). 

Detailed development of programs was published by the authors in [22, 23].  

This work develops the methods for the analytical study of problems of technical fluid and gas 
mechanics [1, 18–21], using a technique for solving nonlinear problems similar to those proposed in [24–
27]. 

4. Conclusions 
1. The article formulates a mathematical model of a 2D high-velocity planar flow with justification and 

consideration of some physical assumptions. The boundary problem of free spreading of the flow in 
terms of the flow has been set. A system of equations for the motion of a water flow in a dimensionless 
form has been obtained in two ways. The criteria influencing the process of flow spreading were 
revealed, their versatility was proved. The conclusion is drawn that the known methods based on 
Sherenkov’s universal graph do not provide sufficient adequacy for the solution to the free spreading 
water flow problem. 
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2. The theory in the article agrees with the main points of the theory of conjugation of 2D potential flows. 
The proposed method for solving the problem includes both previously known and new points. The 
novelty is the division of the flow into three main sections: a uniform flow, a general flow and a 
conjugating flow of a simple wave. The use of simple waves to determine the coordinates of the extreme 
line of the water flow is also new. 

3. Using Chaplygin’s method made it possible to obtain an analytical method for solving the problem of 
flow free spreading in the plane of the velocity hodograph. The method is effective, unambiguous and 
has no singularities and discontinuities at the outlet of a pipe. 

4. A test case was calculated. The parameters of the flow and its coordinates on the characteristic of the 
1st family and the boundary streamline at the points coinciding with the natural experiment are given 
(Table 2 and Table 3). Relative errors are calculated. A more complete calculation is presented in the 
form of a graph in Fig. 5. The adequacy of the obtained flow model to the natural experiment was 
proved. The calculation error is less than 10 %, which is quite acceptable. 
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Abstract. The article presents the composition and design of the developed biosorption facility designed 
to purify drainage and waste water from rice irrigation systems. The object of the study is the Sarpin 
watering and irrigation rice System (SWIS) located in the semi-desert zone of the Republic of Kalmykia. 
The studies were conducted and tested in field and laboratory conditions. The composition of the 
biosorption facility should include at least four stages of purification. The main elements of the biosorption 
facility design are a settling tank (section 1), a filtration chamber filled with medium-sized crushed stone 
(20–40 mm) and NDP-600 diatomite powder (section 2), as well as a bioplateau complex (section 3) and a 
filter chamber with a mixture of sorbents (section 4). The parameters of the bioplateau were calculated and 
its design was improved by including dampers that provide the necessary contact time of the treated water 
with higher aquatic vegetation on a smaller area of the structure, increasing the efficiency of purification. A 
graphical model of the structure was created in the AutoCAD program. Also, the project of the biosorption 
facility module developed in AutoCAD made it possible to calculate the volume of earthworks and 
implement them on the SWIS in the Republic of Kalmykia. 
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1. Introduction 
To date, the Sarpin watering and irrigation rice system (SWIS) and part of the Kalmyk-Astrakhan 

irrigation rice system (KARIS) are major reclamation facilities. For this period of time, their total irrigation 
area is 50.9 thousand hectares, of which 14.9 thousand hectares (SWIS) and 8.5 thousand hectares 
(KARIS) are regular irrigation, and the rest of the area falls on estuaries [3]. The Sarpin (SWIS) and Kalmyk-
Astrakhan (KARIS) systems are geographically located in the north-east of the Republic of Kalmykia. The 
soils are represented by light chestnut and brown semi-desert, in combination with salt pans. Water supply 
is carried out from the Volga River in the Volgograd and Astrakhan regions. On its shore there are two 
water intakes of machine water lifting – Raygorodsky (near the village of Raygorod, Volgograd region) and 
Ushakovsky (near the village of Ushakovka, Astrakhan region). Water supply is carried out through the 
channels P-1 with a length of 114.6 km, P-3 118.8 km, taking into account the channel BP-1 and the 
Connecting channel 9.7 km. The systems were designed for rice crop rotation. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-6490-7072
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In 2010, 14.8 thousand hectares of land were not regularly irrigated. On the KARIS, the area of 
reclaimed land is 8.5 thousand hectares, but today only 0.5 thousand hectares are irrigated. About 30 % of 
the lands on the studied systems initially already had an unsatisfactory condition in terms of land 
reclamation due to the increased proportion of salinity of the root zone and groundwater regime [2]. 

Over the past 10–15 years, there has been a decrease in part of the sown areas of rice, and the 
dynamics of grain and fodder cultures has increased, but their yield is not high. It is necessary to radically 
revise the model of cultivation of agricultural crops, their cultivation technologies in order to use irrigated 
land more efficiently on the studied systems, as well as to introduce water-saving technologies and 
purification methods for reuse of waste drainage waters [3]. 

Research and development of purification methods for mineralized drainage and waste water were 
done by S.Y. Bezdnina, I.V. Glazunova, L.V. Kireicheva, E.V. Ovchinnikova, K.Yu. Rybka, L.I. Shelepova, 
N.M. Segalove and many others [4–11]. N.P. Andreeva's works are devoted to the research of sorption 
materials for wastewater and drainage water treatment [12–15] etc. The reuse of drainage and waste water 
from rice irrigation systems was carried out by J.V. Kizyun, V.V. Lysenko, N.V. Ostrovsky, A.N. Semenenko 
[16–18] etc. Based on the results of the conducted research, the possibility of using natural materials as 
sorbents for purification and desalination of drainage and waste water has been scientifically substantiated. 
Application of local salt-absorbing plants could also be useful. 

It is also necessary to reduce the mineralization indicators to the standard values of irrigation water 
by reducing the content of the main ions, as well as to achieve a balance of the ratio of calcium and sodium.  
For this purpose, an additional design element of a bioengineered sorption facility is needed. The previous 
studies showed that for more effective purification and desalination, such sorbents as agroionite and 
diatomite can be used, together with local higher aquatic plants (HAP) such as common sedge (Carex 
nigra) and broad-leaved cattail (Typha latifolia). The above-mentioned sorbents in combination with HAP 
have shown the most effective results in the purification and desalination of drainage and waste water in a 
model experiment [23]. 

