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Abstract. The effect of sucrose on the kinetics of cement hardening has been studied. The study 
was carried out in two comparative ways, one of which had the organic modifier introduced into cement 
as gauging liquid (“water – 2% sucrose solution”), the other – as suspensions “cement – water – 2% 
sucrose solution”. The products of sucrose corrosion, synthesized in suspensions, were used as addition 
agents in the “cement – water” system. Suspension-based approach is interesting because of cement 
modification by introducing the corrosion products of the same cement, which provides setting 
acceleration and higher composite density.The structurization role of addition agents, containing products 
of sucrose corrosion of cement, is provided by synergetic influence of several factors: intensive growth of 
ettringite crystal nuclei – the main reinforcement component of a cement system, reduction of Са(ОН)2 in 
solid phase of a rock, CSH-gel densifying and plasticizing. The use of sucrose as gauging liquid results in 
adverse effect for isolation of cement particles by adsorption layers, impeding the hydration, growth and 
possible coalescence of crystal – the destructurization of the setting system: the rocks, available from 
cement gauging with 2 % sucrose solution were not set during the whole trial period. The results were 
interpreted by means of physic-chemical approaches: X-ray phase analysis, IR-spectroscopy, differential 
thermal analysis. 

Аннотация. Изучено влияние сахарозы на кинетику твердения цемента. Исследование 
проведено в двух сравнительных вариантах, в одном из которых органический модификатор 
вводился в цемент в качестве жидкости затворения («вода–2%-й раствор сахарозы»), в другом – в 
виде суспензий «цемент–вода–2%-й раствор сахарозы». Продукты сахарной коррозии, 
синтезированные в суспензиях, применялись как добавки в систему «цемент–вода». Научный 
подход, основанный на использовании суспензий интересен тем, что цемент модифицируется 
введением продуктов коррозии этого же цемента и обеспечивает значительное ускорение 
схватывания и увеличение прочности композитов. Структурообразующая роль добавок, 
содержащих продукты сахарной коррозии цемента, обеспечивается благодаря синергетическому 
влиянию нескольких факторов: интенсивному росту зародышей кристаллов эттрингита – главного 
армирующего компонента цементной системы, уменьшению количества Са(ОН)2 в твердой фазе 
камня, уплотнению CSH-геля и пластифицирующему действию. Применение сахарозы в качестве 
жидкости затворения приводит к отрицательному эффекту изолирования частиц цемента 
адсорбционными оболочками, затрудняющими гидратацию, рост и возможность срастания 
кристаллов – наблюдается деструктуризация вяжущей системы: камни, полученные затворением 
цемента 2%-м раствором сахарозы, не обнаружили схватывания в течение всего испытательного 
срока. Интерпретация результатов проведена с помощью физико-химических методов: РФА, ИК-
спектроскопии, ДТА. 
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Introduction 
Cement concrete is the main construction material in the world, therefore modification of its 

properties is under constant consideration of both Russian and foreign scientists. Cement is modified in 
the first place, as it is the binding agent that specifies the technological and operational features of 
concrete mixtures. P.-C. Aitchin, the author of HPC (High Performance Concrete) conception – provided 
rationalization for functional unity of cement and concrete, gaining density with effective addition agents 
[1]. In 2014 Russia produced 68424 ths. tons of cement, 48 % of which is Portland cement with addition 
agents [2]. A particular value is assigned to organomineral addition agents, effecting rheological and 
physic-mechanical properties of cement and concrete [3–7]. 

In [8] it is shown that structurization processes of cement systems are regulated by introducing 
sucrose-containing addition agents. The influence of organic modifier upon kinetics of binding agent 
hardening has been studied in two comparative ways, one of which had the sucrose introduced into 
cement as a “water–sucrose solution” gauging liquid, the other – as “cement–water–sucrose” 
suspensions (“CWS”). Sucrose solutions, aggressive to cement, worked as a corrosive environment. The 
products of corrosion, synthesized in suspensions, were used as addition agents in the “cement–water” 
system, similarly to [9]. Depending on means of sucrose introduction, solution concentration and the 
quantity of addition agent the modification result varies from no setting of cement paste at all to sufficient 
acceleration of setting and hardening of cement composite materials. 

The present work attempts to explain and prove the results of [8] on the example of modified 
samples MS2-0.1 and MS2, which have the polar opposite compression resistance values (Table 1). The 
comparison is interesting because of the same concentration of organic modifier in both instances – 2 %, 
but different means of sucrose introduction. Thus, rock MS2-0.1 was produced by introduction of an 
agent into cement paste, which was synthesized in “cement–water–2% sucrose solution” suspension  
(M – modified sample; 2 – concentration of sucrose solution, %; 0.1 – amount of addition agent, wt. %). 
MS2-0.1 during the whole period of hardening is distinguished by considerable increase in density 
compared to plain cement rock (PCR). The rock MS2, produced by gauging of the binding agent with 2 % 
solution of sucrose, was not set throughout the whole trial period. 

Methods 
Plain cement rocks and modified cement rocks (MCR) were produced of topkinsky cement of 

PC400 D20 brand, shaped as cubes measuring 2 cm on edge, within normal hardening conditions; 
water-cement ratio is 0,34. 

MCR were produced in the following ways: 

– MS2 was produced by means of gauging the base cement with 2 % sucrose solution; 

– MS2-0.1 was produced by means of introducing the “CWS” addition agent into the “cement-
water” system in proportion 0.1 % to the mass of the dry cement. 

The “CWS” addition agent was synthesized through the following procedure: 

1. A sample of the base gauging liquid was matured in a 2 % sucrose solution in liquid/solid 
proportion 1:5 for 24 hours after thorough mixing of the suspension produced; 

2. After the exposure period the solid and liquid parts of the suspension were separated by means 
of 2-hour filtering; 

3. The solid residue was transferred quantitatively from the paper filter onto the Petri dish, stirred 
thoroughly, distributed evenly with a spreading rod, and dried in the air for 3 hours; 

4. Thus prepared addition agent was ground in a porcelain mortar, passed through the strainer 
008 according to the National State Standard 6613 and dried in a baker until it reached a constant weight 
at the temperature of (110 ± 5)° С according to the National State Standard 5382-91. 

Table 1 shows the means of modifying the cement systems, as well as the compression resistance 
values (R, MPa) and density growth of MS2-0.1 compared to PCR (∆R, %). 

Compression resistance values of the rocks in the set terms of cement hardening (1–3–7–28) were 
determined following 6 separate measurements of every test point. The average density was calculated 
on the basis of three closest values, providing a margin of error not more than 5.6 %. 
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Table 1 PCR and MCR specification 

 

The physiochemical analysis was carried out on the 28-day samples. The rocks were prepared for 
testing immediately after the density test. The samples, broken by the press, were ground in a planetary 
mill MP/0.5-4. The dispersion degree was checked by the powder measuring machine PSH-10a up to the 
specific surface value of 200 m2/kg. There have been no measures taken to stop the hydration 
processes, as the period of time from the grade strength evaluation to the physiochemical analysis lasted 
not more than 2 hours for all the cement systems under consideration. 

Table 2 shows the results of X-ray phase analysis. Figure 1 shows IR-spectra of the samples in 
question, Figure 2 – the results of differential thermal analysis. 

IR-specters of the samples were registered with Fourier spectrometer Varian Excalibur HE 3600 
within the frequency range 400–4000 cm–1; quality of neoformations composition was measured by X-ray 
diffraction meter of Shimadzu XRD-7000 with copper anode in range 5–90 deg. Differential thermal 
analysis was carried out by means of derivatograph NETZSCH STA 449 F3A–0010–M. 

Results and Discussion 
X-ray of MS2, produced by means of gauging a binding agent with 2 % sucrose solution, shows 

that the reflex intensity of С3S on 2θ scale at angles 29.280 0 and 34.155 0 versus unhydrated cement is 
only 5 % and 8 % lower respectively, of C2S (32.172 0) – 20 % lower (Table 2). 

IR-specter MS2 has the typical for unhydrated cement adsorption bands – 920 and 516 cm-1 
(stretching and deformation vibrations of Si–O–Ca) – preserved and highly intensive (Figure 1). Given 
results are proved by reduction of portlandite reflection height in XPA patterns of MS2 versus PCR: 58 to 
100 % in the most important reflexes of this phase (Table 2). 

According to DTA dehydration endoeffect area of Са(ОН)2 at 451 0С on the MS2 thermograph is 4 
times reduced versus PCR (Figure 2); adsorption in the IR-specter area with 3640 cm-1 max is also 
reduced. Low-level consumption of C3S и C2S and sharp reduction of portlandite quantity show that the 
use of sucrose as gauging liquid suppresses the hydration of cement silicate phases, similarly to [10–12]. 

Hydration of C3A и C4AF in MS2 is hindered as well – that is implied by 3 of 4 adsorption bands of 
unhydrated cement preserved in IR-specter in the area 600–700 сm-1 (deformation vibrations of (AlO4)– 
tetrahedral in aluminates and alumoferrites, with stretching vibrations 1000–1150 см-1). The authors  
[10–12] also registered the “aluminates accumulation” in cement composites, modified with sucrose. 

Typical for MS2 is exothermic effect, peaking in 333.7 0С (Figure 2), corresponding to oxidation of 
organic compositions, allegedly antacidins [11, 13] – products of sucrose reaction to Са(ОН)2. 

It is noted in reference literature that small additions of sucrose slow down the hydration and 
hardening of cement. Sucrose, with the properties of hydrophilic SAS, peptizes cement particles and 
heightens early solubility of a binding agent. However the following “adsorption of sucrose on the 
surfaces of initial and metastable hydrate phases, as well as formation and adsorption of complex 
composites” [14] contributes to formation of membranes, screening the cement nuclei and hindering the 
hydration, growth and possible coalescence of crystals. Modifying effect of sucrose works on both 
aluminic and silicate phases of cement and comes from the capacity of OH-groups of organic addition 
agent to form hydrogen-bonds [7, 10–19]. Primary stage of С3А hydration is accelerated due to 
aluminates involved in complex formation. The following slowdown of hydration is determined by 
hexagonal phases stabilization and hindering of their transformation into cubic phase by means of 

CR 

 Period of hardening, days 

Composition of CR 1 3 7 28 

 R, Mpa/ΔR (versus PCR), % 

PCR (cement + H2O) 6.6 21.1 38.9 46.2 

MS2-0.1  (cement +H2O) + addition agent “CWS” 
13.2  

100 

25.7 

22 

42.0 

8 

61.9 

34 

    MS2 
(cement + 2% 

sucrose solution) 
– – – – 
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sucrose adsorption on the hydrate surfaces and formation of protective membranes. Data concerning 
surface complexes with hexagonal phases is obtained by means of DTA [14]. 

Table 2 X-ray phase analysis results 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Y.E. Young [20, 21] stated that sucrose molecules change the morphology of ettringite and 
stabilize it, which conforms to ideas of sugars slowing the transformation of hydrated calcium 
sulfoaluminate into monosulfoaluminate [14, 22]. 

The slowdown effect of organic modifier was related to stabilization of the surface complex, 
including surfaces of alite hydration products – CH and CSH, sucrose and water, while complex 
stabilization is the higher, the higher is sucrose concentration in gauging liquid [12, 14, 15, 23]. It has 
been discovered that sucrose adsorption changes the CSH-phase sufficiently and prevents its nucleation. 
X-ray phase analysis has proved that introduction of wt. 0.3 % sucrose causes the deformation of CSH 
structure. Disaccaride molecules are adsorbed horizontally on the surfaces of hydrosilicates, creating 
steric hindrance during their crystallization and raising inhomogenity of calcium hydrosulfate phases [10]. 

It is noted that the dosage of sucrose higher than 0.7 wt. % [10] has “catastrophic effect on cement 
systems” due to higher role of adsorption membranes [10, 11, 13], hindering the intensity of hydrolized 
hydration. In [3] it was shown that with use of 1 % sucrose solution as gauging liquid the binding agent 
does not set during 7 days; at the 28th day modified cement rocks show compression strength of 2.6 Mpa. 
Raising sucrose concentration in gauging liquid to 2 % spikes the negative effect of disaccharide: cement 
system does not set during 28 days (Table 1). 

In [8] it was confirmed that aggressive effect of sucrose is diminished if the means of introduction 
into “cement-water” system is changed: use of sucrose in addition agent, synthesized in “CWS” 
suspension, raises the 1-day density of modified rock MS2-0.1 to 100 % versus PCR, 28-day density – to 
34 % (Table 1). 

XRD results show that the reflex intensity of hydrated calcium sulfoaluminate in MS2-0.1 at reflex 
angles 22.962 0, 9.016 0 и 15.530 0 on 2θ scale versus PCR is higher in 25 %, 40 % and 67 % 
accordingly (Table 2). That may be considered a progressive factor, responsible for intensive 

Reflex intensity of primary crystalline phases of 

PCR and MCR versus unhydrated cement, %  

Phases 2θ,0 PCR MS2 MS2-0.1 

C3S 

34.155 –36.0 –8.0 –32.0 

29.280 –47.4 –5.3 –21.1 

C2S 
32.172 –54.2 –20.8 –25.0 

Reflex intensity of new crystalline phases of MCR 

versus PCR, % 

Phases 2θ,0 MS2 MS2-0.1 

Ettringite 

 

9.016 

PCR level 

+40 

 

15.530 
+67 

 

22.962 
+25 

Portlandite 

 

17.978 
–73 –50 

 

34.061 
–58 –37 

 

50.976 
–100 –33 
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development of reinforcement net of structural skeleton, forming the density of cement composite [24, 
25]. 

 

 

Figure 1. IR-spectra of PCR and modified samples 

One more key factor, contributing to the development of more homogeneous and dense structure 
of MS2-0.1 rock versus PCR is a sufficient reduction of portlandite amount – the less stable component of 
a cement rock. The reduction of reflex intensity in the crucial reflexes of the given crystal line on 2θ scale 
is 33 % (50.976 0), 37 % (3.061 0) and 50 % (17.978 0). 

IR-specter of MS2-0.1 is specified by sufficiently higher adsorption in every area, typical for cement 
systems, except for maximum 1475 cm-1 band, responsible for water molecules vibrations in interlayer 
structure of calcium hydrosulphates. Higher adsorption at 3411 cm-1 is explained by vibrations of water 
molecules in crystallohydrates, as well as OH-groups of sucrose (3150–3600 сm-1). More remarkable 
changes take place in the area with the peak of 1080 cm-1, responsible for the formation of lowly 
crystallized phases of tobleromorite-like structured calcium hydrosulphate: if considering PCR a 
dependent blurred shoulder peak to 953 сm-1 band is observed, MS2-0.1 specter shows a sharp peak, 
higher in 112 % (Pic. 1). In the wavenumbers interval 600–700 cm-1 specter MS2-0.1 has only one peak 
with 613 cm-1 left out of the adsorption bands of unhydrated cement (596, 614, 677, and 727 cm-1), which 
proves the hydration of С3А and С4F, different from MS2, modified by sucrose solution. 

It is known, that up to 70 % of solid phase of completely hydrated cement consists of CSH-gel, with 
high density of adhesive bonding with other hydration products, which specifies crucial operative features 
of cement rock: density, volume stability, permeability, plastic flow and shrinking properties. 
Contemporary approaches of colloid system studies describe CSH-phase as a cluster of particles about 5 
nm, on the higher level grouping into units of 30–100 nm. Every base particle consists of united 
submicrocrystals of banded structure [26–30]. It is considered, that “real CSH is a banded hybrid of 
natural equivalent minerals – 1.4 nm of tobermorite Ca4Si5O6·2.7H2O and jennite Ca9Si6O18·6.8H2O”  
[28, 31]. 