Thus, the purpose of the presented research is to develop the composition and design of a new 
biosorption facility for the purification and desalination of waste drainage waters from rice irrigation systems. 
A gabion open gravity filtration treatment facility, which provides the purification of stormwater from 
highways, was used as a prototype. In addition, a bioplateau and a special chamber with artificial sorption 
materials was added to the facility. Depending on the set of pollutants, higher aquatic plants and sorption 
materials were selected. In connection with the purpose of the research, the objectives of the study were: 
calculation of the parameters of the bioplateau using a computer program; calculation of the parameters of 
the sorption chamber and the irreducible volumes of sorbents in the biosorption facility; designing a 
biosorption facility module using the AutoCAD program. 

2. Methods  
2.1. The Sarpin irrigation system 

In the Sarpin irrigation system (SWIS), water intake from the Volga River in 2022 amounted to 
57538 million m3 per year, and the discharge of drainage and waste water from the rice irrigation system 
to the Sarpa Lake amounted to about 17 million m3 per year. The main place of accumulation of drainage 
and discharge waters is Sarpa Lake. The water in the Sapra lake has an increased level of mineralization 
and is a water discharge of drainage and waste water (up to 200 million m3) from rice irrigation systems of 
the Sarpinsk lowland. Depending on the discharge volume from 10 to 30 million m3, the salinity ranges from 
7.5 to 15 grams per liter, containing significant concentrations of sodium chloride and neutral activity  
(pH < 8.0) [19]. The dynamics of water intake, discharge of drainage and wastewater and the area of rice 
cultivation on SWISS are shown in Table 1. 

Table 1. Dynamics of water intake, discharge of drainage and waste water into Sarpa Lake 
and the area of rice sowing (data from the October RMO RK). 

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 

Water intake, 
thousand m3 - - - - - - 78973 69246 101338 70319 105562 57538 

Discharge into Sarpa 
Lake, thousand m3 30871 18904 26510 14523 12096 13968 14902 13871 17214 20732 18618 16859 

The area occupied by 
rice, thousand m3 3560 4656 51456 4005 3251 3201 3270 3300 4290 2955 3626 2717 
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During rice irrigation by flooding, the mineralization of drainage and waste water increases almost 
twice (from 0.9 to 1.7 grams per liter). The type of water by chemical composition is sodium chloride. By 
the end of the growing season, as well as during non-vegetative periods, mineralization increases to  
6.0–7.0 grams per liter with a significant predominance of chloride sulfate and sodium ions. Thus, such 
indicators can lead to deterioration of the condition of plants and salinization of the soil, and salinization 
processes can also occur due to the high pH (Table 2). 

Table 2. Chemical analysis of water in the discharge channel near the pumping station  
(НС-9). 

Season 
Ion concentration, grams per liter Sum of salts,  

grams per liter 
рН 

СО2- НСО3- Cl- SO4-- Ca++ Mg++ Na+ 

Spring 0.01 0.49 0.9 1.90 0.41 0.20 0.83 4.74 8.3 

Summer - 0.27 0.17 2.66 0.32 0.22 0.69 4.34 8.2 

Autumn - 0.19 0.80 2.46 0.36 0.32 1.13 5.10 8.3 
 

The quality of drainage and waste water was assessed and found unsatisfactory (Class III-IV) for 
irrigation with an irrigation coefficient of 5.33. The use of such water can cause the processes of salinization 
and alkalinization of the soil, and an increase in pH, especially when growing crops on heavy soils, thus 
negatively affecting the crop yield [20]. The possibility of using this water for irrigation will partially solve the 
problem of lack of water resources and thus reduce the cost of rice [21]. A necessary condition is the 
removal of chloride and sodium ions from the water and an increase in the amount of calcium, which will 
improve the irrigation coefficient and prevent further deterioration of the quality of water resources. To do 
this, it is necessary to develop a bioengineering technology that could purify mineralized runoff 
contaminated with nutrients and partially desalinate water. The technology should be low-energy, as natural 
as possible, easy to maintain and should not require large financial investments in order to become 
economically viable. 

2.2. The water treatment facility 
As a prototype of the developed technology, an installation created by ECOLANDSCHAFT-XXI 

CENTURY LLC for the purification of stormwater, rainwater and meltwater from urban highways was 
chosen. According to their design features, these are gabion open gravity treatment filtration facilities, 
including a bioplateau and a special chamber with artificial sorption materials. Such structures aesthetically 
fit into the infrastructure of the city and have an attractive appearance [22]. 

 
Figure 1. The main elements of the biosorption facility design (profile). 

3. Results and Discussion 
The composition of the biosorption facility should include at least four stages of purification. The main 

elements of the biosorption facility design are a settling tank (section 1), a filtration chamber filled with 
medium-sized crushed stone (20–40 mm) and NDP-600 diatomite powder (section 2), as well as a 
bioplateau complex (section 3) and a filter chamber with a mixture of sorbents (section 4) (Fig. 1). 

The parameters of the section with a complex bioplateau were partially adjusted from the initial 
project of installation of ECOLANDSCHAFT-XXI CENTURY LLC after the choice of the construction site. 
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The construction site of the biosorption facility had to be chosen directly next to the 18xc3 discharge channel 
on the SWIS. In this section, the width of the structure had to be reduced. In order to reduce the width of 
the bioplateau and at the same time adjust the flow rate, special earthen zigzag mounds (dampers) were 
invented, thanks to which water moves longer on a smaller area of the bioplateau, thus the speed of 
movement is regulated and the flow time through the bioplateau increases. The calculated value of the 
bioplateau parameters was: length – 50 m, width – 3 m, water layer height – 0.3 m. 

The modular installation for the SWIS was designed for a water consumption of 2.4 m3 per day. 

The parameters of the biosorption facility were justified using existing techniques [22, 25] and 
preliminary results of field and laboratory studies. The parameters were calculated for the main structural 
elements of the biosorption facility. 

The calculation of the settling tank is carried out based on its performance, that is, the volume of 
clarified water per unit of time. It is necessary that the water entering the sump should remain at rest for a 
certain period of time, in order to deposit the smallest suspended fraction to the bottom of the sump. Based 
on this, the depth was taken as 2.5 m, and the particle settling rate (1 m/hour) was calculated according to 
[27]. 

The settling time t can be expressed in terms of the path H of the particles and their velocity w :  

2.5 2.5 hours.
1

Ht
w

= = =                                                          (1) 

The performance of the sump ( ,lightenV  m3 per s) of periodic action is calculated by the formula: 

318.75 7.5 m hour ,
2.5lighten

V S HV
t t

∗
= = = =                                         (2) 

where lightenV  is the volume of clarified liquid at the outlet of the settling tank, m3; H  is the height of the 

clarified liquid layer, m; S  is the surface area of settling, m2; t  is the separation time (settling), h. Data 
according to [27]. 

Thus, the capacity of the sump for a modular installation in this case was 7.5 m3/h. 

Calculations have shown that the performance of settling tanks depends only on the particle 
deposition rate and the deposition surface area. 

Based on the calculations performed, the model installation of the biosorption facility has the 
following dimensions (Table 3). 

Table 3. Parameters of the model installation of a biosorption facility. 

Cleaning stage L(m) B1(m) B2(m) H1(m) H2(m) 
Accumulating sump 5 2.5 3.3 2.5 1 

Chamber with sand and diatomite powder NDP-600 0.5 3 3.3 1 0.9 
Complex bioplateau 50 3 3.3 0.5 0.3 

Chamber with a mixture of sorbents (agroionite + perlite 
agrotechnical) 0.4 3 3.3 0.5 0.4 

Total, (max) 55.9 Max=3 Max=3.3 Max=2.5 Max=1 
 

Based on the table L is the length; B1 is the width of the lower base; B2 is the width of the upper 
base; H1 is the height of the section at the water inlet; H2 is the height of the section at the water outlet. 

The functionality of a biosorption facility for water purification consists of the following stages. 
Drainage water is pumped from the discharge channel by a pump into a special settling tank. Suspended 
particles are deposited here, water is collected and accumulated. The flow rate of drainage and waste water 
in biosorption facility treatment can be from 1 l/s to 100 l/s and higher, depending on the size of the structure 
and, as necessary, is determined by the filtration flow rate through the filter elements. To determine the 
required sorbent loading mass, the dynamic exchange capacity (DEC) should be calculated. This is the 
amount of ionic particles absorbed by the sorbent at the moment when the solution is filtered through the 
sorbent layer until the so-called "breakthrough" moment. Thus, exitC  is the minimum permissible 
concentration in each specific case, or the minimum detectable concentration determined by the available 
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analyzer, or the required maximum permissible concentration (MPC) for a specific technological process. 
This level of concentration is called "breakthrough". 

During laboratory studies, the moment of the “breakthrough” was recorded under dynamic conditions 
using such suitable sorbents as NDP-600 diatomite ("KVANT" production company) and a mixture of 
agrotechnical sorbents agroionite + perlite in three repetitions at the simulated salinity level of the solution 
(5 g/l). Certain samples of sorbents were placed in the filtration column and water was supplied until the 
value of the indicators of total mineralization began to grow. In total, 20 liters of the simulated solution were 
passed in each variant. The mass of the sorbent was selected based on the volume (100 ml) and was 7.5 g 
for NDP-600 diatomite, and 4.5 g for the agroionite + perlite mixture. The indicators of total mineralization 
were measured every 0.5 liters of the volume of the solution passed through the filtration column. The 
results of the study in the form of a graph of average indicators are presented in the figure (Fig. 2). 

 
Figure 2. Output sorption curves. 

The graph shows that NTP-600 diatomite in a volume of 100 ml is effective for cleaning 10 liters of 
saline solution with mineralization of 5 g/l, then the mineralization index of the filtrate begins to grow. After 
skipping 15.5 liters of solution, the mineralization index of the filtrate becomes higher than the initial one. 

Based on the data obtained, the dynamic exchange capacity (DEC) of the studied sorbents before 
the breakthrough can be calculated according to the following formula (A.A. Komissarenkov) [24]: 

( )( )
( )0

0
0

1 exit
exit

C C
CDEC C C V

g
= ∗ − ∗  ∑                                              (3) 

based on the formula, g  is the mass of the sorbent; 0C  is the initial concentration of the ion, grams per 

liter; exitC  the concentration of the ion at the outlet of the column, grams per liter; V  is the volume of filtrate 

with a concentration of exitC , liter. 

As a result of a laboratory experiment, exitC  and V  were found for the sorbent diatomite NDP 600, 

for a mixture of sorbents agroionite + perlite, and 0C  = 5 g per l. 

The DEC calculation for NDP-600 Diatomite is as follows: 

( )0

0

1 185 3.2 10 2.4 .
7.5 7.5

exit C
D

C
C

DEC g l g l l g g
g

= ∗ − ∗ = =  ∑                    (4) 

3.2 grams per liter is the concentration of salt at the outlet of the filtration column obtained during 
laboratory tests. 

Thus, it can be concluded that 1 g of the sorbent diatomite NDP-600 absorbs 2.4 g of salt. 

Also, the calculation of DEC for a mixture of sorbents agroionite + perlite agrotechnical (DECA+P) is 
4.4 g per 1 g of the mixture. This value is due to the porosity of the resulting sorbent mixture and different 
sorption mechanisms of the components of the mixture. 

In order to calculate the required mass of the sorbent, it is necessary to know the period at which it 
is possible to return water to the irrigation channel and use it for irrigation in the future. It took 100–120 days 
to complete the processes of rice reproduction in the conditions of the desert zone of the Republic of 
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Kalmykia, provided that the average sum of active temperatures was 3400–3600 °C (according to the 
research data of E.B. Dedova, R.M. Shabanov) [22]. Thus, drainage and waste water can be returned to 
the irrigation canal for further use within 50–60 days. 

The mass of the sorbent was calculated for 21 days. Based on the data obtained and the planned 
experimental installation with a flow rate of 2.4 m3/day, it is possible to calculate the mass of the sorbent 
for each section required for purification. 

To substantiate the parameters of the sorption chamber, it is necessary to calculate the mass of 
sorbents. Based on the results of laboratory studies aimed at studying the static and dynamic capacity of 
sorbents. The mass of sorbents is calculated according to the following formulas. 10 % of the total mass 
was added to the resulting mass, as a margin of error (flushing, blowing, scattering). 

Based on this, the mass of the sorbent for NDP-600 ( )dm  diatomite powder in the second section 
will be equal to: 

7.5 100 24 21 37800 37.8 .
10d
g lm g kg

l
∗

= ∗ ∗ = =                                        (5) 

Similarly, for the fourth section with a complex sorbent (agroionite + perlite agrotechnical (ma + p)) the 
mass of the sorbent is 28.3 kg. 

10 liters is the volume of saline solution that purification 7.5 grams of sorbent. The water consumption 
of the modular sorption plant, built in the field, is 100 liters per hour. 

To develop a biosorption facility project, it was necessary to analyze the existing methods of 
calculating the bioplateau and sorption elements in order to calculate the necessary parameters of the 
sections of the biosorption facility module. The calculation was performed according to the standard method 
of V.G. Magomedov [25, 26]. 