The quality of gel – density, homogeneity, adaptability, adhesion capability – is specified by the 
quantity and distribution properties of water in calcium hydrosulphate. A significant amount of water is 
concentrated “between interlayer sheets, dividing them slightly wider than one water molecule”. 
Quantum-mechanic calculations proved the energy of binding superplastifier C3 sulpho-group with alite to 
be 540 kJ/mol, which is 2.8 times higher than similar value for water molecule (190 kJ/mol). That means 
that C-3 molecules are stronger bound to alite surface and can push water out of interlayer space, 
contributing to binding of particles or layers. Every monomerous link of C-3 supplaces up to 30 H2O 
molecules, providing the plasticization of the cement system [32]. 

Hardening effect of plasticizers on the structure of a binding agent in concrete, apart from 
plasticization procedure, is shown in their influence on the dispersive-crystallite structure of a cement 
rock. Real crystal is a coagulate of smaller irregular-shaped crystals – microcrystals (grains). A grain is 
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comprised of mosaic blocks, which have their atomic levels, wedged from one another at a small angle of 
several minutes [33]. It is proved that C3S hydration with 1 % (wt.) C-3 is followed by higher amount of 
CSH (I) and lower amount of CSH (II); the size of mosaic blocks is reduced from 20–33 to 15–17 nm. 
Such changes lead to sufficient raise in hardening structure density. 

 

Figure 2. Derivatograms of PCR and modified samples 
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The effect of sucrose on cement as a plasticizing agent, while shown sufficiently lower due to 
lesser size of disaccharide molecules and lower amount of functional groups, in general is similar to C-3 
effect. It is circumstantially proved by abovementioned reduction of adsorption intensity in IR-specter of 
the MS2-0.1 rock in 1475 cm-1 area, specifying the vibrations of interlayer water – 42 % versus PCR and 
58 % versus MS2. However the discovered phenomenon calls for more solid experimental evidence. 

One can suppose that the products of sucrose corrosion of cement, synthesized in “CWS” 
suspensions – microcrystals of ettringite, other crystal phases and neoformations of organomineral 
nature (hybrid composites, cognate to both cement and sucrose), being introduced into “water–cement” 
system work as active centers of structure development. The addition agent, enriched with cement 
corrosion products, according to Le Chatelier principle, inhibits the activity of early destruction of clinker 
minerals and catalyses the development of skeletal matrix of a cement rock, realizing the known principle 
of self-reinforcing [24], also positively affecting the properties of cement gel and heightening its density. 

Conclusions 
The conducted studies and interpretation of the results, offered in the article, allow to draw the 

following conclusions: 

1. Acceleration of setting and hardening of the cement composite MS2-0.1 is realized due to 
synergic effect of several factors: intensive growth of ettringite crystal nuclei – the main reinforcing 
component of the cement system, reduction of Са(ОН)2 amount in the solid phase of a cement rock, 
densifying of CSH-gel and plasticizing effect.  

2. The use of sucrose as gauging liquid causes the adverse effect: cement particles are isolated 
by adsorption membranes, hydration processes are hindered, destructurization of the binding system 
takes place. 

Thus the addition of “CWS” suspension carries out the structurization function onto the “water–
cement” system and can be recommended to improve the operational properties of cement composites. 
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Abstract. Application of polycarboxylate-based superplasticizers can contribute to the increase of 
concrete early strength. It makes possible to obtain the concrete of the required strength after heat-
steaming treatment with decreasing the isothermal temperature and the Portland cement quantity 
compared to the concrete without admixtures. Reducing of water-cement ratio and lack of accelerated 
high-temperature of heat-steaming treatment raises the durability of precast concrete. The use of low 
heat-steaming treatment must not lead to an increase of the duration of treatment and reduction of 
productivity of plant with double turnover of moulds per day. It is necessary to take into account the 
compatibility of Portland cement and polycarboxylate-based superplasticizers to obtain the high concrete 
strength after heat-steaming treatment. The problem of the compatibility of Portland cement and 
polycarboxylate-based superplasticizers in precast concrete production contains the following items: the 
influence of chemical and mineralogical compositions of Portland cement on the water-reducing effect of 
polycarboxylate-based superplasticizers, on the retention of workability of fresh concrete as well as on 
the growth of early concrete strength. Most of the published papers contain the results received when 
investigating the cement paste. However, the effect of polycarboxylate-based superplasticizers in stiff 
fresh concrete has not yet been fully investigated. The optimal dosages of polycarboxylate-based 
superplasticizers, requirements to the granulometric and chemical-mineralogical compositions of Portland 
cements with the purpose of reducing the cement consumption and providing the required concrete 
strength after the heat-steaming treatment at 40 °C have been defined. 

Аннотация. Применение поликарбоксилатных суперпластификаторов позволяет получать 
высокопрочный бетон и может способствовать повышению ранней прочности бетона. Это дает 
возможность получать бетон с требуемой прочностью после тепловлажностной обработки (ТВО) 
при снижении температуры изотермической выдержки и расхода портландцемента по сравнению с 
бетоном без добавок. При этом необходимо учитывать совместимость портландцемента и 
поликарбоксилатного суперпластификатора. В области производства сборного бетона и 
железобетона под вопросом совместимости портландцементов с суперпластификаторами следует 
понимать влияние химико-минералогического состава портландцемента на водоредуцирующее 
действие добавок, исключение быстрой потери подвижности бетонной смеси, почасовую кинетику 
набора ранней прочности бетона с суперпластификатором. Большая часть работ отражает 
результаты, полученные на цементном тесте. Однако эти вопросы не исследованы для жестких 
бетонных смесей. Установлены оптимальные расходы суперпластификаторов, требования к 
гранулометрическому и химико-минералогическому составу портландцементов с целью снижения 
расхода цемента и обеспечения требуемой прочности бетонов после ТВО продолжительностью 12 
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часов при температуре изотермической выдержки 40 °С. Получены зависимости прочности бетона 
после ТВО от расхода портландцемента и поликарбоксилатных суперпластификаторов. 

Introduction 
Application of polycarboxylate-based superplasticizers can contribute to the increase of concrete 

early strength. It makes possible to obtain the concrete of the required strength after heat-steaming 
treatment with decreasing the isothermal temperature and the Portland cement quantity compared to the 
concrete without admixtures. Steaming at high temperatures reduces a number of technical 
characteristics of concrete such as strength at age of 28 days and frost resistance [1]. Reducing of water-
cement ratio and the lack of accelerated high-temperature of heat-steaming treatment raises durability of 
precast concrete due to the improvement of the concrete structure [2–6]. The use of low heat-steaming 
treatment must not lead to an increase of the duration of treatment and reduction of productivity of plant. 

It is necessary to take into account the incompatibility of Portland cement and polycarboxylate-
based superplasticizers to obtain the high concrete strength after heat-steaming treatment. Such 
concrete should provide the required transfer strength (strength at the moment of release tension bars) in 
a relatively short time 10–12 hours. For example, with double turnover moulds per day at the plant the 
concrete strength of class B40 should be not less than 35 MPa at the age of 10–12 hours and 44 MPa – 
for concrete strength of class B50.  

Considering the problem of the incompatibility of Portland cement and polycarboxylate-based 
superplasticizers in precast concrete production it is necessary to take into account the influence of 
chemical and mineralogical compositions of Portland cement on the water-reducing effect of 
polycarboxylate-based superplasticizers, on the retention of workability of fresh concrete as well as on 
the growth of early concrete strength. 

Considerable decrease of water quantity in fresh concrete mixes of equal workability by means of 
introducting small dosages of polycarboxylate-based superplasticizer accelerates the Portland cement 
hydration. On the other hand, the increased dosages of polycarboxylate-based superplasticizer slow 
down the Portland cement hydration in spite of their high water-reducing effect.  

The authors [7, 8] highlight the role of a soluble alkali and C3A in the retention of workability of 
fresh cement paste.  

The papers published on incompatibility theme can be classified into the following subjects 
depending on the factor studied: chemical and mineralogical compositions of Portland cement (quantity of 
С3А, Na2Oequiv, SO3) and its fineness [9–10]; fineness and quantity of mineral fillers [11–15]; quantity of 
admixture [12, 16]; chemical base of admixture, structure of its molecule [17], speed of polycarboxylate-
based superplasticizer adsorption on the cement particles being hydrated [18–23]. 

The mineral additions in Portland cement impact rheology of cement paste and affect the 
interaction between superplasticizers and cements. The results of paper [11] show that cement-
superplasticizers compatibility is altered by the physical (specific surface) and chemical (surface charge) 
characteristics of the mineral additions (limestone, fly ash and silica fume). In paper [14] it has 
investigated the incompatibility of Blended cement and polycarboxylate-based superplasticizers in range 
from 0.7 to 1.2 %. The delay of admixtures on cement hydration intensifies with rising PCE dosage. This 
admixture-mediated retarding effect was also observed to vary depending on the nature of the addition, 
and was most intense in slag-blended cement. 

Most of the published papers contain the results received when investigating the cement paste. 
However, the effect of polycarboxylate-based superplasticizer in stiff fresh concrete has not yet been fully 
investigated. It is necessary to specify to what changes in admixture dosage or water quantity as well as 
in concrete strength development the changing Portland cement properties can lead to. The results of the 
research can be used in the production of precast prestressed reinforced concrete with polycarboxylate-
based superplasticizers on the existing technological lines of plants with double turnover of moulds per 
24 hours. 

Materials and methods of research 
For research it was selected the domestic Portland cements PC500-D0-N of six manufacturers 

corresponding to Russian Standard GOST 30515-97 “Cements. General technical conditions” and  
CEM I 42.5N from two factories corresponding to Russian Standard GOST 31108-2003 “Cements. 
Technical conditions”. Chemical and mineralogical compositions of Portland cements are presented in 
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Tables 1 and 2. Most of Portland cements had the content of С3S within 60 % and the content of C3A –  
6–9 %. Such Portland cements are the most effective in the precast concrete production under conditions 
of heat-steaming treatment at temperature 80 °C. As polycarboxylate-based superplasticizers it was 
selected those, which due to their certain molecule structure are able to increase the concrete early 
strength. These are: Glenium ACE 430, Sika Viscocrete 20 Gold. The sand and crushed stone 
aggregates were according to Russian Standards GOST 8736-93 and GOST 8267-93. The control 
sample was prepared from the concrete mix (Portland cement 470 kg/m3) used in the production of 
precast prestressed reinforced concrete with the double turnover of moulds every 24 hours and heat-
steaming treatment at the isothermal temperature of 80 °C. The workability of fresh concrete was 18–20 
seconds. 

Table 1. Chemical compositions of Portland cements 

No of 
sample 

Cement CaO SiO2 Al2O3 Fe2O3 MgO SO3 
К2О 

 

Na2О 

 

Na2О

eqv 

CaO

св 
L.O.I. 

1 
CEM I 
42.5N 

63.80 21.20 4.90 3.90 1.00 2.80 0.60 0.13 0.52 0.30 1.10 

2 PC500-
D0-N 

63.90 21.00 4.88 4.12 0.92 2.77 0.58 0.17 0.55 0.25 1.00 

3 CEM I 
42.5N 

66.20  21.60 5.77 4.12 1.09 2.50 0.57 0.30 0.68 - 1.06 

4 PC500-
D0-N 

65.97  21.41  5.67  5.12  0.80 2.57 0.68 0.31 0.76 - 0.86  

5 PC500-
D0-N 

63.79 21.26 3.67 3.54 1.75 2.76 0.59 0.76 1.15 - 1.17 

6 PC500-
D0-N 

65.74 21.50 4.96 5.32 1.32 2.60 0.57 0.32 0.69 0.07 0.33 

7 PC500-
D0-N 

63.56 20.56 5.21 4.13 1.41 2.82 0.65 0.36 0.79 - 0.94 

8 PC500-
D0-N 

61.90 19.70 4.92 3.30 3.90 3.12 0.67 0.71 1.15 - - 

 

The following methods were used: analysis of the particle size distribution (the laser particle size 
distribution analyzer – MicroSizer 201), termokinetic analysis (Calvet-type calorimeter), scanning electron 
microscopy (Supra55VP-3249 Zeiss). The kinetics of the plastic strength growth of the cement paste was 
investigated using a cone plastometer following the methodology of academician P.A. Rebinder [24]. The 
tests were conducted at intervals of cone immersing, equal to 30 minutes. As the criterion were used the 
value of the plastic strength in MPa, which was determined from the expression: 

,
2

100000 h

gF
K

m
P




  

where F ‒ the load in g; 

h – depth of cone immersion in cm, h = 1 cm; 

K – coefficient depending on the angle of the cone at the top, at 45°  K = 0.656. 

The results of defining the plastic strength are expressed graphically in the form of plastograms, on 
which one can distinguish specific periods: the initial period (induction period) and that of rapid growth 
plastic strength.   
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Table 2. Mineralogical compositions of Portland cements 

No of 
sample  

C3S C2S C3A C4AF 

1 63.0 14.7 6.5 13.0 

2 63.1 14.6 6.3 13.5 

3 64.4 14.3 9.9 11.0 

4 59.1 17.0 6.2 15.5 

5 66.4 14.6 4.2 10.7 

6 63.9 13.0 4.1 16.0 

7 65.0 9.4 6.4 12.4 

8 62.1 10.4 6.9 11.3 

 

Results and discussion 
Comparison of particle size distribution of the selected Portland cements showed that there are 

fewer particles having the grains size less than 2, 3, 5 and 10 µm in Portland cements No. 1, 2, 3, 4 than 
in the other Portland cements (Table 3).  

Таble 3. The particle size distribution of Portland cements 

No 

of 
sample 

Содержание зерен размером менее, % 

2 

мкм 

3 

мкм 

5 

мкм 

10 

мкм 

16 

мкм 

32 

мкм 

1 7.2 9.9 15.9 25.7 37.8 59.6 

2 6.3 8.6 14.1 23.7 48.8 68.9 

3 9.7 13.6 20.2 33.8 44.2 71.6 

4 9.0 12.5 19.8 36.7 47.1 72.6 

5 14.8 20.8 28.7 42.9 51.3 70.7 

6 11.6 16.6 23.7 38.6 49.2 75.2 

7 6.6 11.5 24.0 38.9 45.8 71.0 

8 13.9 19.7 27.4 42.2 51.8 73.8 

 

Setting time can be estimated on cement pastes through the Vicat needle method. A recent study 
[25, 26] suggested improving the Vicat test by using a static method that allows monitoring of the 
evolution of the setting starting immediately from the mixing time. Based on ultrasound techniques, a new 
testing device is suggested to analyze setting and hardening of concrete materials. In this paper the cone 
plastometer of academician P.A. Rebinder are proposed. This method allows also monitoring of the 
evolution of the setting starting immediately from the mixing time [27]. 

By comparing the kinetics of the plastic strength development it was found out that Portland 
cements, which have a shorter initial period (induction period) of hardening and more intensive plastic 
strength development in the second period of hardening, contained the increased number of grains of 
size less than 10 µm, which was 36–42 % (Figure 1). The application of such Portland cements allows 
reducing the duration of curing before heat-steaming treatment of concrete. 
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Figure 1. Influence of Portland cements on plastic  
strength development cement paste of equal fluidity 

It was stated that the required strength of concrete of class В40 (34.9 MPa) after the heat-steaming 
treatment duration of 12 hours at isothermal temperature of 40 °C, can be obtained on Portland cements 
with the content of grains of size less than 3 µm within 17–21 % (Figure 2). 