Principles of bioplateau design. When designing a bioplateau, the main task of which is to remove 
biogenic bioplateau elements from the treated water, the contact time of water (t, day) with the HAP is 
calculated according to the dependencies (6) or (7): 

( )
20

27 ln ln ln
1.1
i e

T
C C F

t −

− +
=                                                            (6) 

or 

ln ln ln ,
65

i e

T

C C Ft
K

− +
=                                                             (7) 

where iC  is the concentration of the biogenic substance at the entrance of the bioplateau, mg per l; eC  is 
the required concentration at the exit from the bioplateau, mg per l; F  is the fraction of the substance 
attributable to water-soluble compounds, expressed as the ratio of the water-soluble substance to the total 
content, in fractions of one; T  is the water temperature, °C; TK  is reaction rate constant (depends on the 

chemical composition of effluents and temperature), 1 per day; TK  is 0.0057 per day. 

Then the area of the bioplateau ( )A  is calculated according to the dependence: 

,tA nd
Q

=                                                                          (8) 

where t  is the contact time, day; d  is the depth of water in the bioplateau, m; n  is the ratio of the volume 
occupied by water to the total volume of water and plants, a fraction of one [22]. 

The dimensions of the biosorption facility model installation have the following indicators (Table 3): 

After calculating the parameters of the structure, a graphical model of the structure was created in 
the AutoCAD program (Fig. 3). 



Magazine of Civil Engineering, 17(1), 2024 

 
Figure 3. Visualization of the biosorption facility  
for the purification of drainage and waste water. 

The project of the biosorption facility module developed in AutoCAD made it possible to calculate the 
scope of work and implement it on the SWIS in the Republic of Kalmykia. 

 
Figure 4. The scheme of the biosorption facility  

for calculating the volume of excavation of the trench. 
To calculate earthworks, the following parameters are required: type of soil, width of the trench base 

(a1 =3), width of the trench top (a2 = 3.3), trench height (H1 = 2), trench height (H2 = 0.3), trench length  
(L = 55.9) (Table 3). 

The cross-sectional area of the recess ( )1F  is 8 m2, the cross-sectional area ( )2F  = 0.945 m2, then 

the volume of the recess ( )V  will be: 

( )( )
( )( )

1 2 1 2
3

2 2 2 6

8 2 0.945 2 2 0.3 2 6 55.9 236.55 .

V F F m H H L

m m

= + − ∗ − ∗ =

= + − ∗ − ∗ =
                                 (9) 

The excavation work was carried out by a two-bucket excavator loader TEREX TLB 825-RM, with 
the assistance of the Sarpin branch of the Federal State Budgetary Institution "Kalmmeliovodkhoz 
Management". After that, the slopes were leveled and earthen ramparts were built at the bottom of the 
structure in a section designed to create bioplateau that act as dampers. Plastic pipes were laid on the 
earthen ramparts to strengthen the dampers and create the required height without expanding the base. 
22 such dampers were built, alternately on the left and right sides of the base, 1 m long and 1.5 m wide. 

The calculation of the settling tank (first section) was performed based on the required volume of 
clarified water. The second section, intended for the sorbent, was filled with a natural mineral sorbent – 
NDP-600 diatomite powder. Since this sorbent is used in powdered form and is washed out very quickly 
with water, a washed layer of crushed stone of medium fraction (20–40 mm) was placed over the sorbent 
so that 25–30 cm remained to the surface. A mixture of mineral sorbents (agroionite + agrotechnical perlite) 
was poured into the fourth section and thoroughly mixed to enhance the operation of various sorption 
mechanisms. 
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After the construction of the structure, plants were transplanted into the bioplateau section. The 
necessary plants were manually dug out in an irrigation canal, transferred to a bioplateau and planted. It 
was necessary to do this in a short time so that the aquatic plants would not lose their viability. 

4. Conclusion 
1. The composition and design of a new biosorption facility for the purification and desalination of 

drainage and waste water (DWW) from rice irrigation systems was developed. Its prototype was a 
gabion open gravity filtration treatment facility, which provides the purification of stormwater from 
highways. A feature of the developed biosorption facility distinguishing it from the prototype is the 
possibility, along with the removal of biogenic substances, to carry out partial desalination of 
mineralized DWW, which requires the inclusion of an additional chamber with a complex sorbent, 
justified in relation to the quality of the treated water. The main elements of the biosorption facility 
design are a settling tank (section 1), a filtration chamber filled with medium-sized crushed stone 
(20–40 mm) and NDP-600 diatomite powder (section 2), as well as a bioplateau complex (section 
3) and a filter chamber with a mixture of sorbents (section 4). 

2. The parameters of the bioplateau were calculated using a computer program [28] and its design 
was improved by including dampers that provide the necessary contact time of the treated water 
with the HAP to increase the cleaning efficiency. This allows reducing the area of the bioplateau 
without compromising its cleaning ability. 

3. When calculating the parameters of the sorption chamber and the required volumes of sorbent in 
the biosorption facility, it was decided to calculate the mass of the sorbent according to the sorption 
capacity determined in laboratory and field studies. 

4. The design of the biosorption facility module was carried out using the AutoCAD program, according 
to the previously calculated parameters, which made it possible to justify the amount of excavation 
work. A model of a biosorption structure in 3D space was compiled, which makes it possible to 
visually represent the type of the projected structure in full scale. 
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Abstract. The object of the research is the behavior of axial compressed piles in the foundations on 
continuous permafrost soils under global warming. There is a degradation of permafrost soils at present. 
The permafrost layer is vertically divided into two parts: 1) the top, the active layer; 2) the bottom, the frozen 
mass. The active layer of soil thaws in summer and freezes in winter. Frozen soil behaves as a rock in 
winter and as a liquid mass on some soil thickness in summer. Accordingly, the surface forces acting on 
the pile surface in winter time disappear in the entire melted liquid soil layer in summer time. We considered 
the design of a pile by the condition of the first kind buckling (form) under axial compression. We took into 
account the conditions when the depth of the base thawing soil increases in the upper part of the pile at the 
stages of operation (in the summertime of the pile operation). In addition, we considered the calculation of 
the pile length under the same conditions at a given load on the pile at the stage of its design. To forecast 
the piles operating time in pile foundations or individual piles during global warming on the Earth, an 
algorithm for calculating pile length at the design stage is proposed. The paper provides a numerical 
example of calculating the pile operational life in the solid frozen soil of the foundation in an oil pipeline 
support. 