 

Figure 2. Concrete strength after the heat-steaming treatment  
duration of 12 hours at isothermal temperature of 40 °C 

However, not always the high value of early concrete strength on Portland cements, containing the 
defined number of fine particles is a characteristic that guarantees the high early strength of concrete on 
these Portland cements with polycarboxylate-based superplasticizers. 

The water-reducing effect of polycarboxylate-based superplasticizers depends on the chemical and 
mineralogical compositions of cement (Figures 3–4). It is established that the increasing of С3А in 
Portland cement results in the decreasing of the water-reducing effect of polycarboxylate-based 
superplasticizers. This was also confirmed in fresh concrete mixes of equal workability when comparing 
the water-reducing effect of Sika Viscocrete 20 Gold and Glenium ACE 430 (Figure 5). The content of 
SO3 and alkaline metals in Portland cement No. 1, 2, 3 was almost the same, so their influence on the 
plasticizing action of admixtures can be neglected. Reduction of water consumption within the limits of 
16 % was received in concrete mixtures on Portland cement containing С3А about 6.5 % with the 
introduction of 0.4 % of polycarboxylate-based superplasticizers and 0.8 % of polycarboxylate-based 
superplasticizers ‒ on Portland cement containing С3А about 9.9 %. With the increase of dosage of 
polycarboxylate-based superplasticizers the difference between their water-reducing effects in fresh 
concrete on these Portland cements is decreased. 
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Figure 3. The water-reducing effect of  
Glenium АСЕ 430 depending on cement 

 

Figure 4. The water-reducing effect of  
Sika Viscocrete 20 Gold depending on cement 

 

 

Figure 5. The water-reducing effect of polycarboxylate-based superplasticizers  
in the stiff fresh concrete mixes depending on cement 

In fresh concrete containing polycarboxylate-based superplasticizers and Portland cements with a 
high content of alkali metals in 8–15 minutes from the moment of water addition there was observed the 
rapid loss of workability. This agrees with the data obtained by calorimetric measurements on cement 
pastes with polycarboxylate-based superplasticizers (Figures 6–9). The influence of alkali metal content 
in cement on the value of first peak of heat flow curve was shown. In the cement paste on Portland 
cement No. 2 (Na2Oequiv = 0.55) the first peak appears in 3–5 minutes, i.e. actually in the period of 
preparation of fresh concrete mix. When increasing the alkali metal content in cement to Na2Oequiv = 1.15 
the first peak appears in 8–12 minutes. According to G. Verbek [28] the value of heat flow is proportional 
to the number of hydrate phases, therefore, in case of Portland cements with high content of alkali metals 
there occurs the intensive growth of hydrate phases and the fast loss of workability of fresh concrete mix. 
The second peak of heat flow curve was noted on Portland cements No. 5 and 8 earlier than on the 
others, which agrees with the data of more high strength concrete on these cements at the age of 
12 hours. 
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Figure 6. Heat rate of Portland cements  
with Sika Viscocrete 20 Gold 0.4 %  

during first hour of hydration 

 
Figure 7. Cumulative heat of Portland cements 

with Sika Viscocrete 20 Gold 0.4 %  
during first hour of hydration 

 

Figure 8. Heat rate of Portland cements  
with Sika Viscocrete 20 Gold 0.4 %  

during 25 hours of hydration 

 

Figure 9. Cumulative heat of Portland cements 
with Sika Viscocrete 20 Gold 0.4 %  

during 25 hours of hydration 

In order to avoid the loss of workability of fresh concrete with polycarboxylate-based 
superplasticizers on Portland cements, containing increased quantity of alkaline metals, it is necessary to 
add the mixing water in two stages. The polycarboxylate-based superplasticizers should be added with 
the second part of mixing water or it is necessary to increase the duration of mixing up to 1–2 minutes.  
In the absence of the possibility of adding the mixing water in the two stages it is necessary to increase 
the total quantity of the mixing water up to 5–7 %. However, the increase of mixing water leads to the 
reducing the early concrete strength and does not allow to receive the significant saving of Portland 
cement. 

According to the results of studies of eight Portland cements it turned out that to ensure the high 
water-reducing effect of polycarboxylate-based superplasticizers and to eliminate the rapid loss of 
workability of fresh concrete, the recommended content of the С3А, SO3, Na2Oequiv in Portland cements 
should be within 4.0–7.0 %; 2.57–2.82 %; 0.52–0.79 % respectively. 

When comparing the effectiveness of admixtures such as Sika Viscocrete 20 Gold and  
Glenium ACE 430 in the studied Portland cements in order to ensure the necessary strength of concrete 
(class В40) after the heat-steaming treatment at the isothermal temperature of 40 °C and the duration of 
12 hours, it was established that the maximum reduction of Portland cement consumption can be 
obtained with the Portland cement, with the content of cement grains of size less than 3 µm with 17 % 
and content of С3А, SO3, Na2Oequiv within the limits mentioned above (Figure 10). 

 

Figure 10. Saving of Portland cement after the heat-steaming treatment  
at 40 °C and the duration of 12 hours 
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The dependences of concrete strength after the heat-steaming treatment at temperature 40 °C and 
the duration of 12 hours on the Portland cement consumption and admixture dosage were obtained. 
Regression equations were calculated, which allows to choose the concrete compositions depending on 
the required concrete strength at the age of 12 hours. Variable factors were: admixture dosage – X1 (%) 
and Portland cement consumption – X2 (kg). The regression equations, obtained as a result of statistical 
data processing are the following: 

1. R = 38.837 + 3.158X1 + 13.1X2 + 0.303X12 + 6.428X22 – 2.150X1X2, 

where X1 – dosage of Sika 20 Gold. 

2. R = 40.676 + 0.713X1 + 3.970X2 – 3.098X12 – 2.048X22 – 2.070X1X2, 

wherе X1 – dosage of Glenium ACE 430. 

 

Figure 11. The dependence of concrete strength after the heat-steaming treatment at 40 °C  
and the duration of 12 hours on the cement consumption and admixture dosage 

Checking adequacy according to the criterion of the Fisher in the level of reliability of 0.95 showed 
the suitability of mathematical models for the description of the investigated dependencies. In Figures 11 
and 12 one can see the graphical representation of mathematical models. The use of admixtures in 
optimal quantity: Sika Viscocrete 20 Gold of 0.38 %, Glenium ACE 430 – 0.4 % made it possible to 
reduce Portland cement consumption by 15 % and the isothermal temperature of heat-steaming 
treatment from 80 °C to 40 °C. The concrete strength of samples with admixtures at the age of 28 and 
360 days was actually equal to the samples without admixtures. 

 

Figure 12. The dependence of concrete strength after the heat-steaming treatment at 40 °C  
and the duration of 12 hours on the cement consumption and admixture dosage 

4
1

0
,0

0

4
3

0
,0

0

4
5

0
,0

0

4
7

0
,0

0

4
9

0
,0

0

0,30
0,33

0,35
0,38

0,40

24,00
29,00
34,00
39,00
44,00
49,00
54,00
59,00
64,00

Compressive

strength, MPa 

Portland cement, 

kg

Sika 20 

Gold, %

59,00 -64,00 

54,00 -59,00 

49,00 -54,00 

44,00 -49,00 

39,00 -44,00 

34,00 -39,00 

29,00 -34,00 

24,00 -29,00 

4
0

0
,0

0

4
2

0
,0

0

4
4

0
,0

0

4
6

0
,0

0

4
8

0
,0

0

0,30
0,35

0,40
0,45

0,50

27,00
29,00
31,00
33,00
35,00
37,00
39,00
41,00
43,00

Compressive 

strength, MPa

Portland cement, 

kg

Glenium 

ACE 

430,%

41,00 -43,00 

39,00 -41,00 

37,00 -39,00 

35,00 -37,00 

33,00 -35,00 

31,00 -33,00 

29,00 -31,00 

27,00 -29,00 

19



MATERIALS Magazine of Civil Engineering, No. 6, 2016 

 

Smirnova O.M. Compatibility of portland cement and polycarboxylate-based superplasticizers in high-strength 

concrete for precast constructions. Magazine of Civil Engineering. 2016. No. 6. Pp. 12–22. doi: 10.5862/MCE.66.2 

When comparing the shape and size of C-S-H phases by means of scanning electron microscopy 
it could be seen that the samples of the cement stone at the age of 12 hours with the admixture of Sika 
Viscocrete 20 Gold (0.4 %) are much finer and the structure of C-S-H phases is much denser 
(Figures 13–14), which increases the number of contacts between C-S-H phases and helps to increase 
the strength of cement stone. 

 

Figure 13. The structure of C-S-H phases  
in sample without admixture after  

the heat-steaming treatment at 40 °C and  
the duration of 12 hours 

 

Figure 14. The structure of C-S-H phases  
in sample with admixture after  

the heat-steaming treatment at 40 °C  
and the duration of 12 hours 

The C–S–H that forms in the hydration of Portland cement has variable stoichiometry depending 
on the water to cement ratio, curing conditions and use of supplementary cementitious materials [29, 30]. 
According [31] there are two types of C–S–H in hydrated Portland cement: low density and high density. 
The low-density C–S–H phase has a mean stiffness of about 22 GPa while the mean stiffness is about 
29 GPa for high-density C–S–H.  

Conclusions 
1. The results of the research can be used in the production of precast prestressed reinforced 

concrete with polycarboxylate-based superplasticizers on the existing technological lines of plants with 
double turnover of moulds per day. The influence of chemical and mineralogical compositions of Portland 
cements should be taken into account to ensure the high water-reducing effect of these admixtures with 
their small dosage. 

2. The optimal dosages of polycarboxylate-based superplasticizers, requirements to the 
granulometric and chemical-mineralogical compositions of Portland cements with the purpose of reducing 
the cement consumption and providing the required concrete strength after the heat-steaming treatment 
at 40 °C have been defined.  

3. According to the results of studies of eight Portland cements it turned out that to ensure the 
high water-reducing effect of polycarboxylate-based superplasticizers and to eliminate the rapid loss of 
workability of fresh concrete, the recommended content of the С3А, SO3, Na2Oequiv in Portland cements 
should be within 4.0–7.0 %; 2.57–2.82 %; 0.52–0.79 % respectively. 

4. It was stated that the required strength of concrete of class В40 (34.9 MPa) after the heat-
steaming treatment duration of 12 hours at isothermal temperature of 40 °C, can be obtained on Portland 
cements with the content of grains of size less than 3 µm within 17–21 %. 

5. The use of admixtures in quantity: Sika Viscocrete 20 Gold of 0.38 %, Glenium ACE 430 – 
0.4 % made it possible to reduce Portland cement consumption by 15 % and the isothermal temperature 
of heat-steaming treatment from 80 °C to 40 °C with providing the required concrete strength after the 
heat-steaming treatment. 
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Abstract. The paper describes the special features of the calculation based on the load-bearing 
capacity of soil loaded with strip-shell foundations which offer high efficiency in construction of medium 
and high-rise buildings on strongly compressible soils. The necessity of this calculation is caused by the 
requirements of Building Regulations. Problem solution of load-bearing capacity of subsoil with a bent 
cylindric surface based on the known Prandtl Solution was considered. The new static solution to the 
Coulomb's wedge theory of load-bearing capacity of soil loaded with strip-shell foundations (SSF) 
indicating that taking into account a bent surface of the soil under the shell and the counterweight from 
strip foundations make it possible to reasonably increase the load-bearing capacity of soil. 

Аннотация. В статье рассмотрены особенности расчета по несущей способности 
основания, нагруженного ленточно-оболочечными фундаментами, которые обладают высокой 
эффективностью при строительстве зданий средней и повышенной этажности на 
сильносжимаемых грунтовых основаниях. Необходимость разработки данного расчета 
обусловлена требованиями действующих норм. Рассмотрено решение задачи о несущей 
способности грунтового основания фундамента с криволинейной цилиндрической поверхностью 
на основе известного решения Прандтля. Получено новое статическое решение теории 
предельного равновесия грунтов для задачи о несущей способности грунтового основания 
ленточно-оболочечного фундаментама, показывающее, что учет криволинейной поверхности 
основания под оболочкой, с учетом пригруза от ленточных фундаментов, позволяют обоснованно 
увеличивать несущую способность основания. 

Introduction 
Strip-shell foundations (SSF) are widely used in construction of medium and high-rise buildings on 

strongly compressible soils; these are shallow foundations composed of cross sectional strip foundations 
joined by gently sloping shells formed on natural or artificial soils. These foundations are applicable due 
to their efficiency and lower calculations compared to traditional slab foundations. Earlier the authors 
described the analysis techniques for interaction of SSF and soil using the Winkler model [1]. The paper 
aims at setting forth the results on the soil-bed load-bearing capacity loaded across the curvilinear 
convex upwards surface and comparing them with load-bearing capacity of subsoil loaded with a flat 
footing – this is the main "core" solution presented in the Building Regulation 22.13330.2011 [2]. It is 
necessary to underline that as a special case, SSF composed of one shell may be used as a foundation 
for a single-aisle building. 

Yet, it is necessary to complete the given techniques with analysis of the load-bearing capacity of 
soil loaded with SSF. This is due to the fact that the Building Regulation 22.13330.2011 [2] for soil 
analysis on both groups of ultimate limit states gives solutions for a single strip foundation. In case of 
other schematic views new solutions to the Coulomb's wedge theory (CWT) – the main theoretical basis 
for analysis of the load-bearing capacity should be found. For instance, many authors [3, 4, 5] including 
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the foreign ones [6, 7, 8] formulated the problem on the load-bearing capacity of soil for foundations 
placed closely to each other taking into account their mutual influence on ultimate pressure magnitude.  

In addition, in accordance with the Building Regulation 22.13330.2011 [2] the analysis based on 
the load-bearing capacity is required for strongly compressible soils, e.g. the soils composed of slowly 
compacting water-saturated clays and therefore, the new solution of CWT is a necessary requirement of 
the Building Regulations [9, 10].  

This solution gives a certain ultimate pressure magnitude allowing the settlements to be analyzed 
using the finite element analysis (FEA) not only in the stage of linearly deformable soil, but also beyond it 
using the nonlinear soil models [11, 12]. Numerical solutions to this class of problems using FEA are 
given in [13, 14, 15]. 

There is also a considerable amount of foreign works dealing with the problems of the soil load-
bearing capacity in terms of the static method of CWT [16, 17]. The papers of C.M. Martin and E.C.J. 
Hazell [18, 19] where the classical solutions of CWT obtained earlier are adapted to water-saturated soils 
should be highlighted. 

Methods 
Earlier the authors [20] considered the problem solution of the soil bed load-bearing capacity with a 

bent cylindric surface. Let us reproduce the basic calculation of the solution in terms of the strict static 
method of CWT: 

0x xz

x z

  
 

 
, 

xz z

x z

 


 
 

 
; 

2 2( ) 4 ( 2 ctg )sinx z xz x z c            , (1) 

where ,  and c – specific gravity, internal friction angle and specific cohesion. 

The system of equations (1) was transformed to an accepted form – the equations drawn up by the 
characteristic lines being in agreement with the slide curves (Figure 1): 

tg( )dx dz     , 

2 tg ( )d d dz dx tg         , (2) 

where ctg
2

zx
c

 
 


    – average reduced stress;  – angle between the direction of the first 

main stress 1 and axis Oz; / 4 / 2     – angle between the direction 1 and slide curves.  

 

Figure 1. Relative orientation of the slide curves and direction 1 
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The solution for the specific schematic views was obtained by numerical integration of the 
accepted equations (2) by the method of finite differences using certain boundary value problems 
according to the algorithm given, e.g., in [21]. Components of the ultimate limit stresses were evaluated 
by the formulas:  

(1 sin cos2 ) ctg
x

z

c


   



  


, sin sin 2xz     (3) 

The schematic view of the given problem is shown in Figure 2.  

 

Figure 2. Schematic view (d – foundation depth) 

The shell is of width b and height h. The equation of the bed is accepted as: 

2z ax h  , 

where a – geometric parameter, 4h/b – for the given diagram. 

Taking the contact pressure equal to the value of natural pressure at the level of the foundation 
depth is some simplification which on the one hand takes into account the counterweight from strip 
foundations though ill-defined, on the other hand makes it possible to reveal the significance of the 
principal factors affecting the bearing capacity of soil bed loaded across the bent surface against the 
"basic" solution given in the Building Regulation under identical operating conditions. 

Let us solve the problem using the strict static method of the Coulomb's wedge theory. The basic 
equations for the static method and the necessary explanations are given above. The order of boundary 
value problems is shown in Figure 3.  

 

Figure 3. Grouping of boundary value problems (right half of the symmetrical schematic view) 

In general, the solution agrees with the known Prandtl Solution [22, 23]. So let us describe the main 
details of the solution in short and the new features of it.  

The ABD area is evaluated by the known integrals of the accepted equations of the static method (I 
boundary value problem):  
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ctg

1 sin

q z c 




  



, 

2


  . 

Let us remind that ctg
2

zx
c

 
 


    – average reduced stress,  – angle between the 

direction 1 and axis Oz. 

In the ABC radial sheaf one can solve the II boundary value problem with the known parameters of 

the accepted system of equations x, z, ,  with AB characteristic line and conditions at the singular point 
A:  

( 2 )tgctg

1 sin

q c
e   




 



,   

2
F


   . 

The boundary condition F and the length of the AD segment are sorted out on the assumption of 
meeting the conditions of symmetry at point C: 

0  ,   0x  , 

i.e. the first main stress must be vertically oriented.  

Here the value can’t be lower than 

,min
/2

arctg
2

F
x b

dz

dx


 



 
     

 
. 

The value F,min means that the leftmost characteristic line (from the side of the foundation) can 

appear at the singular point A at a tangent to the bent surface (here / 2 4 /dz dx ax h b  ) or appear 

“inside” the surface, i.e. below the level of the bed.  

When the ABC area is completed, two ways to analyze the ultimate load can be chosen. Firstly, 
knowing all the parameters of the accepted system of equations on the AC characteristic line, the area 
limited by the AC line below and the shell at the top can be seen; taking the balance of the area, the 
vertical component of the ultimate press force can be analyzed. The soil located in this area may be both 
in the compressed state from a theoretical point of view (the so-called rigid core) and in the ultimate state. 
Secondly, it is possible to build up the ACC area on the AC characteristic line and the axis of symmetry 
Oz by solving the III boundary value problem (Figure 4). In this case, the soil under the shell formally 
"becomes" ultimately stressed, but this fact doesn’t affect the value of the load-bearing capacity. 

 

Figure 4. On building up the solution in the soil under the foundation bed  
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Soil conditions in the core under the foundation bed – conditionally “elastic” or ultimate – have 
been traditionally a matter of debate. When considering the strip-shell foundations there are more 
arguments for the "elastic" state. However, in this case it is much more difficult to obtain pressure 
diagram along the bed. In fact, this approach – ultimate limit state in the prism of a bulging area, radial 
sheaf and “elastic” state in the core under the foundation – was implemented by M.I. Gorbunov-Posadov. 
Due to considerable technical difficulties, this approach hasn’t widespread use, although in view of the 
availability of software systems that implement FEA, it seems possible to be implemented. The formal 
parameter of “elasticity” in the core can lead to the zones of destruction occurring in the stresses 
analyzed by the linear-deformable model, and hence it will lead to a new complication of the problem and 
new issues on compliance with the experimental data.  

On the other part, ultimate limit stresses under the stamp make it possible to determine stress 
distribution diagrams along the bed; according to the numerous comparisons they agree with the 
experiments as to quality and quantity. Therefore, taking into account the conditionality of the ultimate 
limit state under the shell, let us integrate the accepted equations. Let us emphasize once again that the 
final result – the resultant ultimate limit pressure – is not affected, but allows determining the stresses 
along the bed.  

Solution of the III boundary value problem, as discussed, will give the ACC area which falls 

outside the limits of the soil surface (Figure 4). Let us do the following. The AO line coinciding with the 

curvilinear foundation bed cuts off the “excess” part of AOC. The whole of the parameters of the 

accepted equations – x, z, ,  are determined on this line, totally included in the ACC  area. Thus, the 
contact vertical and horizontal stresses acting on the curvilinear shell can be analyzed using the known 
formulas:  

(1 sin cos2 ) ctgz c        , sin sin 2xz     

This is the final problem solution.  

Results 
The results may be analyzed in relative variables: b – width unit, b – stress unit. For added 

convenience, let us use the relative reduced stresses in the arguments. Thus, the relative counterweight 
and average ultimate limit pressure along the bed are as follows:  

ctgq c
q

b





 
  , 

ctgu
u

p c
p

b





 
   

Figures 5 and 6 illustrate examples of the slide curves mesh (characteristic lines), vertical and 
horizontal stress distribution diagrams along the bed and the lateral counterweight. An interesting feature 
is needed to be pointed out: if the shell height increases, the diagram of vertical stresses (convex for a 
flat stamp) progressively flattens and in certain values it can even take a convex shape with low 
curvature.  

Tables 1–4 show the values of the relative reduced forces Nu ultimate limit pressure for internal 

friction angles   10, 20, 30, 40, reduced values of lateral counterweights q  1, 2, 3, 5 and 10 and 

relative shell heights h   0, …, 5 with spacing of 0.05. The main conclusion is obvious – the ultimate 

load significantly increases if the shell height h increases.  

Attention is drawn to some reduction in Nu values in low-level heights h and small values of the 

lateral counterweight q. It is easily understandable, since in the absence of the counterweight the convex 
surface, of course, will carry loading less than the horizontal one until considerable horizontal forces 
perform, which, are formed due to the curvilinear surface of loading and in turn, further compress the soil; 

this is manifested in some values of h . 

It should be noted that stiffness of the shell itself and primarily tensile stiffness EA affects 
redistribution of the load transmitted to the soil bed through shells and strips and distribution of contact 
“reactive” pressures directly under the shell. Influence of the contact pressure distribution law under the 
bent surface of the shell can affect the values of horizontal forces and load-bearing capacity of the bed in 
a certain manner; however, this issue is the subject-matter of further research. 
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For greater clarity, let us illustrate the dependencies of the relative increase of the ultimate press 
force by the coefficient: 

,СП

u

u

N
k

N





, 

where Nu – relative reduced ultimate press force of SSF on soil, Nu,СП – relative reduced ultimate press 
force of a flat strip foundation which can be analyzed after the Building Regulation [2] (in Tables 1–4 the 

values are given in h   0):  

u qN N q N   , 

where N, Nq – coefficients of the load-bearing capacity.  

Dependency graphs k( h , q) for   10, 20, 30, 40 are shown in Figures 7, 8. 

a)  

b)  

Figure 5. Examples of solution:  

  40, q  1, h   0.1 (a);   30, q  1, h   0.25 (b) 

28



Инженерно-строительный журнал, № 6, 2016 РАСЧЕТЫ 

 

Наумкина Ю.В., Пронозин Я.А., Епифанцева Л.Р. Несущая способность основания, нагруженного ленточно-

оболочечными фундаментами // Инженерно-строительный журнал. 2016. № 6(66). С. 23–34. 

a)  

b)  

Figure 6. Examples of solution:  

  10, q  1, h   0.1 (a);   10, q  1, h   0.3 (b) 

The coefficients k do not considerably depend on the internal friction angle, but they significantly 
depend on the shell height and lateral counterweight.  
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Table 1. Relative reduced ultimate pressure forces for   10 

h  
q = 1 q = 2 q = 3 q = 5 q = 10 

0 3.034 5.561 8.062 13.030 25.422 

0.05 2.993 5.532 8.044 13.044 25.506 

0.1 2.990 5.573 8.131 13.226 25.926 

0.15 3.019 5.675 8.309 13.555 26.638 

0.2 3.075 5.829 8.562 14.011 27.600 

0.25 3.152 6.024 8.879 14.571 28.772 

0.3 3.244 6.252 9.245 15.216 30.115 

0.35 3.349 6.506 9.651 15.928 31.596 

0.4 3.463 6.780 10.089 16.695 33.175 

0.45 3.582 7.069 10.550 17.500 34.785 

0.5 3.706 7.368 11.030 18.310 36.344 

 

Table 2. Relative reduced ultimate pressure forces for   20 

h  
q = 1 q = 2 q = 3 q = 5 q = 10 

0 9.159 15.812 22.329 35.282 67.502 

0.05 9.049 15.714 22.271 35.275 67.599 

0.1 9.075 15.852 22.527 35.775 68.716 

0.15 9.197 16.163 23.033 36.675 70.606 

0.2 9.400 16.620 23.750 37.915 73.160 

0.25 9.668 17.197 24.641 39.439 76.269 

0.3 9.987 17.869 25.672 41.192 79.830 

0.35 10.346 18.616 26.814 43.129 83.760 

0.4 10.734 19.421 28.044 45.214 87.990 

0.45 11.144 20.270 29.342 47.417 92.454 

0.5 11.570 21.153 30.693 49.711 97.036 

 

Table 3. Relative reduced ultimate pressure forces for   30 

h  
q = 1 q = 2 q = 3 q = 5 q = 10 

0 30.39 49.79 68.72 106.09 198.65 

0.05 30.18 49.65 68.67 106.35 199.61 

0.1 30.30 50.09 69.45 107.84 202.87 

0.15 30.74 51.08 71.00 110.52 208.41 

0.2 31.45 52.53 73.20 114.24 215.91 

0.25 32.37 54.35 75.93 118.80 225.04 

0.3 33.47 56.48 79.10 124.05 235.51 

0.35 34.69 58.84 82.60 129.85 247.06 

0.4 36.02 61.38 86.37 136.10 259.48 

0.45 37.43 64.06 90.36 142.70 272.63 

0.5 38.89 66.86 94.50 149.58 286.35 
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Table 4. Relative reduced ultimate pressure forces for   40 

h  
q = 1 q = 2 q = 3 q = 5 q = 10 

0 126.94 196.61 263.95 395.86 720.51 

0.05 126.20 196.41 263.55 397.23 724.94 

0.1 126.76 198.12 266.45 402.58 736.50 

0.15 128.64 201.96 272.26 412.40 756.32 

0.2 131.63 207.59 280.54 426.02 783.22 

0.25 135.51 214.70 290.85 442.79 816.03 

0.3 140.10 222.99 302.78 462.10 853.64 

0.35 145.25 232.19 316.01 483.46 895.17 

0.4 150.82 242.11 330.26 506.45 939.85 

0.45 156.71 252.59 345.30 530.73 987.09 

0.5 162.83 263.48 360.96 556.05 1036.41 

. 

a)  

b)  

Figure 7. Dependencies of coefficients k ( h , q) for   100, 200 
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a)  

b)  

Figure 8. Dependencies of coefficients k ( h , q) for   30, 40 

Thus, the ultimate pressure force on SSF may be evaluated by the following formulas:  

– by coefficients k and values of the load-bearing capacity of flat foundation, b in width according to 
the Building Regulation [2]: 

,СП ( ) ctgu uN k b N b s c        ; 

– by coefficients k and values given in tables 1 – 4: 

2 ctgu uN b N s c      

Here s – running meter area of SSF bed.  

Conclusions 
1. A new static solution to the Coulomb's wedge theory of load-bearing capacity of soil loaded with 

SSF indicating that taking into account a bent surface of the soil under the shell and the counterweight 
from strip foundations make it possible to reasonably increase the load-bearing capacity of soil.  

2. It is stated that depending on the value of the bent surface height under the shell, within the 
gentleness criterion, the load-bearing capacity of soil can be increased up to 10 %. It is found out that the 
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load-bearing capacity of soil increases depending on the height of surface and counterweight  

pressure – q. 
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Abstract. A review of shear strength analysis methods for ground bases reinforced with 
geosynthetics is given in the article. An angle of stress dispersion has been found to be the parameter of 
soils and discrete materials which were calculated according to the experimental data. The analysis of 
mathematical models that connect the angle of stress dispersion with other soil parameters which are 
ascertained in the laboratory was performed. This analysis shows the absence of direct experimental 
methods for investigation of distribution capacity. For this reason indirect measurements are used to 
calculate the angle of stress dispersion. The direct method for measuring distribution capacity has been 
developed on the basis of a colour strip analysis. There are two variants. The first way deals with photo 
interpretation, the second one uses full-scale models for direct measurements. Statistical analysis shows 
that reinforcement of ground bases increases distribution capacity of the soil under the geosynthetics. 

Аннотация. В статье выполнен обзор методов расчета грунтовых оснований, армированных 
геосинтетическими материалами по сопротивлению сдвигу. Установлено, что угол рассеивания 
напряжений является параметром грунтов и дискретных материалов, определяемым по данным 
эксперимента. Выполнен анализ математических моделей связывающих угол рассеивания 
напряжений с другими параметрами грунтов, которые определяются в лаборатории. На основе 
этого анализа показано, что прямые методы экспериментального исследования распределяющей 
способности отсутствуют. Поэтому угол рассеивания напряжений вычисляют по данным 
косвенных измерений. Применением метода цветных полосок разработан прямой метод 
исследования распределяющей способности. Предложено два способа измерения 
распределяющей способности грунта. Первый способ состоит в обработке фотоизображений, а 
второй – заключается в прямых измерениях, выполняемых на натурных моделях. Статистическая 
обработка результатов эксперимента показало, что армирование грунтовых оснований улучшает 
распределяющую способность грунта расположенного под геосинтетикой. 

Introduction 
A model of distribution capacity is based on the idea that load is distributed over the area which 

increases with depth [1]. Load in a ground elastic plastic half-space is distributed at the certain angle  
which is called angle of stress dispersion or angle of load distribution (Fig. 1). 
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Figure 1. An original model of distribution capacity [1] 

As it follows form the analysis of Figure 1, the pressure change with depth is determined by 
increasing the load distribution area. Consequently, vertical normal stress decreases and is calculated 
using the formula [1] 
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where р – pressure on the half-space surface, Pa; Z – depth plotted along the load symmetry axis from 
the surface to the point where the pressure is calculated, m; D0 – diameter of a round plate under the 

load distributed on the half-space surface, m;  – angle of stress dispersion, deg. 

Since the directions of principal and coordinate axes coincide in the load symmetry axial section, 
formula (1) can be used to calculate the maximum principal stress in the ground half-space [2–6]. It is 

sufficient to substitute the dependent variable z for the maximum principal stress 1.  

For the calculations of stresses in a finite thickness layer to be done, Odermark’s method can be 
used. It was offered in 1949 but nowadays it is often applied in order to solve a wide variety of road 
structural analysis problems [3–11]. Thus, a combination of the idea of relationship (1) with Odermark’s 
method makes it possible to design road structures. 