Citation: Utkin, V.S., Kosheleva, Zh.V., Yarygina, O.V. Buckling analysis of piles in solid frozen soils. 
Magazine of Civil Engineering. 2024. Article no. 12510. DOI: 10.34910/MCE.125.10 

1. Introduction 
The object of the research is the behavior of axial compressed piles in the foundations of solid 

permafrost soil under the conditions of global warming on the Earth. Permafrost soils are also present in 
the northern regions of Russia. In the summer, there is a gradual transformation of the upper layer of 
permafrost into a fluid state (liquid soil). During winter periods, this layer of liquid soil remains at some 
increasing depth under the upper freezing layer. Therefore, it is required to develop a theory for calculating 
the piles bearing capacity in longitudinal bending with the time identification of buckling onset from 
compressive load in the operational stage. In addition, it is required to develop a method of determining the 
effective length of the pile at the design stage according to the same criterion of longitudinal stability at a 
design load. 

The relevance of the study lies in the fact that the volumes of extraction, processing and use of 
mineral resources and energy sources are expanding in the northern regions of Russia. Pile foundations 
are used for the construction of buildings, gas and oil pipelines in these conditions of permafrost soils. Such 
pile foundations have been in operation for several decades. The development of infrastructure in the 
regions of the Arctic and Siberia (Russia) in the coming years was indicated by President Vladimir V. Putin 
in a Message on February 21, 2023. There is no information on the design of piles in the normative 
regulations SP 25.13330.2020 "Soil bases and foundations on permafrost soils", SP 410.1325800.2018 
"Main and field pipelines for oil and gas, construction in permafrost conditions and control of works" and 
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other sources, in the conditions noted above. All the above increases the importance of the presented 
article. 

The design, construction and operation of foundations in areas of permafrost are very difficult tasks. 
The correct solution of this problem is possible only if the processes taking place in the active layer and the 
permafrost layer are taken into account. The active layer is the layer in which the soil freezes and thaws. If 
the nature of these processes is taken into account incorrectly in the design, then unacceptable 
deformations often occur in buildings and structures. Sometimes this fact is the reason for accidents and 
emergencies. Examples are the disasters during the construction of the railway to Vorkuta (Russia) and the 
recent failure of buildings in the city [1–14]. 

Permafrost is located at least 25 % of the entire land area of the globe. Huge massifs of permafrost 
are located in the northern part of the Eurasian continent, in the northern territories of Canada, Alaska, 
Greenland, on the islands of the Arctic Ocean, in Antarctica. The thickness of the frozen soil layer varies 
from a few tens of centimeters to a kilometer and more. For example, the largest recorded depth according 
to information sources is about 1500 m, and it is located in Yakutia (Russia) [11]. 

There is a degradation of permafrost soils at present. It is caused by global warming and 
anthropogenic influences (heat loss of buildings, waterlogging and flooding of areas, errors in the 
construction and maintenance of urban infrastructure, salinization of soils). As a result, there is a reduction 
in the area of permafrost soils, an increase in their temperature and a deepening of the active layer of soil. 
All the above leads to decrease of soil bearing capacity and loss of stability of buildings and structures with 
possible catastrophic and other consequences. One such disaster occurred in Norilsk (Russia) at CHP-3 
in May 2020. A massive diesel fuel leakage and subsequent catastrophic contamination of nearby rivers 
and lakes occurred due to sagging foundations and oil tank supports. In the Taimyr Telegraph online 
publication, Mikhail Korolev, deputy director of the Institute of Applied Mechanics of the Russian Academy 
of Sciences, head of the geomechanics laboratory and head of the applied geomechanics department at 
National Research Moscow State University of Civil Engineering, noted that the permafrost area is rapidly 
shrinking, the depth of seasonal thawing and freezing is changing, the temperature of frozen ground has 
risen from –6 °C to –2.5 °C, and temperature changes of even one degree often lead to a 50 percent loss 
in bearing capacity of piles [15]. 

More than 300 buildings in Yakutsk (Russia) have been seriously damaged due to subsidence of 
frozen soil in the last 30 years according to the studies given in [16–23]. In 1992, the percentage of damaged 
buildings was 10 % in Norilsk (Russia), 22 % in Tiksi (Russia), 35 % in Dudinka (Russia), 50 % in Pevek 
(Russia) and Amderma (Russia), 55 % in Magadan (Russia), 60 % in Chita (Russia) and 80 % in Vorkuta 
(Russia). Unfortunately, by 1999, the number of structures damaged due to uneven foundation subsidence 
increased in Norilsk by 42 %, in Yakutsk by 61 %, and in Amderma by 90 % compared to the previous 
decade. The Taimyr Telegraph online publication notes that in 2009 in Norilsk a quarter of the housing 
stock is under special control for the condition of soils and supporting structures, and every year one or two 
houses are declared uninhabitable due to foundation deformation [15]. 

The need to develop the method for calculating piles under the above-described conditions is due to 
the lack of calculation methods in the normative regulations SP 25.13330.2020 "Soil bases and foundations 
on permafrost soils" and in other documents. In addition, the reason for the study is the presence of areas 
with solid frozen soils in the Russian Federation and the inevitable global warming of the Earth. 

The purpose of the research is to develop methods for calculating the safe operating time of piles in 
the foundations of existing buildings and the length of piles in pile foundations during the design phase 
under conditions of global warming on Earth. The piles are under axial compression conditions in solid-
frozen soil bases. The criterion of pile stability (form) under longitudinal bending is considered. 

2. Methods 

Permafrost in Russia occupies large areas in the European territory and especially in Siberia. The 
permafrost layer is vertically divided into two parts: 1) the top, the active layer; 2) the bottom, the frozen 
mass. The active layer of soil thaws in summer and freezes in winter. The thickness of this layer varies in 
Russia and varies from a fraction of a meter up to four or more meters [24]. It is possible to say that the 
thickness of thawing layer of soil can reach significant dimensions after 50–100 years of building 
exploitation in permafrost conditions, according to existing forecasts. The thickness of the layer is not known 
in advance. Thus, in order to avoid accidents, it is necessary to study and develop preventive measures 
nowadays. For example, it is necessary to measure the thickness of thawed ground at different time 
intervals. Then extrapolate the thickness limit to the planned lifetime of the pile from the data obtained. The 
pile length and its bending stability must be taken into account. It is also necessary to determine the pile 
length in the design phase with regard to the pile's service life. 
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There are two types of active layer of soil: merging and nonmerging. In the first case, the active layer 
freezes completely in winter and joins the permafrost. In the second case, a layer of thawed ground 
(suprapermafrost groundwater) remains between the upper permafrost layer and the permafrost strata in 
winter time. In the second case, in summer time, the top soil layer thaws and a common active thawed 
layer is formed with the suprapermafrost groundwater. This layer affects the lower frozen ground, partially 
transforming it into a fluid state. Over time, with global warming on Earth, the active thawing layer increases. 
For example, as noted above, it reaches considerable depth in some areas of Russia. Thus, the active 
layer contains groundwater, which is deposited (located) on the permafrost soil. In the permafrost state, 
soils are divided into rocky, semi-frozen and dispersed soils. The temperature gradient ranges from –36 °C 
in winter to +34 °C in summer [24]. 