As for some foreign countries, a model of distribution capacity is used to compute the limiting 
pressures upon the ground base. While developing methods of limiting pressure calculation using the 
model of distribution capacity, dyadic and trinomial relationships are deduced. They are similar to 
the Prandtl-Reisner and Terzaghi formulae that have the parameter connected with an angle of stress 
dispersion [12]. Creation of geosynthetics and its application for soil reinforcement necessitated the 
analysis of such structures. For this purpose, methods of limiting pressure determination based on a 
model of distributing capacity were used [13]. According to such methods, structures with geosynthetics 
are supposed to have a larger angle of stress dispersion compared with unreinforced structures with the 
layers of the same material and thickness [14–19]. Besides, the method proposed in [20] allows deriving 
a formula for calculation of the first critical load applied to the road base of the particulate material or to 
the subgrade soil using the relationship (1). An important element of all described methods is 
experimental determination of an angle of stress dispersion.  

Indirect methods of determining the angle of stress dispersion are currently known. This 
characteristic is calculated using some other parameters: angle of repose [1], undrained shear strength 

[19, 20], etc. B.S. Radovsky reports that Ye. Golovachev believed the angle of stress dispersion  to be 

equal to the angle of repose от [1]. This assumption can be written as  

от . (2) 

The main problem of the relationship (2) is that the angle of repose can easily be calculated only 

for sandy loose soils. That is why equation (2) can not be used to find  in clay and sandy compacted 
soils. 

V.N. Gusev noticed that the angle of stress dispersion was influenced by consistency of the soil 

and he suggested that angle  could be calculated by the formula 
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ts   р , (3) 

where р – angle of load distribution (stress dispersion) in loose medium, deg; s – coefficient of medium 
material; t – shearing strength within the layer. 

As for the relationship (3), it is rather difficult to calculate the angle of stress dispersion in loose 

medium р. Thus, it makes sense to combine the ideas of Golovachev and Gusev and the angle  can 
be calculated by the formula 

ts  1 , (4) 

where 1 – angle of repose of loose medium, deg. 

The analysis of the relationship (4) shows that in order to calculate the angle of stress dispersion it 

is necessary to set up two experiments and to determine two parameters: angle 1 and strength t. 
Besides, the coefficient s should also be determined as it is different for various soils.  

Formulae connecting undrained shear strength with load parameters and angle of stress 
dispersion are presented in papers [20, 22, 23]. According to [20], undrained shear strength can be 
determined by the formula  
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where Р – load upon the ground base surface, N; рtyre – tyre pressure, Pa; h0 – total thickness of the road 
pavement, m. 

As follows from the equation (5), the tangent of an angle of dispersion is determined from the 
quadratic formula, i.e.  
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(6) 

According to the results obtained in [22, 23], undrained shear strength is calculated from the 
formula which is similar to the relationship (4) and is written as 
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Solving the equation (7) results in the following formulae  
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(8) 

J. Leng [16] suggests the formula similar to the relationships (6) and (8). It includes the amount of 
applied repeated loads in addition to the mentioned parameters and is written as 
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where РS – design axial load; сu – undrained strength; N – design number of loads. 

Formulae (5)–(9) have the same parameters but the results of their calculations are different. 
Therefore after performing unconsolidated-undrained triaxial tests and determining the undrained shear 
strength using relationships (6), (8) and (9), the angle of stress dispersion will be different with the same 
load parameters. 

A procedure for calculating the angle of stress dispersion based on the direct measurements of the 
diameter of pressure distribution upon the plate located at a certain distance from the ground model 
surface is presented in work [24]. The procedure presupposes making a ground model with a standard 
compaction measuring device, with a paper leaf at a certain distance from the surface. The model 
surface is exposed to the force action with a rigid circular die to form an indentation cup on the ground 
surface. Then the soil is removed from the upper part of the sample so that to clean the paper leaf which 
also has an indentation cup of a larger size. The difference in the diameters of the indentation cups 
determines the distribution capacity, with the angle of stress dispersion being determined by the right 
triangle trigonometry. This procedure allows calculating values of an angle of stress dispersion for sandy 
and clay soils [24], but it cannot be used to calculate the one in soils reinforced with geosynthetics. The 
importance of calculating the angle of stress dispersion in ground bases reinforced with geosynthetics 
comes from the analysis of papers [22, 25–29] where the data on the angles of stress dispersion are 
different as well as conclusions concerning the positive influence of the reinforcement on the value of the 
angle of stress dispersion. The analysis of determining the angle of stress dispersion in reinforced and 
unreinforced soils is performed in the work [25]. The results are presented in Table 1. 

Table 1. Angle of stress dispersion in reinforced and unreinforced ground bases [25, p. 729] 

Researcher and a quotation source 

 

Value of the angle of stress dispersion  

Unreinforced ground base Reinforced ground base 

E.J. Barenberg [26]  = arctan(0.3+5/h) =arctan(0.6+5/h) 

J.P. Giroud and L. Noiray [22]  = /4-/2 = 45-/2  = 26.6–35 

Raumann G. [27]  = 28.8  = 33 

J.B. Sellmeijer, C.J. Kenter 

and C. Van den Berg [28] 
 = 26.6–45  = 26.6–45 

J.P. Love et al. [29] –  = 26.6–31 

 
Note: h – depth of inserting an interlayer; it is the distance from the layer surface to the 

reinforcement horizon and it is usually the depth of a crushed-stone level, cm;  – angle of internal 
friction, deg. 

In order to begin the analysis of the data given in Table 1, it is necessary to point out that the table 
shows the values of the angles of stress dispersion in a base course being placed on the reinforcing 
interlayer. 

The diagram illustrating the effect of such reinforcement is shown in Figure 2. According to the 

figure, the angle of stress dispersion in the unreinforced structure 0 is less than that in the reinforced 

structure 1. This effect is observed in the material over the reinforcing grid (for example, a crushed-
stone level). 

The tabular analysis shows that the authors of the paper [28] did not obtain the increase of the 
angle of stress dispersion while reinforcing the ground base, i.e. there was no effect described in 
Figure 2.  
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Figure 2. Diagram of different angles of stress dispersion  
in a reinforced and unreinforced layers 

Some other researchers [22, 26, 27], on the contrary, provide values of angles of stress dispersion 
that proves the effect created. Since there is no single opinion about the effect of reinforcing shown in 
Figure 2, it can be assumed that the angle of stress dispersion increases in the material under the grid. 
There is a design diagram (Fig. 3) illustrating the reinforcement of a homogeneous ground base. A 
geogrid is placed within the layer of one and the same material, for example sand. According to this 
diagram, the angle of stress dispersion in the material under the grid increases in comparison with the 
analogous parameter of the same material over the grid. 

Figure 3 introduces clarity into the traditional design diagram. Expediency of such a clarification 
should be proved experimentally. In this connection, it is necessary to calculate angles of stress 
dispersion in reinforced and unreinforced ground bases. Thus, a direct technique of measuring 
distribution capacity, that allows calculating angles of stress dispersion, is required. There are two 
reasons for it. First, it becomes possible to make a more precise calculation of angles of stress dispersion 
in reinforced and unreinforced ground bases if compared with the data in Table 1. Second, it is possible 
to explain the choice of a design diagram, for instance, Figure 2 or 3, or to suggest another design 
diagram being different from those presented in Figure 2 or 3.  

  

Figure 3. Diagram of different angles of stress dispersion  
in the material placed over and under the geogrid 

Taking the foregoing into consideration, let us formulate the purpose and objectives of the 
research.  

The purpose of this study is to investigate the distribution capacity of reinforced and unreinforced 
ground bases.  

It can be done by achieving the following objectives: 

1. Development of the direct method of measurement of reinforced and unreinforced ground 
bases distribution capacity, with the data being used to calculate an angle of stress dispersion.  
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2. Application of mathematical statistics methods for calculating average and design values of 
angles of stress dispersion in reinforced and unreinforced ground bases. 

3. Application of fitting criteria for comparing samplings of angles of stress dispersion in 
reinforced and unreinforced ground bases and for validating one of the design diagrams (Fig. 2 and 
Fig. 3). 

Methods 
The authors made a colour strip analysis to measure distribution capacity. The method had been 

chosen due to its pictorial presentation and its application for detecting slide curves trajectories in ground 
bases in master’s [30] and doctoral [31] theses. An illustration of area elements of sliding surface 
obtained with the colour strip analysis can be seen in Figure 4. Arrows are used to show the slide curves 
being aligned with the trajectory of stress dispersion presented in Figures 1–3. This coincidence being 
taken into account, an angle of stress dispersion can be calculated by the right triangle trigonometry 
presented in Figure 4 (b). 

 

Figure 4. Sand base colour strip test:  
а – general view of slide curves in a sand base [30]; 

 b – chart for determining the angle of stress dispersion by the right triangle trigonometry 

According to the analysis of Figure 4 (b) Kurdjumov method [32] can be used to calculate the angle 
of stress dispersion. The idea of this method is in soil photographing during the test, with the images 
being subsequently processed. It should be noted that the hypotenuse of the triangles passes through 
the points of colour strips breaks or next to them.  

To perform the colour strip analysis models of reinforced and unreinforced ground bases were 
made, with fine sand being used as soil. Sand was compacted until the zero-air dry unit weight which was 
98 % of the standard maximum dry density. It was necessary to determine the dry sand packed density to 
compact soil. A safety factor for compaction was calculated with the ratio of the required density to the 
dry sand packed density. The thickness of the sand layer to be obtained after leveling and, consequently, 
compacting was computed by multiplying of this safety factor and the layer thickness.  

The model was made in layers. For the sand to be laid uniformly thread guide rails were used, with 
their height being equal to the thickness of the unconsolidated sand layer. The thread guide rails were 
arranged across an aquarium of the organic glass. Then the sand was laid between the thread guide rails 
and leveled with the bar moving along the rails. The sand layer having been leveled, the thread guide 
rails were carefully removed and some sand was added to fill the space.  

The sand was compacted in two stages: 

– at the beginning a roll-on of the layer was performed with a paint roller, the pressure from the 
hand gradually increasing while sand consolidating; 

– to compact the sand finally a press with a rigid rectangular die put on the layer surface was used. 

As for the criterion of the final compaction, it was a value of layer surface settling which was 
determined by the difference of the required thicknesses before and after compaction.  

The model was made in a standard way, with layers of standard sand alternating with the coloured 
ones. Sand was coloured in green and blue. Different coloured stripes were arranged in alternation. For 
instance, the lower stripe was of green colour and the second one was blue. There were five layers of 
standard sand with four coloured stripes between them in the models.  
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A total of 15 models were manufactured. Five models are made without reinforcement, and 
10 models produced by stacking two brands geosynthetics RD-60 75 × 75 and RD-60 100 × 100 into the 
model. Note that the reinforcing layer in road constructions carried out at the interface between the 
macadam and sand layers, in our models, this layer is laid in the sand. Laying geosynthetic reinforcement 
interlayer inside the sand is made to determine the scattering angles of stress above and below this 
layer. Laying geosynthetic materials performed on the surface of the third layer from the bottom of 
ordinary sand, and on top of it distributed sand, painted in green color. After laying and moistening 
colored sand his compaction was performed in the manner described above. At manufacturing the 
models applied criteria of geometric and the power of similarity. This allowed to define size of the stamp, 
the thickness of the sand layer. Table 2 shows the performance of physical and mechanical properties of 
the sand used in the model and compacted to the compaction factor of 0.98. 

Table 2 Indicators of physical and mechanical properties of fine sand in the models of 
subgrade 

№  

sample 

Indicators of physical properties, established by 
Russian standard GOST 5180-84 [24] 

The mechanical properties and 3 at CN 
test without measuring the pore pressure 

W, % W/Wopt  ρd,t/m3 k=ρd/ρdmax 3, kPa с, kPa ,o 

1 2 3 4 5 6 7 8 

1 (kN) 

9.33 0.94 1.85 0.98 

50 

3.3 36 2 (kN) 100 

3 (kN) 150 

 

Note: W – sand humidity; Wopt – optimum humidity; ρd – density of dry soil; k – compression ratio; 

ρdmax – maximum soil density in the standard device packing; 3 – the minimum principal stress in the 

device of triaxial compression when performing consolidated undrained test; с и  – grip and angle of 
internal friction. 

The essence of experimental method is reduced to the indentation the stamp into the surface of 
model and its deformation jointly with colored stripes. To transfer the load used the press  
GEOTECHAI-7000 LA 10 provided with the software package. For all models, the deformation rate was 
the same 3 mm/s. Pore pressure was not measured. During the test, we observe the change of location 
of the strips of colored sand. The load was applied so that the top 3 bands of colored sand receive 
noticeable deformation, and the fourth lower strip is not deformed. This allowed us to minimize the impact 
of the hard base on the deformation of sand in the model. With such character of the deformation color 
bars in reinforced models was possible to measure scattering angle in the upper part of the model, that 
is, over the reinforcing layer as well as the bottom of the model under geosynthetics. This allowed to draw 
a conclusion about the quantitative influence geosynthetic material on distributing ability of the sand. 
Then each model photographed for later processing photos with the help of computer programs to 
determine the scattering angles. 

Computer programs were used for processing of photo images in order to perform linear 
measurements with an accuracy of up to 1 micron. In processing the results of the experiment in 
photographs set the location of the edges of the stamp and his axis of symmetry, which are shown by 
vertical lines I and II (Fig. 5). 

Next determine the location of the lower border of the stamp, which is shown by the line III (Fig. 5). 
After this define position of start point uplift of sand on the surface of the color stripe, which corresponds 
to the intersection of the horizontal straight lines IV and V with vertical lines VI and VII (Fig. 5). The 
location of this point was fixed on picture by cross. Next perform location determination of point of an 
alleged gap of color strips. For this analyzed photographs test of works [30, 31], from which it follows that 
the most likely points of discontinuity of the color stripe are the point located in the middle of the 
deformed curved line segment, depicted vertical lines I and VI of, I and VII. At the Figure 5 these points 
signed C, D and E, F. To points C and D from the points corresponding the edges of the stamp – A and B 
held connecting them straight segments AC and BD, which indicate the locations the line of the stress 
distribution from the bottom of the stamp to the second color stripes, wherein in the models groups 1 and 
3 are laid reinforcement geosynthetics. From the points C and D to the points E and F conducted 
segments CE and DF. These segments show the line of stress distribution between the second and third 
colored stripes. 
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Figure 5. Scheme to the image processing model No. 11,  
belonging to the reinforced model sand base of group 3 

Similar photos processing was made for the reinforced models. In Figure 5 there is an illustration of 
the processed pictures model No. 11, which analysis showed that the angles of scatter stress of the 
reinforcing mesh and underneath it are different. This fact confirmed the validity of the application to the 
calculation of reinforced soil bases the calculation scheme shown in Figure 3. 

When processing the results of the test models of group 2, i.e. models of unreinforced sand 
foundation, it became clear that the segments AC and CE, as well as BD and DF are collinear or 
substantially coincide with it. It means in the unreinforced model stress distribution is limited to one line. 

To determine scattering angles of the stress it is necessary to measure the length of the opposite 
and adjacent sides of a right triangle. In Figure 5 length of the opposite cathetus specified of length of b2 
and b3, and the length of the adjacent side – z2 and z3. As the tangent of the angle in a right triangle is 
equal to ratio of the length of the opposite cathetus to the adjacent cathetus length, the scattering angles 
of the stress can be determined by the formulae: 

2

2arctg
z

b
 ;        

3

3arctg
z

b
 . (10) 

Thus, for each colored band it is possible to determine two values of scattering angles of stress 
located on different sides of the stamp left and right respectively. This allowed for the reinforced models 
sandy grounds to form two sample scattering angles of stress.  

The first sample contains 10 data points of scattering angles of stress j1 characterizing distributing 
ability of sand over the reinforcing layer. 

The second sample also includes 10 data points j2 scattering angles stress, but characterize the 
ability to distributing sand under the reinforcing layer. 