The proposed article deals with the behavior and calculation of piles under a building or structure 
according to their bearing capacity in solid frozen soils. Frozen soil behaves as a rock in winter and as a 
liquid mass on some soil thickness in summer. Accordingly, the surface forces acting on the pile surface in 
winter time disappear in the entire melted liquid soil layer in summer time. In this case, the pile load is 
completely transferred to the underlying frozen soil layer. Although soils of the rock class (type) occupy a 
minor place in Russia, they are of interest in construction practice during the design, construction and 
operation phases of buildings and structures. This is due to the complete absence of information about the 
operation and calculation of piles in the SP 25.13330.2020 "Soil bases and foundations on permafrost soils" 
and in other existing and previously existing normative regulations. 

It is known [25] that the bearing capacity for a long rod of a constant specified length in compression 
is limited by the value of critical force, and for a rod with a constant specified load is limited by the value of 
its critical length. These criteria will be used in the proposed compression pile calculations in permafrost 
conditions of frozen ground at the base of foundations. Individual calculation examples will be 
demonstrated. 

The pile design peculiarity in solid frozen soils is that the pile bearing capacity under compressive 
load can be additionally limited by the buckling (form) of the pile. This occurs when the thawed soil layer 
thickness reaches the critical pile length according to the condition of its stability with its ends restrained in 
the foundation pile cap and in the underlying frozen soil, as shown in Fig. 1. This does not correspond to 
the design diagram of SP 25.13330.2020 "Soil bases and foundations on permafrost soils" shown in Fig. 2 
for thawed soil with the friction forces on pile surface af afR A  given in equation (1) below. 

 
Figure 1. Design diagram of a pile in solid-frozen soil at permissible thawing depth, 

 d – cross-sectional diameter of the pile (borehole). 

The limit design diagram of a pile with the top part restrained in the foundation pile cap and the 
bottom part restrained in the frozen soil at length c  is shown in Fig. 1. The value of length c must be at 
least 0.5 m according to SP 410.1325800.2018 "Main and field pipelines for oil and gas. Construction in 
permafrost conditions and control of works". 
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Figure 2. Design diagram of the limit state of a pile under load according to SP 25.13330.2020. 

The information from the SP 25.13330.2020 is given in Fig. 2 as a design diagram of a pile in axial 
compression in permafrost soil bases. The soils go into a fluid state during thawing but retain the effect on 
the pile surface in the form of friction forces af afR A  and on the pile tip in the form of force .RA  The pile 

bearing capacity in Fig. 2 is determined according to the equation 

( ), , .t c af i af iF RA R A= γ γ +∑                                                     (1) 

The description and values of the term in equation (1) can be found in SP 25.13330.2020, so they 
are not given in the text of the article. 

The design diagram of the pile (Fig. 2) is given to show that it and equation (1) are not applicable to 
the design of piles in foundations with solid frozen soil and a liquid soil layer above it, as shown in Fig. 3. 
In the pile limit state, the reaction at the pile tip is equal to ,soilR A  where soilR  is the design resistance of 

the base soil and A  is the pile cross-sectional area. The forces ( )f x  according to Fig. 1 on the length of 
the pile section c  are not taken into account, which gives a reliability reserve for pile operation. 

Let us consider the calculation equation for the design diagram in Fig. 3 as applied to the calculations 
of existing individual piles in solid frozen base soils. The pile ultimate depth in the solid frozen soil in the 
limiting state is denoted by .c  As the solid frozen soil thaws, the values of the members ,af iR  of equation 

(1) decrease and at full thawing to the depth ( )H c−  they are equal to zero. Then, the pile design diagram 
has a form as shown in Fig. 3. In this case the pile will keep its operating state under the condition 

t cF RA≤ γ γ  in solid frozen soils. Hereafter we will replace R  in (1) with .soilR  

To prevent lateral offset of the pile tip in the limit state, the pile must enter the permafrost to a depth 
equal to or greater than 0.5 m, as shown in Fig. 3, as well as according to SP 410.1325800.2018. The 
friction forces ,af iR  on the pile length ,c  as shown in Fig. 1, are neglected, given the low height of the pile 

penetration into the soil, to the reliability reserve. According to our investigations, the solid frozen soil under 
the pile tip does not fracture when the load F  increases, but the fracture occurs in the pile material. In this 
case, pile operational safety in bearing capacity depends not on soil strength but on pile material strength 

.R  The calculation equation is .F R A≤ ⋅  The pile operating time is equal to the time it takes for the 
foundation soil to thaw to a depth ( ).H c−  For this purpose, the soil thawing depth h  must be measured 

periodically during operation and compared with the permissible pile length ( )H c−  determined from the 

condition .crF F=  The pile's serviceability in terms of material strength is retained at ,F R A≤ ⋅  where 
R  is the design resistance of the pile material. The problem, however, is to determine the value of H  
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(taking into account c ) at which the pile stability is retained in its longitudinal bending from the operational 
load on the pile .F  

For a building foundation (foundation pile cap) with pile group, the individual piles with more intensive 
thawing must be monitored. The remaining service life of the structure must then be determined from the 
condition of the piles according to the pile bearing capacity and the condition of their stability in axial 
compression. To determine the maximum depth h  of the thawed soil layer at time ,t  the simplest methods 
that do not need to be described in the article are used. If the pile length H  in the existing structure is not 
known, the value of H  can be determined, for example, by the method described in [26, etc.]. 

 
Figure 3. Design diagram of the pile limit state during thawing  

of the top soil layer to depth ( )cH − . 

3. Results and Discussion 

Let us consider the design of a pile by the condition of the first kind buckling (form) under axial 
compression. We take into account the conditions when crF F≤  and the depth of the base thawing soil 
increases in the upper part of the pile at the stages of operation (in the summertime of the pile operation). 
Also consider the calculation of the pile length under the same conditions at a given load on the pile at the 
stage of its design. 

The main task of calculation for operational piles in load-bearing structures is to determine their life 
remaining. When designing the pile, its cross-sectional dimensions and length must be determined 
according to the design life of the pile. In both cases, the operation of the pile under the described conditions 
will be limited to the pile buckling in compression, according to the design diagram shown in Fig. 4. The 
following notations are used: h  is the thawed layer height of solid frozen soil, 0l  is the pile design length 
according to the first kind stability criterion in the longitudinal bending of the pile with the restrained ends 
[25]. The design diagram of the pile in the buckling analysis (form) takes into account the full restraint of 
the upper end of the pile in the foundation pile cap. The pile tip is assumed to be elastically restrained (at 
the level of its length measurement) as a safety margin because the soil is in an intermediate state between 
liquid thawed soil and permafrost foundation soil. Under such conditions, the soil is exposed to water for a 
long period of time and its hardness and compressive effect on the pile may be reduced. 
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Figure 4. Design diagram of a pile in longitudinal bending operation, 

 h  is thawed layer height of the base soil. 

Consider the calculation of a pile at the operational stage under axial compression according to the 
design diagram in Fig. 4. The pile serviceability is determined by the condition ,crF F≤  where F  is the 

load on the pile and crF  is the critical load in the longitudinal bending of the rod (pile). For example, for 
reinforced concrete columns (piles) according to [27] we have 

( ) ,cr b b sc sF R A R A= ϕ +                                                              (2) 

where ,b scR R  are design compressive resistance of concrete and reinforcement of reinforced concrete 

pile, ,b sA A  are cross-section areas of concrete and reinforcement, ϕ  is the buckling coefficient of the 
rod in axial compression. The values of ϕ  for reinforced concrete rod (pile) with restrained ends (Fig. 4) 

can be determined, for example, according to Table 1 from [27] by the values 0 0.7 .l h=  The length 0l  is 
sometimes called the “unbraced length” or “buckling length” of the unrestrained rod [25]. 

Table 1. Values of coefficients ϕ  for reinforced concrete columns (piles) of circular or square 
cross-section in compression*. 

0l d  0l b  ϕ  

7 8 1 
8.5 10 0.98 

10.5 12 0.96 
12 14 0.93 
14 16 0.89 

15.5 18 0.85 
17 20 0.81 
19 22 0.77 
21 24 0.73 

22.5 25 0.68 
24 28 0.64 
26 30 0.59 
28 32 0.54 

29.5 34 0.49 
31 36 0.44 
33 38 0.40 

34.5 40 0.35 

0l  is design length of the pile, see Fig. 4, d is pile diameter, b  is the size of the pile cross-sectional side. 

* the effect of sustained load on the bearing capacity due to concrete creep is not taken into account 
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The design resistance of the pile concrete in axial compression bR  and the design resistance to 

compression of the pile reinforcement scR  are determined by non-destructive methods at the pile operation 
stage [28, 29]. At the design stage these characteristics of the materials are determined by 
SP 63.13330.2018 “Concrete and reinforced concrete structures. General provisions”. 

It is possible to plot the dependence of ϕ  on 0l d  or 0l b  from the data in Table 1, or a calculation 
program can be created. 

For the time moment t, let us represent equation (2) as 

( ) ( )( ).cr b b sc sF t t R A R A= ϕ +                                                      (2’) 

By measuring the depth of thawed solid frozen soil in summertime and revealing the maximal depth 
of the upper liquid soil layer, we find the value of ( )h t  at the time t  of measurement and, respectively, 

( ) ( )0 0.7l t h t= ⋅  and the value of ( ).crF t  The number of measurements ih  during the summertime is 
anything. It depends on the liability of the pile's operating condition in the structure. The same applies to 
measurements by years. In all cases, the highest value ( )h t  from the series of measurements is taken 
into account. 

Using the value of ( )0l t d  from Table 1, find the value of ( ).tϕ  Using the formula (2’) find ( )crF t  

and compare it with the load F  on the pile. At ,crF F≤  the pile retains its serviceability. Based on the 

values of ( )crF t  at different time values ,t  a graph is plotted and extrapolated by time (by year). Then the 

pile operating life to failure at crF F=  is approximated. The value obtained with the passage of short time 

intervals (years) and measurements ( )h t  can be refined. The calculation algorithm will be discussed below 
using a numerical example. 

Table 1 shows that the greater 0,l  the smaller ϕ  and, consequently, the smaller the value of the 

critical force ( )cr b b sc sF R A R A= ϕ +  by (2). In our problem, 0l  is the height of the thawed layer h  of 

solid frozen soil. We can find ( )cr b b sc sF R A R Aϕ = +  from the condition .crF F≤  And we can find the 

value of the thawing soil limit depth 0l  or maxh  from Table 1. If, at the operation stage of pile (or building), 

to measure ( )h t  values during the first years of operation and to identify ( )h t  function, it is possible to 

find the limiting value crh  and correspondingly the value 0 0.7 crl h= ⋅  by extrapolation of the function for 

a longer time .t  Then use crh  to determine the limit time of the pile or building, thereby preventing an 
accident or failure of the pile or structure. 

The pile stability is high in the first years of operation with small values of .h  Further, with increasing 
values of h  it decreases to the point of losing stability. Thus, with an effective pile length, the residual 
operating time of buildings or structures in terms of the bearing capacity of piles will be determined by the 
time of reaching the limit pile length according to the calculation scheme of Fig. 3 under the conditions of 
global warming and the condition of pile stability in the thawed foundation soil layer according to Fig. 4. 

Let us show by example the pile calculation method by the stability criterion at the stage of operation. 
Conditionally consider the pile calculation by the example of an oil pipeline pile in the conditions of the north 
of the Russian Federation (numerical values in the example are taken conditionally). Let us know the values 
of the pile diameter 0.2d =  m with the cross-section area 0.0314bA =  m2, diameter and reinforcement 

area of the reinforced concrete pile are respectively equal to 0.02sd =  m and 418.8 10sA −= ⋅  m2. 
Concrete and reinforcement compressive resistance characteristics according to SP 63.13330.2018 

14.5bR =  MPa, 210scR =  MPa. The load on the pile 60.42 10 .F N= ⋅  If the load F  on the pile is not 
known, and it is impossible to determine it theoretically by calculation, then for reinforced concrete piles of 
buildings and structures it can be identified by the method described in the invention patent [28]. 
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The oil pipeline section under consideration is located in the permafrost zone. The foundation soils 
are classified as solid frozen. The length of the pile below the ground surface 8.5H =  m, and its lower 
part should be in the unthawed soil by at least 0.5c =  m. It is required to determine the residual pile 
operating life. 