One sample of 20 private scattering angles of stress j is formed for unreinforced models. 

Besides the processing of facsimiles direct measurements of all necessary sizes, illustrated in 
Figure 5, are used. In this case, all the lines which we are interested in were restored directly to the full-
scale models and fixed by twine.  

The initial position of the colored strips and the surface of the sand model were fixed before the 
test by applying labels to the ends of the aquarium. After the test the model, each label was used to 
secure the edges of the twine. Thus, the horizontal lines were restored. Restoration of vertical lines was 
performed with a plumb. Horizontal and vertical lines as well as the hypotenuse of right-angled triangles, 
which form together with the vertical cathetus, scattering angles stress, shown in Figure 6, was recovered 
in such manner. 
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Figure 6. Recovered area stress distribution in the model No. 7, 
belonging unreinforced models of sand base of 2 group 

Results and Discussion 
Direct measurements of the size we are interesred in was made by a metal line, which has a 

certificate of calibration. The measurement accuracy is 1 mm. Methods of calculating the scattering 
angles of stress analogous to the method applied in the processing of photographs. Despite the similarity 
of methods of measurement accuracy linear dimensions are different. Therefore, particular values of 
scattering angles, calculated from the results of direct measurements performed on a full-scale model, 
also grouped in five sample. At the first statistical processing of the data tested the possibility of 
combining the respective sample (samples 1 and 6, 2 and 7, 3 and 8, 4 and 9, 5 and 10) in a general 
population. For this purpose the Student's t-test and Fisher's F-test, following the standard procedure, 
were used. 

Verifiable conditions of criteria have form: 

 tt ;       FF , (11) 

where t – critical value of the Student distribution, also known as the coefficient of the normalized 

deviations accepted under bilateral confidence level of 0.95; F – the critical value of F-distribution. 

The t and F criterion show that each pair of sample belongs to single corresponding general 
aggregate. Thus conclusion about the applicability of any developed by us techniques of measurement 
the linear size by means of which stress is calculated scattering angle can be done. For example, Table 3 
shows the results of verification execution of the criteria (11) for sample No. 1 and No. 6, in which are 
grouped scattering angles stress in the upper part of the model group 1, in which the sand reinforced by 
mesh RD-60 75 × 75. Table 4 shows the results of verification execution of the criteria (11) for sample 
No. 2 and No. 7, in which are grouped the scattering angles stress in the bottom of the model group 1, in 
which the sand reinforced mesh by RD-60 75 × 75.  
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Table 3. Results of testing sample No. 1 and No. 6 on the appurtenance for one of the 
general population 

Statistical characterization Sample No. 1 Sample No. 6 

Private values scattering angles of stress, о 

1 39.41 40.40 

2 40.11 39.51 

3 39.85 39.74 

4 39.63 39.62 

5 38.70 38.69 

6 39.06 38.03 

7 38.80 39.43 

8 39.40 39.60 

9 39.76 39.78 

10 39.40 40.08 

Mathematical expectation (middle sample), о 39.412 39.488 

Root mean square deviation, о 0.45 0.46 

Dispersion, grade 2 0.21 0.68 

Statistics t 0.28 

The critical value of the Student's distribution t 2.26 

Statistics F 2.23 

The critical value of the distribution of R. Fischer F 3.18 

Checking conditions 
t<t Performed as 0.28<2.26 

F<F Performed as 2.23<3.18 

Conclusion: As a result of the implementation of both conditions criteria Student and Fisher sample No. 1 and 
No. 6 belong to the same general population 

 
Table 4. Results of testing sample No. 2 and No. 7 on the appurtenance for one of the 

general population 

Statistical characterization Sample No. 2 Sample No. 7 

Private values scattering angles of stress, о 

11 44.76 43.06 

12 44.59 44.39 

13 43.83 43.59 

14 43.66 43.59 

15 43.39 42.70 

16 42.41 43.57 

17 42.00 42.61 

18 43.12 43.04 

19 42.36 42.44 

20 41.99 41.75 

Mathematical expectation (middle sample), о 43.211 43.074 

Root mean square deviation, о 1.01 0.75 

Dispersion, grade 2 1.03 0.56 

Statistics t 0.33 

The critical value of the Student's distribution t 2.26 

Statistics F 1.84 

The critical value of the distribution of R. Fischer F 3.18 

Checking conditions 
t<t Performed as 0.33<2.26 

F<F Performed as 1.84<3.18 

Conclusion: As a result of the implementation of both conditions criteria Student and Fisher sample No. 2 and 
No. 7 belong to the same general population 

 
As the criteria (11) are satisfied, each pair of checked samples can be combined into one new 

sample for which to perform further statistical processing. Combining samples will increase the number of 
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outcomes (partial values of scattering angles stress) in each new sample, whereby the quality of data will 
increase. After combining the samples of their total number was equal to 5. Samples 1 and 2 contain 20 
particular values scattering angles stress in models of grounds reinforced with a mesh RD-60 75 × 75. 
The sample No. 1 contains scattering angles stresses on this grid, and the sample No. 2 shows the 
scattering angles stress under the grid. Sample No. 3 includes scattering angles of stress of unreinforced 
models. Sample 4 is similar to the sample 1, the sample 5 – sample 2, but samples No. 4 and No. 5 
contains scattering angles of models of reinforced mesh RD-60 100 × 100. 

New samples were tested for the presence of blunders, using as a criterion exceptions private 
values fulfillment of the condition Russian Standard GOST 20522-2012, then determined the estimated 
value of the scattering angles stress. In addition, the samples No. 1, No. 2, No. 3, No. 4 were verified to 
belong to the same general population. As a result, it was found that these samples are not subject to the 
unification. It follows therefrom that the factor of reinforcement of foundation soil is significant and results 
in increased scattering angles under the grid. 

It was found that under the reinforcing mesh RD-60 100 × 100 scattering angle of stress increases 
by 2.9 %, while under the net of the RD-60 75 × 75 – increased by 9.1 %. This experimental fact 
suggests dependence on the effectiveness of the reinforcement from the grid cell size, made from one 
and the same material and having the same tensile strength. 

To assess the reliability of the calculation scheme shown in Figure 2, it was performed statistical 
processing of private value of scattering angle of stress in sandy layers above the reinforcing grid and 
scattering angle of stress at the top of the unreinforced sand model. Performing of such statistical 
processing demanded the formation of four samples, each containing 20 private scattering angles of 
stress. The essence of the statistical processing involves estimating the possibility of combining the four 
samples in a general totality. Student’s and Fisher’s criteria, which we applied above, allow you to 
compare only two samples, for the assessment of belonging to the one general population three or more 
samples of these criteria are unfit. As far as number of private scattering angle of stress is identical in all 
four samples, rank criterion of Wilcoxon or rank criterion Kruskal–Wallis can be use. 

In accordance with mathematical statistics literature data, Wilcoxon criterion is a nonparametric 
alternative to the Student criterion, which operates by comparing the total dispersion of two independent 
samples. Kruskal–Wallis criterion is a nonparametric alternative to the Fisher test.  
Kruskal–Wallis criterion is based on an assessment of the differences between the c medians (c > 2), and 
is a generalization of the Wilcoxon rank criterion. Therefore, we applied the criterion of Kruskal–Wallis 
test, which showed that the compound samples impossible. It follows that the reinforcement of the 
subgrade leads to a change in the scattering angle stress over the grid. 

Thus, reinforcement of ground facilities leads to increased scattering angle of stress under a grid 
and some decrease this angle in the material located above the grid. This conclusion is confirmed by 
experiment refutes the calculation scheme shown in Figure 2 and confirms the circuit illustrated in Figure 
3. 

Table 5. Comparison of the results of determining the dispersion angle of the stress with 
those of other authors 

Researcher and a 
quotation source 

Expected value  The discrepancy results, % 

Unreinforced ground 
base 

Reinforced ground 
base 

Unreinforced ground 
base 

Reinforced ground 
base 

According to the 
proposed method 

39.45 43.14 – – 

J.P. Giroud and L. 
Noiray [19] 

30 32.8 24 24 

Raumann G. [24] 28.8 33 27 24 

J.B. Sellmeijer, C.J. 
Kenter and C. Van 

den Berg [25] 
35.5 42.5 10 1.5 

J.P. Love et al. [26] – 28.8 – 33.2 

 
Analysis of the data Table 5 shows that in most cases the difference of the results is more than 

20 %. This indicates that the application of the proposed methodology will improve the accuracy of the 
determination of this parameter of material. 
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Furthermore, the results publication can be applied to calculate the principal stresses. In order to 
do this the method proposed in [33] was used. The method lies in the fact that the minimum principal 
stress is defined as the percentage of the maximum principal stress. The formula has the form: 

132  , (12) 

where  – coefficient, which is a function of depth;  – lateral pressure coefficient. 

The maximum principal stress can be represented by multiplication the pressure and the function 
reduce of its depth K. Applying this rule to the formula (1), for the cross section along the symmetry axis 
load we obtain: 

Kрz 1 ,             
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Function of depth  determined by the formula [33]: 

211 K . (14) 

Substituting addictive (13) and (14) into the formula (12) allows getting model for determining the 
minimum principal stress: 
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Thus, formulas (1) and (15) allow to calculate the main stresses for condition 1>2=3, which 
occurs in section along the symmetry axis of the load, distributed over the circular area. Therefore, it 
becomes possible to calculate the equivalent stresses on the various conditions of plasticity, including 
multi-surface modern conditions. Furthermore, according calculated to the relation (1) and (15) the 
principal stresses can be applied to calculate the residual strain on various mathematical models plastic 
deformation when subjected to repeated loads. 

Conclusions 
In conclusion, we can draw several inferences: 

1. A method was developed direct measurement the distributing ability of reinforced and non-
reinforced soil bases, based on the method of color stripe. 

2. Calculation of scattering angle stress can be done one of two ways: 

 processing pictures with deformed colored stripes in accordance with the data in Figure 5. 

 restoration of essential lines, characterize the distributing ability on natural models, by 
performing the operation illustrated in Figure 6. 

3. Statistical processing showed that the factor of the reinforcement of the sandy foundation is 
significant, that is affecting the value of the scattering angle stress in the materials located above the grid, 
as well as under it. 

4. Under the Reinforcing Netting made of the same material, scattering angle of stress is 
increased by an amount depending on the cell size. It is found that the smaller the cell size, the greater 
the value of scattering angle of stress under the reinforcing grid. 
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Abstract. Parameters of waves in water area of the projected port are normally obtained using 
physical and numerical modelling. Physical modelling allows defininig structural details of the port’s 
facilities and provides with information for the appropriate selection of a numerical model. The problems 
created by this approach are shown in the case study of the projected port in Vostok (East) Bay, the Sea 
of Japan. The experimental study of waves propagation in the port water area was carried out in the 
wave basin. The port area was reproduced at a scale of 1:50, and the modelling was conducted under 
the Froude number similarity. Experimental results are provided for the study of wave propagation in the 
port model from the effects of the waves of 5 % exceedance probability. To confirm the results of the 
laboratory experiments, four relevant mathematical models were used, one of them is the ARTEMIS 
model which is based on gentle slopes equations. The heights of numerically modeled waves in the 
control points were compared with the waves measured with sensors-wave gauges. The calculated 
values at the control point and minimum and maximum values in a circular neighborhood with the radius 
of 30 m (1/4 of the average wavelength of 120 m) were compared with the results of the experiments. 
The proposed approach allows comparing the results of physical modelling with the results of numerical 
modelling and selecting the appropriate numerical model based on the results of the comparison. 

Аннотация. Параметры волн в акватории порта обычно получают путем физического и 
численного моделирования. Физическое моделирование позволяет определить конструктивные 
детали портовых сооружений и предоставляет информацию для выбора соответствующей 
численной модели. Проблемы, с которыми этот подход связан, показаны в исследовании 
проектируемого порта в бухте Восток, Японское море. Экспериментальное исследование 
распространения волн в акватории порта были проведены в волновом бассейне. Район порта был 
воспроизведен в масштабе 1:50, и моделирование проводилось по параметру подобия Фруда. 
Результаты эксперимента используются для изучения распространения волн в численной модели 
порта от воздействия волны 5% обеспеченности. Чтобы подтвердить результаты лабораторных 
экспериментов, были использованы четыре соответствующие математические модели, одна из 
них ARTEMIS, основанная на уравнениях пологих склонов. Высоты волн численно моделируются и 
сравниваются с измерениями в контрольных точках датчиками волн. Рассчитанные значения в 
контрольной точке и минимальное и максимальное значения в круговой окрестности контрольной 
точки с радиусом 30 м (1/4 средней длины волны 120 м) сопоставлялись с результатами 
измерений. Предлагаемый подход позволяет сравнивать результаты физического моделирования 
с результатами численного моделирования и выбирать на основе результатов сравнения 
подходящую численную модель. 
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Introduction 
If the definition of calculated waves approaching the projected port facilities is subject to numerical 

simulation with verification by natural data, the impact of the waves on the port facilities is determined by 
numerical and physical modelling methods. Then, to verify the received data by physical modelling of the 
interaction of waves with models of constructions. That meets the requirements of the relevant regulatory 
documents [1, 2]. 

This approach has been adopted in most of the world's major centers of the world leading research 
port facilities [3–8]. When comparing the results of physical and numerical simulation of waves, it has 
solved the task of choosing the numerical model of wave propagation around port facilities [4, 5]. 
Furthermore, this model is used to compare different design options. A typical task of the research of 
interaction of waves with port structures is the task of determining the waves on a protected water area of 
the port [9]. 

However, the analysis of published papers on numerical and physical modelling of wave 
propagation in the port water area shows that these works do not pay attention to detailed methodology 
of comparing the obtained wave heights, measured using the physical models and numerical modelling 
[3, 7]. 

For example, [7] shows only the results of numerical research. However, the problem of standing 
waves or crowding in the water is discussed in this work. However, the authors' experience shows that in 
a head-to-head comparison of the heights of waves generated by numerical and physical modelling, 
problems that require examination arise [9]. 

The task is considered by the example of the research using the methods of numerical and 
physical modelling of waves interaction with the projected port of Eastern petrochemical company. 

The projected marine terminal is to be designed for shipping of finished/refined products and for 
receiving crude oil. Mooring facilities are located in Vostok Bay, the Sea of Japan. Vostok Bay is a part of 
the southeast side of Peter the Great Bay and intrudes the land for approximately 7.3 km. The distance 
between its capes is about 5.8 km and the area of the water table is 38 sq. km with the length of the 
shoreline of about 29 km. The open part of Vostok Bay faces the south-southwest direction. 

The moorings disposition inside of the bay allows for designing the protection structures against 
the waves approaching only from the south and west. The layout of the breakwater and the moorings is 
shown in Figure 1. 

The projected marine terminal is designed for procuring of a new refinery with the capacity of 
30 million tons per year. The refinery is not built yet and the time of the construction is not predetermined 
yet. 

To select an adequate mathematical model of wave propagation in the port water area, a standard 
approach is used to compare the results of numerical simulation of wave fields with measurements at 
certain points of the physical model. In this case, possible formation of partially standing waves in the port 
water area (physical model) can lead to difficulties in this comparison. A similar problem arose during the 
present study. 

Laboratory and numerical studies of waves at the port water area were conducted to verify the 
effectiveness of the breakwater in providing of acceptable parameters of waves at the moorings, like in 
other authors’ papers [10–12]. The aim of this paper is to discuss the technology of comparing the results 
of numerical and physical modelling of wave fields inside the port water area and to investigate this 
technology for the example of the designed port. 

The actual normative methods [13–15] are available for the problem’s solutions with serious 
limitations [16]. 

Numerical and experimental study 
To study waves propagation, the physical model of the water area of the port was built in the wave 

basin of Moscow State Civil Engineering University (MSCEU). The study program was developed to 
investigate the distribution of 5 % exceedance South and Southwest waves at the port water area and 
their impact on the eastern and western sides of the breakwater. 

The scale of the model of 1:50 was determined according to the water basin size of 27 x 27 m, 
actual size of the port water area, distance from the wave generator to the entrance to the port, depth of 
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the basin, prevailing wave direction, and the correspondence of wave processes in nature and in the 
model as per Froude’s similarity criteria.  

Physical modelling was conducted in a usual way for such tasks, by the criterion of Froude  Fr =
h gT2⁄  in the conditions of auto modelling under Reynolds parameter. In accordance with the criterion of 

modelling individual elements, the weight of protective mounts on the model was defined as 𝑚𝑛 = 𝑚𝑚𝜆3, 
where mn is the mass of a single element in natural conditions, mm is the mass of the element in the 
model, the λ is the linear scale of modelling. 

Four series of experiments were conducted to study South and Southwest waves impact on the 
eastern and western sides of the breakwater. 

At the eastern side of the breakwater, the experiments were conducted for South waves with the 
parameters of T = 12.3 s and h5% = 5 m and for Southwest waves with the parameters of Т = 10.4 s and 
h5% = 5 m. The modelling parameters were estimated as Т = 1.74 s, h5% = 10 cm, and Т = 1.5 s, 
h5% = 10.0 cm, respectively.  

At the western side of the breakwater, the experiments were conducted for South waves with the 
parameters of Т = 12.3 s, h5% = 8.5 m, and for Southwest waves with the parameters of Т = 10.4 s, 
h5% = 7.2 m. The modelling parameters were estimated as Т = 1.74 s, h5% = 17 cm and Т = 1.47 s, 
h5% = 14.4 cm, respectively. 

The description of the study and the results of the physical and numerical experiments related to 
South waves with diffraction on the western side of the breakwater is provided below. 

The locations of wave sensors and the wave generator in the wave basin are shown in Figure 2. 
Different numerical models are used to calculate shallow waves and waves at the water area of water 
ports. The spectral model SWAN [17, 18] is used worldwide, and it is open-source software. 

The model is based on the wave action density balance equation (or conservation of energy under 
no ambient currents condition) with the source and sink terms. The model can be used in Cartesian or 
spherical coordinates depending on the scale of applications. Diffraction processes are described 
approximately and cannot provide a detailed wave field solution for wave interactions with hydrotechnical 
structures. 

Different mathematical models were used to obtain the calculated field waves and comparisons 
with the results of physical modelling of waves in the port water area: SWAN, SWAN 123 (spectral 
version), WaveWatch III, and ARTEMIS. And to get the final results, the model SWAN (waves on the way 
to port installations) and the model ARTEMIS (waves in the port water area) were used. 

The results of physical modelling were compared with the results of numerical modelling conducted 
using the ARTEMIS software [19]. Software ARTEMIS is based on the gentle slope hydrodynamic 
equations [20, 21]. The software solves the waves transformation in coastal zones including the 
processes of refraction-diffraction, bottom friction energy dissipation and breaking of waves. The finite 
element numerical method is utilized to solve the elliptic equations. ARTEMIS is successfully used for 
similar studies [3]. It is open source software and can be found at http://www.opentelemac.org/ [22]. 
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Figure 1. Marine Terminal Layout. Dimensions are in meters 

The bathymetric map of the Sea of Japan, Peter the Great Bay, and Vostok Bay, with the scale of 
1:25000 obtained by the echo-sounder survey was digitized and used for numerical modelling. The port’s 
structures were included into the digitized map. 

Waves interaction with different types of structures was considered by introducing the reflection 
coefficients along the structures’ boundaries. The reflection coefficient of kr = 0.9 was used for vertical 
structures and for the side slopes of the wave canal. The reflection coefficient of 0.5 was used for the 
slopes of the structures protected by an armor berm. 

Two types of the breakwater were considered. The main type was a wave impermeable structure 
with a revetment slope. The alternative type was a structure with a wave permeable central part that 
allows some waves to get to the water area of the port (Figure 4). 

The revetment slope was designed with three layers of protection: the bottom layer made of stones 
with weights from 50 to 150 kg was overlayed by the layer made of stones from 500 to 1500 kg, and the 
top layer was made of shaped concrete units (hexabits) with weight of 10 tones.  

To obtain the reflection coefficients, the laboratory experiments of incoming and passing waves 
were conducted in a wave flume and wave’s parameters were recorded. Scale modelling in the flume 
was selected as 1:25. The example of the setup of a pier with piles and a surge plate (wave deflector to 
reduce wave overtopping) in the wave flume is presented in Figure 4. The reflection coefficient for 
impermeable structure breakwater (Figure 3) was obtained as 0.5, the reflection coefficient for wave 
permeable breakwater with a surge plate (Figure 4) was obtained as 0.65.  

To absorb the waves at the wavemarker’s back side for both wave flume and in the basin, the 
permeable slope construction with metal shavings was used (Figure 5). Methodical experiments show 
that this design provides a coefficient of wave reflection no higher than 2 %. 

52



Инженерно-строительный журнал, № 6, 2016 АНАЛИЗ 

 

Кантаржи И.Г., Железняк М.И. Лабораторные и численные исследования волн в акватории порта // 

Инженерно-строительный журнал. 2016. № 6(66). С. 49–59. 

 

Figure 2. Marine terminal model layout with the locations of wave sensors and the wave 
generator. South waves impact on the western side of the breakwater study 

 
Figure 3. Cross section of the protected breakwater, slope type.  

Horizontal sizes are in millimeters, vertical levels are shown in meters, Baltic System 

The bathymetry of the calculation domain for the study of the western side of the breakwater and 
South waves is shown in Figure 6.  

ARTEMIS numerical grids were built in accordance with the numerical modelling requirements. It 
means that there should be no less than grid’s 7 nodes for the wave length. The grids were built for the 
monochromatic wave with the period of 7 secs and for the number of nodes of 10. The mesh sizes 
changed from 2 m for shallow water to 8 m for deep water. The sizes of grids were as following: for the 
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study of the eastern side of the breakwater and South waves the number of nodes was 87959 and the 
number of elements was 174018; for the study of the eastern side of the breakwater and Southwest 
waves the number of nodes was 88969 and the number of elements was 175945; for the study of the 
western side of the breakwater and South waves the number of nodes was 81581 and the number of 
elements was 161487; for the study of the western side of the breakwater and Southwest waves the 
number of nodes was 51317 and the number of elements was 101413.  

The bathymetry of the calculation domain to study the western side of the breakwater and South 
waves is shown in Figure 6.  

The waves’ parameters generated by the wave generator in physical modelling for South waves 
were T = 1.74 s and h5% = 17.0 cm at the sensor’s location 1 (entrance to the port). The corresponding 
parameters in the numerical modelling were Т = 12.3 s, h5% = 8.5 m, and the values were assigned to the 
wave generating boundary (Figure 6). The location of the wave-generating boundary in the numerical 
model corresponds to the location of the wave generator in the physical model.  

The results of the numerical modelling of the wave fields are presented in Figures 7 and 8. 

 

Figure 4. Experiment setup for estimating reflection coefficients of complex structures 

 

Figure 5. Wave absorber in the wave flume 
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Results and Discussion 
General pictures of the wave fields recorded during physical modelling are similar to the obtained 

result with numerical modelling. The numerical modelling exhibits the same diffraction and turn of the 
wave front at the breakwater head and propagation of the wave further to the diffraction area of the port 
(Figure 7). The general view of the wave field of the physical model is shown in Figure 9. 

The waves’ heights obtained during physical modelling and converted to natural values are 
summarized in Table 1. The results of numerical modelling are also presented in Table 1.  

The calculated waves’ heights at the sensor locations 1, 3’, and 4 are similar to the measured 
ones, but at the sensor locations 2, 3, and 5 they are somewhat different from the measured ones. 
Nevertheless, all obtained results fall to the interval from the minimum to maximum calculated values, 
inside of 30 m radius with centers at the sensor locations. 

Table 1. Wave heights obtained by the ARTEMIS model and recorded during physical 
modelling for the study of the South waves impact on the western side of the breakwater. The min 
and max values of the calculated heights are the calculated values inside of the circle with the 
radius of 30 m with the center at the sensor location. 

Control 
location 

Measured wave 
height, m 

Water depth 
(physical model), 

m 

Calculated wave height, m Water depth 
(numerical 
model), m 

Control 
point 

min max 

1 8.5 22 8.21 7.00 10.02 20.59 

2 1.01 15 0.45 0.02 1.67 14.99 

3 0.74 13 2.32 0.21 4.45 13.00 

3' 0.94 13.5 0.99 0.23 3.9 13.47 

4 1.61 18 2.12 1.28 2.78 18.00 

5 0.62 11.5 0.37 0.22 0.69 11.39 

 

The graphical representation of the calculated and measured values is shown in Figure 10. 

 

 

Figure 6. Modelling domain of the study of the South Waves impact  
on the western side of the breakwater. The wave-generating boundary is in blue.  

Free boundaries are in green. Other boundaries are reflecting boundaries with kr = 0.9 (brown), 
kr = 0.5 (yellow). The control locations 1, 2, 3, 3’, 4, and 5 correspond  

to the locations of the wave sensors during physical modelling 
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One of the reasons for the difference between the wave heights, measured and calculated, can be 
that the wave field for the monochromatic wave is significantly inhomogeneous and shows changes in a 
series of maximums and minimums. As a result of frequent waves’ reflections and interferences, the 
partial standing waves occur at the port water area. Thus, significant changes in the wave heights at the 
control location can be observed. Correspondingly, in spite of the similarity of the wave fields of physical 
and numerical modelling, a small offset of the minimums and maximums can lead to a significantly 
different result at the control location. However, within the definite distance from the control locations, the 
calculated heights close to the measured ones can be found. Therefore, to compare the results, the 
calculated values within the radius of 30 m or a ¼ of the average wave length of 120 m were considered 
and are shown in Table 1. The results of the measured values reside in the minimum maximum interval 
for all control locations. The same method of comparing the calculated and measured results was applied 
to the other three studies, and the same trend was observed. 

 

Figure 7. Calculated waves phases for the physical model of the port water area for the study of 
the South Waves impact on the western side of the breakwater 

 

Figure 8. Calculated wave heights for the physical model of the port water area  
for the study of the South Waves impact on the western side of the breakwater.  

Wave heights are shown in colors and in numbers at the control locations 
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Figure 9. General view of the wave field generated by South Waves  
during physical modelling 

 

 
Figure 10. Measured and calculated wave heights.  

Study of the South Waves impact on the western side of the breakwater 

In published works of other authors, a detailed comparison of wave fields on the water area of the 
port derived from physical and numerical modelling was not touched upon. 

Conclusions 
When comparing the results of physical and numerical modelling of the wave field at the port water 

area, the phenomenon of forming partial standing waves with different intensities at different locations 
should be considered. In the case of the partial standing wave occurrence, the calculated and measured 
heights of waves at the corresponding locations can be significantly different. It is recommended to 
compare the calculated results with the measured results within the radius of a ¼ of the average wave 
length from the location where the waves were measured. The calculated maximum and minimum wave 
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heights within the radius and the calculated wave height at the control location should be used to 
compare with the measured result at the control location. 

The approach to comparing the results has been used to study waves at the water area of the 
projected oil-tanker port at Vostok Bay, the Sea of Japan. The approach also allows determining the use 
of the numerical model of wave diffraction. 

The obtained research results allowed choosing the numerical model used to study options for the 
design of protective structures of the projected port. 
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Abstract. One of the primary problems solved for increasing energy efficiency of a building is 
increasing of the insulating properties of the building envelope. The paper describes the method for 
determining the coefficient of thermotechnical uniformity by analyzing a thermogram of parts of a building 
envelope. The method is based on obtaining temperature distribution matrix on the surface of a building 
envelope fragment by thermography. Two methods for assessing the coefficient of thermotechnical 
uniformity are proposed. One method for determining the coefficient of thermotechnical uniformity is 
based on obtaining mean temperature values by numerically processing thermograms, another on 
numerical integration along the contour lines of temperature curves. 

Аннотация. Одной из приоритетных задач, решаемой при повышении энергетической 
эффективности зданий, является повышение теплозащитных свойств их наружных ограждающих 
конструкций. В данной работе изложен метод оценки величины коэффициента теплотехнической 
однородности из анализа термограмм наружных ограждающих частей зданий. Метод основан на 
получении путем термографирования матрицы распределения температуры на поверхности 
фрагмента ограждающей конструкции. Предложены два способа оценки величины коэффициента 
теплотехнической однородности. Один способ оценки величины коэффициента теплотехнической 
однородности основан на получении усредненных значениях температур путем числовой 
обработки термограмм, другой – на численном интегрировании вдоль контуров линий 
температурных кривых. 

Introduction 
In Russian Civil Engineering, a dimensionless thermal uniformity coefficient r of the building 

envelope or its fragment is widely used. This coefficient is determined as r = R0
rel/R0

r ,  

where R0
rel – conventional thermal resistance of a multilayer building envelope having uniformal layers, 

that is calculated from R0
rel = Rsi + ∑ dk/λk + Rse (Rsi , Rse – thermal resistances of the internal and the 

external building envelope layers, m2 ∙ K/W; λk – thermal conductivity coefficient of the k-th uniformal 
layer, W/(m ∙ K); dk – thickness of the layer, m ); R0

r  – reduced thermal resistance of a non-uniformal 

building envelope, calculated from R0
r = (tint − text) ∙ A/Q, where tint, text – internal and external air 

temperatures, ℃; А – surface area of a non-uniformal building envelope or its fragment, m2; Q – total heat 
flux through this surface, W. The value of the total heat flux Q through the non-uniformal building 
envelope, containing “thermal bridges” (thermal conductive insertions, gaps, corners, etc.) is determined 
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from numerical computer aided calculation of thermal fields or experimentally. Knowing the value of 
thermal uniformity coefficient the designer is able to perform quick evaluation of R0

r  .  

Non-uniformal segments of the building envelope (so called "thermal bridges" – joints, dowels, 
thermal inserts, etc.) take a considerable area of the building envelope that is why they have a 
considerable impact on insulating properties and durability of the construction [1–3]. Looking for 
engineering solutions for increasing thermal uniformity of the building envelope is one of the relevant 
tasks solved by the modern thermal engineering. Both simplified and detailed calculation methods for 
determining heat transfer (thermal resistance) coefficients of building envelope are well developed and 
available today [4–6]. 

Surface thermography is performed according to Russian standards. However, the obtained 
thermograms due to random impacts of side effects are qualitative. The procedure for thermogram 
procession has several parameters, providing for alterations in temperature and color match. The core 
parameters are surface radiation coefficient of the construction – a measure of radiation, emitted by the 
object, compared to the ideal black body and apparent reflected temperature – a parameter, used to 
compensate radiation of other bodies [7, 8].  

Thermographic analysis is a useful tool for evaluating energy performance a building. It also may 
be used to verify the presence of air seepage, moisture or water leaks. It is difficult to understand in 
details all the parameters that influence the thermal scene, that’s why infrared thermography is not 
commonly used for quantitative diagnosis [9, 10]. 