If the pile length under a building or structure is not known from the design documentation, it can be 
determined using various radar-type devices [24], devices "Spektr-4", "PDS-MG4" [30], the acoustic 
method [31], etc. 

Let us assume that after 1 20t =  years of operation the soil thawed to a depth of 1 2h =  m, which 

corresponds to the value of the calculated length of ( )0 20 0.7 2 1.4l = ⋅ =  m and 0 1.4 0.2 7.l d = =  This 

value of Table 1 corresponds to ( )20 1ϕ =  and the critical load on the pile 

( )6 6 4 61 14.5 10 0.0314 210 10 18.8 10 0.851 10 ,crF N−= ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ = ⋅  

which is greater than the load on the pile 60.42 10 .F N= ⋅  The pile is in operational condition. 

For full 2 40t =  years of pipeline operation the soil has thawed to a depth of 2 5h =  m at 

( )0 40 0.7 5 3.5l = ⋅ =  m and 0 3.5 0.2 17.5.l d = =  According to Table 1 we have ( )40 0.79ϕ =  and 

6 60.79 0.851 10 0.673 10 .crF N= ⋅ ⋅ = ⋅  

In this case 60.42 10 ,crF F N> = ⋅  the pile is serviceable. 

At operation of the pile during 3 60t =  years we have 3 7h =  m at ( )0 60 0.7 7 4.9l = ⋅ =  m. At the 

value of 0 4.9 0.2 24.5l d = =  according to Table 1 ( )60 0.62,ϕ =  then we obtain 

6 60.53 10 0.42 10 ,crF N F N= ⋅ > = ⋅  

the pile is serviceable. 

During the pile's operation over the next 70 years, when interpolating the graph ( ) ( )( )t h tϕ  

constructed from several measurements of soil thawing depth ( ) ( )crh t F t−  over the last 60 years, we 

would have a value of 4 8h =  m and ( )0 70 5.6l =  m. Then 0 5.6 0.2 28l d = =  and ( )70 0.54ϕ =  and 
60.46 10 .crF N= ⋅  

Taking into account the fact that 60.42 10F N= ⋅  slightly differs from 60.46 10 ,crF N= ⋅  and the 

diagram ( ) ( )crh t F t−  has been built at 3 60t >  years by interpolation, it is unacceptable to operate the 

pile after 70 years at the soil thawing depth of 4 8h =  m. Thus, according to the condition of oil pipeline 
support safety, it is necessary to limit the time of its operation by the pile bearing capacity to 60 years. 

The above example of a pile calculation according to the stability criterion during the operational 
phase can be implemented for piles with a square cross-section with side b  in a similar way using Table 1. 

Consider the pile calculation in compression at the design stage in solid frozen soils in conditions of 
increasing thawing depth. The dimensions of the cross-section of the pile and its length for a given operation 
life of an individual pile or of the building (structure) as a whole are sought. The dimensions of the pile cross 
section are determined by the values of the load on it, the strength of the pile materials and the design 
requirements for it in accordance with the Codes. 

The basis for calculating the length of a pile in the foundation or an individual pile at the design stage 
under conditions of annual increase in the height h  of the upper water layer during thawing of the ground 
above the solid frozen (rocky) foundation soil is a graph of the growth of ( )h t  values over time (years). For 
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this purpose, it is necessary to organize observations of the growth of ( )h t  values over time (in summer 
periods) in conditions of the construction site or close to them. It is possible to use the available information 
about the results of observations ( )h t  in the corresponding control organizations. Let us denote the current 

increasing height of the liquid soil layer for the time t  of observation ( ) ,ih t  where i  is the number of the 

year of observation (measurement). Using the set of values ( )ih t  and time (years) ,t  a graph ( )iH h  is 

plotted, for example, using the method of least squares. A function ( )H h  is selected to describe the graph, 

by which H  values are predicted for the planned lifetime (time) of the pile or structure ( )H h  according to 

the project. At this value of the pile length (denote crH ) the critical load crF  must be equal to or greater 

than the pile load .F  For this purpose, the dimensions of the pile cross-section d  or b  according to the 
designations in Table 1 are specified. 

From the content of Fig. 4, we find 0 0.7 crl H=  and set the value of d  (or b ). According to Table 1, 

find the value of ,ϕ  corresponding to the value of 0 ,l d  and then by (2) determine the value of .crF  If crF  

turns out to be less than the pile load ,F  it is necessary to increase the values of bA  and sA  in (2). Thus, 

we increase the value of ( )b b sc sR A R A+  and consequently the diameter d  of the pile. This leads to a 

decrease in ,ϕ  but more to an increase in ( )b b sc sR A R A+  and hence an increase in .crF  So, if we use 

the initial data to calculate the pile according to the first example in the article, then with 0.2d =  m, 

0 8 0.7 5.6l = ⋅ =  m and 0.54,ϕ =  we have 60.46 10 ,crF N= ⋅  which is a little more than 
60.42 10F N= ⋅  found in the first example for the reinforced concrete pile and, therefore, can be taken for 

the project. 

Thus, for example, according to the values of t  and ( )h t  in the previous example of calculation of 

the existing pile in the axis "time – layer height" a graph of dependence ( )h t  is plotted, which is 

approximated by some function ( ).H t  The design length of the pile ,H  taking into account the depth of 

its lower end into the ground to a depth of 0.5c ≥  m, is determined according to the project operating time 

crt  and the graph of the increasing value of ( ).h t  

4. Conclusions 
1. The pile behavior under axial compression in the solid frozen foundation soil at various stages of 

operation at partial and full layer height thawing of the base soil at different depths ( )h t  is 
considered. 

2. The design diagrams of the pile in the base soil at various stages of its operation in summertime 
during thawing of the upper base soil layer are presented. 

3. A pile design diagram and calculation algorithm are given, using the pile bearing capacity estimation 
at the operation stage in the longitudinal bending in the solid frozen soil in summertime as an 
example. 

4. To forecast the piles operating time in pile foundations or individual piles during global warming on 
the Earth, an algorithm for calculating pile length at the design stage is proposed. 

5. A numerical example of calculating the pile operational life in the solid frozen soil of the foundation 
in an oil pipeline support is given. 
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