Most studies involving infrared thermography in building monitoring leads to qualitative results. The 
technology of infrared cameras has advanced and thermal maps generated by the latest models offer a 
lot of information in terms of image definition. Better quality of the IR sensors makes the information more 
accurate. The software for image processing has advanced the most, in terms of graphics management 
of the pictures: a single shooting makes it possible to make many more evaluations, changing the 
parameters, to locate homogeneous areas and make very precise calculation of the average values of 
temperatures. A complete methodology based on the infrared thermovision technique has been 
developed to reach quantitative data of thermal transmittances of building envelopes [11].  

In practice [12] analysis of infrared thermography measurements on a multi-layered wall is a handy 
tool for thermal monitoring of the walls of a building with tenants. Estimating unknown parameters in the 
modeling in order to determine the thermal resistance of the wall. Identification is achieved by solving the 
corresponding inverse problem formulated in the least-squares sense. 

In [13] a study is presented to calculate the U-value in building envelopes starting from IR 
thermography. The absolute deviation between the notional and the measured U-values for IR 
thermography is found to be at an acceptable level, being in the range of 10 % – 20 %. 

The objective of the study presented by [14] is to calculate the sensible heat flux from the exterior 
surface of buildings using time sequential thermography, based upon an appropriate simplification of the 
building model. The authors analyzed the thermograms, dividing them into zones by constructing 
polygons and according to temperature, shape, material and position.  

The authors of [15] wished to define a methodology to determine the level of thermal insulation in 
old buildings through spot measurements of thermal resistance and planar infrared thermography. 
Currently, the available approaches to evaluate the U-value in existing buildings are: non-destructive 
methods using heat flux sensors or infrared thermography or destructive methods.  

The authors of [16] presented a method to calculate the U-value with IR. To validate their method, 
they compared IR results with measurements using a heat flux apparatus to obtain the wall heat fluxes 
and surface temperatures, and U-values were calculated using Fourier’s law, taking into account 
radiation and convection phenomena.  

The proposed method is based on the fact that the temperature distribution field, obtained by the 
thermography, may be corrected ("calibrated") using the values of temperatures, measured by sensors, 
placed in several specified points. Thus, a qualitative thermogram is transformed into a numerical array of 
quantative data on temperature distribution across the outer surface of the building envelope. 
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Methods 

Determining the coefficient of thermotechnical uniformity  
for a fragment of the building envelope 

Stage one is selecting (using thermography) of thermally uniformal sections of the building 
envelope (the reference areas). Next, via contact method, temperature is measured in the selected points 
of the internal surface of the uniformal fragments of the building envelope, using temperature sensors. 

Thermograms are processed using specialized software provided by the thermovisors 
manufacturers (for example ThermaCАМ, FLIR systems). Using the parameters specified above 
thermograms is calibrated according to the temperature measured by the sensors in the selected points. 
In this way we achieve equality of temperatures measured by the sensors and obtained from 
thermography. Then thermograms are digitized and processed using a software tool created in MATLAB. 
[17–20]. 

For each building envelope fragment, three types of elements are selected: surface, linear and 
point. Surface elements are "smooth" parts of the building envelope fragment, having uniform heat flow 
density. Linear elements – panel joints, window and door esconsons – elements that have one dimension 
significantly smaller than the other one and insignificant compared to the examined element of the 
building envelope. Point elements – metallic panel connections, dowels, pins etc. – are elements, with 
insignificant dimensions of their projection on the surface of the fragment of the building envelope. Тhe 
coefficient of thermotechnical uniformity of the building envelope fragment containing linear and point 
thermal non-uniformities is determined from the equation: 

𝑟 =
1

1+𝑅0∙(∑
𝐿𝑗

𝐴
∙Ψ𝑗+∑

𝑁𝑘
𝐴

∙χ𝑘 )
 , 

(1) 

where 𝑅0,∙ 𝑚2𝐾/𝑊  – conditional thermal resistance of the building envelope fragment; 

Ψ𝑗 = Δ𝑄𝑗/(𝑡𝑖𝑛𝑡 − 𝑡𝑒𝑥𝑡) – specific heat loss through the j-th linear thermal non-uniformity, 𝑊/(𝑚 ∙ 𝐾)  

(linear heat transfer coefficient); 

Δ𝑄𝑗 – additional heat loss through linear thermal non-uniformity, 𝑊/𝐾; 

𝑡𝑖𝑛𝑡 , 𝑡𝑒𝑥𝑡 – the temperature of the internal and external air respectively, ℃ ; 

𝐿𝑗/𝐴 – ratio of the total length  𝐿𝑗 , 𝑚   of the j-th linear element to the total area of the fragment  𝐴,∙

𝑚2 ; 

𝜒𝑘 – specific heat loss through the k-th point thermal non-uniformity, 𝑊/𝐾 (point or volumetric heat 
transfer coefficient); 

𝑛𝑘 = 𝑁𝑘/𝐴 – the ratio of average number of point elements 𝑁𝑘 to the total area of the fragment  𝐴,∙
𝑚2.  

The first method for assessing the coefficient of thermotechnical uniformity value is based on the 
average temperature values, obtained by numerical procession of the thermograms: 

   

𝑟 =
1

1+(∑
𝐿𝑗

𝐴
∙𝑏𝑗

𝑚𝑒𝑎𝑛∙Δ𝑗+∑
𝑁𝑘
𝐴

∙𝐴𝑘
𝑚𝑒𝑎𝑛∙Δ𝑘 

)
, 

(2) 

where, 

 Δ𝑘 =
𝜏𝑘

𝑚𝑒𝑎𝑛−𝜏0
𝑚𝑒𝑎𝑛

𝜏0
𝑚𝑒𝑎𝑛−𝑡𝑒𝑥𝑡

 , 
(3) 

𝜏𝑘
𝑚𝑒𝑎𝑛 – average temperature of the surface of the building envelope fragment, determined from the 

thermogram analysis, ℃ ; 

𝜏0
𝑚𝑒𝑎𝑛 – average temperature of the uniformal part (reference area) of the external surface of the 

building envelope, ℃ ; 

𝑏𝑗
𝑚𝑒𝑎𝑛 – average width of a linear thermal non-uniformity of the j – kind of the external surface of 

the building envelope, 𝑚; 

𝐴𝑘
𝑚𝑒𝑎𝑛 – average area, with a point thermal non-uniformity of the k – kind, 𝑚2. 
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The second method for determining the coefficient of thermotechnical uniformity is based on 
numerical integration along the contour lines of temperature curves. 

The value of Ψ,∙ 𝑊/(𝑚 ∙ 𝐾) in the equation (1) is determined from the ratio  

Ψ =
𝑞𝐿−𝑞0∙𝑑

(𝑡𝑖𝑛𝑡−𝑡𝑒𝑥𝑡)
 , 

(4) 

where 𝑞𝐿 − 𝑞0∙𝑑,∙ 𝑊/𝑚 – additional heat loss through linear thermal non-uniformity; 

 𝑞𝐿 = ∫ 𝑞(𝑥)𝑑𝑥 ≈ ∑ 𝑞𝑖 ∙ 𝑥𝑖 ,∙
𝑊

𝑚
  𝑛

𝑖=1
𝑑

0
 – numerical integral of heat flow density along the line, having length of 

𝑑, 𝑚, perpendicular to the linear non-uniformity; 𝑞0,∙ 𝑊/𝑚 – value of the heat flow density through the 
uniformal reference area.  

Value of specific heat loss through the point non-uniformity 𝜒,∙ 𝑊/𝑚 in the equation (1), may be 
calculated by integrating the volume along the temperature curve contour, obtained from a thermogram: 

𝜒 =
ΔQ

Δt
=

𝜋∙∫ 𝑓2(𝑞)𝑑𝑞
𝑞𝑚𝑎𝑥

0

(𝑡𝑖𝑛𝑡−𝑡𝑒𝑥𝑡)
=

𝜋∙∑ 𝑥𝑖
2𝑞𝑖

(𝑡𝑖𝑛𝑡−𝑡𝑒𝑥𝑡)
  , 

(5) 

where 𝑞𝑖 = 𝛼𝑒𝑥𝑡(𝜏𝑒𝑥𝑡,𝑖 − 𝑡𝑒𝑥𝑡),∙ 𝑊/𝑚2 – value of the heat flow density through the external surface of the 

building envelope fragment; 𝜏𝑒𝑥𝑡,𝑖 – the temperature in the i-th point of the external surface of the 

fragment ℃, determined from thermograms as well as by direct measurements in several reference 

points; 𝛼𝑒𝑥𝑡 ,∙ 𝑊/(𝑚2𝐾)   – surface coefficient of heat transfer, determined from measurements.  

Тhe coefficient of thermotechnical uniformity of the entire building envelope sample is calculated as 
the weighted average of the fragments: 

𝑟 = ∑ 𝐴𝑖𝑟𝑖 / ∑ 𝐴𝑖 , (6) 

If beside the temperature sensors a calorimeter for measuring the heat flow is placed in the 
reference points of the building envelope, it gives an opportunity to determine the surface coefficient of 
heat transfer of the internal surface allowing determining the value of the thermal resistance of the 
building envelope fragment.  

Results and Discussion.  
Let us evaluate the coefficient of thermotechnical uniformity of a panel based on the thermograms 

shown on Figure 1. 

The area of opaque part of the panel equals𝐴 = 5.6 ∙ 2.8 − 1.2 = 14.5 ∙ 𝑚2; 𝑏1
𝑚𝑒𝑎𝑛 = 1.1 ∙ 𝑚; 

 𝐿1 = 5.6 ∙ 𝑚; specific geometric parameter is 𝐿1/𝐴 = 0.38 ∙ 𝑚−1; average temperatures, obtained from 
analysis of several dozens of similar areas from different thermograms of the same building: 
 𝜏1

𝑚𝑒𝑎𝑛 = −6.5 ∙ ℃; 𝜏0
𝑚𝑒𝑎𝑛 = −7.2 ∙ ℃; average external air temperature is 𝑡𝑒𝑥𝑡 = −7.6 ∙ ℃. Тhe coefficient 

of thermotechnical uniformity of the panels of the examined building equals:  

 𝑟 =
1

1+(
5.6

14.5
)∙1.1∙

(−6.5+7.2)

(−7.2+7.6)

= 0.57 

 

 

Figure 1. Results of processing data from thermograms of a panel building,  
obtained under field conditions  
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Let us evaluate the coefficient of thermotechnical uniformity of a balcony based on the 
thermograms shown on Figure 2. Geometrical parameters of the balcony are 

 𝐴 = 3.1 ∙ 2.8 − 2.5 = 6.2 ∙ 𝑚2; 𝑏1
𝑚𝑒𝑎𝑛 = 0.3 ∙ 𝑚 ; 𝐿1 = 3.1 ∙ 𝑚; specific geometrical parameter is 

 𝐿1/𝐴 = 0,50 ∙ 𝑚−1. Average temperatures, obtained from the thermogram analysis for this building are: 

𝜏1
𝑚𝑒𝑎𝑛 = −6.9 ∙ ℃; 𝜏0

𝑚𝑒𝑎𝑛 = −8.4 ∙ ℃; average external air temperature is 𝑡𝑒𝑥𝑡 = −8.8 ∙ ℃; the coefficient of 

thermotechnical uniformity equals: 𝑟 =
1

1+(
3.1

6.2
)∙0.3∙

(−6.9+8.4)

(−8.4+8.8)

= 0.64 

 

Figure 2. Results of processing data from thermograms of a panel building 

Let us evaluate the coefficient of thermotechnical uniformity of the place where the window unit fits 
the panel (Figure 3). Geometrical parameters are 𝑏1

𝑚𝑒𝑎𝑛 = 0.2 ∙ 𝑚 ; 𝐿1 = 4.4 ∙ 𝑚; 
 𝐴 = 3 ∙ 2.5 − 1.2 = 6.3 ∙ 𝑚2; specific geometrical parameter is 𝐿1/𝐴 = 0.69 ∙ 𝑚−1; average external air 
temperature is 𝑡𝑒𝑥𝑡 = −6.4 ∙ ℃; average temperatures obtained from thermogram analysis are 
 𝜏1

𝑚𝑒𝑎𝑛 = −2.8 ∙ ℃; 𝜏0
𝑚𝑒𝑎𝑛 = −6.0 ∙ ℃. The coefficient of thermotechnical uniformity equals: 

 𝑟 =
1

1+(
4.4

6.3
)∙0.1∙

(−2.8+6.0)

(−6.0+6.4)

= 0.69 

 

Figure 3. Results of processing data from thermograms of a panel building 

Let us evaluate the coefficient of thermotechnical uniformity caused by metallic pins (Figure 4). 

Average number of pins within 1 ∙ 𝑚2 is 5; the area of the point thermal non-uniformity is 

 𝐴𝑘
𝑚𝑒𝑎𝑛 = 7.85 ∙ 10−3; average external air temperature is 𝑡𝑒𝑥𝑡 = −9.9 ∙ ℃; average temperature in the 

vicinity of a point thermal non-uniformity caused by a metal pin is 𝜏1
𝑚𝑒𝑎𝑛 = −7.3 ∙ ℃; average temperature 

of the reference area is 𝜏0
𝑚𝑒𝑎𝑛 = −9.6 ∙ ℃. The coefficient of thermotechnical uniformity of a fragment of a 

building envelope, containing metal pins equals:  𝑟 =
1

1+5∙7.85∙10−3∙
(−7.3+9.6)

(−9.6+9.9)

= 0.76 
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Figure 4. Results of processing data from thermograms of a panel building 

Figure 5 contains thermograms showing linear thermal non-uniformity caused by the gaps 
between mineral wool panels and point thermal non-uniformity, caused by the metal pins. Values the 
coefficient of thermotechnical uniformity calculated using equations (5), (4) and (1) equal 𝑟 = 0.94 (for 
gaps between panels) and  𝑟 = 0.81 for metal pins. 

 

Figure 5. Thermograms, showing linear (left) and point (right) thermal non-uniformities  
of the external surface of samples tested in a climatic chamber 

Conclusion 
The proposed method is an efficient way to assess the thermal insulation quality of a tenanted 

building. It allows to: 

- assess the thermotechnical uniformity coefficient of a fragment of building envelope under the 
field conditions; 

- locate under the field conditions flawed elements having thermotechnical uniformity coefficient 
significantly lower than the average value for similar constructions which in turn provides an opportunity 
to study the insulation quality of said fragments. 

The paper presents analytical equations allowing to evaluate the value of the coefficient of 
thermotechnical uniformity by analyzing thermograms.  

A more detailed analysis of design decisions may be carried out based on this method to further 
improve them and reduce the impact of heat conductive elements on the overall performance of the 
fragment. 

Several examples of processing thermograms obtained in the field conditions using the 
abovementioned equations are shown. 

The described method of determining the coefficient of thermotechnical uniformity and thermal 
resistance of building envelope fragments tested in a climatic chamber may be used in addition to 
methods, described in Russian standards, allowing to reduce the testing time. The method is based on 
combining measuring of the temperature of the uniform building envelope fragments with analyzing 
temperature fields obtained by thermography.  
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The coefficient of thermotechnical uniformity is determined by dividing the difference between the 
internal air temperature and mean temperature of a uniform building envelope fragment by the difference 
between the internal air temperature and mean temperature of a non-uniform building envelope fragment. 

 If in addition to the temperature the heat flow density is measured in the chosen spots, it is 
possible to calculate the surface coefficient of heat transfer for the interior surface. This allows evaluating 
thermal resistance of the fragment, based on the thermogram.  

A software piece for data analysis was developed to determine the value the coefficient of 
thermotechnical uniformity and thermal resistance of a building envelope fragment based on temperature 
fields, obtained from thermograms. 
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