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Abstract. The problems of experimental and theoretical research on the stressed and deformed 
state of steel structures under emergency actions are particularly relevant. Тhis paper proposes 
experimental and theoretical research methodology, which is used on the basis of an example of 
research on a full-length truss as part of the frame for an industrial buildings workshop. Components of 
the stressed-strained state of the structure are determined experimentally in the course of a simulated 
emergency situation. As emergency impacts, this paper considers the detachment of the air-cooling unit 
attached to a node of the lower chord of the truss. Experimental data is gathered through the joint use of 
the crate system, cable sensor and PC. The finite-element modelling of the structure behavior is 
performed based on the direct integration of differential equations of motion of the system subject to the 
local dynamic effects, and a comparison of data obtained with experiments results. As a result of using 
the test methodology we obtained the maximum weight of technological equipment fastened to the roof 
truss, while ensuring its normal operation in case of an emergency related to the failure to affix the 
equipment. 

Аннотация. Предлагается методика экспериментально-теоретических исследований 
стальных конструкций при не учитываемых в нормативных документах запроектных воздействиях, 
которая реализуется на примере стропильной фермы в составе каркаса цеха промышленного 
здания. Экспериментальным путем определяются компоненты напряженно-деформированного 
состояния конструкции при моделировании аварийной ситуации. В качестве запроектного 
воздействия рассматривается отрыв воздухоохладительной установки, закрепленной к узлу 
нижнего пояса фермы. Сбор экспериментальных данных осуществляется при совместном 
использовании крейтовой системы, тросового датчика и персонального компьютера. Выполняется 
конечно-элементное моделирование поведения конструкции на основе прямого интегрирования 
дифференциальных уравнений движения системы, подверженной локальным динамическим 
воздействиям, и сопоставление полученных данных с результатами экспериментов. В результате 
определена максимальная масса технологического оборудования, закрепляемого к стропильной 
ферме, при обеспечении ее нормальной эксплуатации в случае возникновения ненормируемой 
аварийной ситуации, связанной с отказом крепления оборудования.  
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Introduction 
The most important requirement when designing construction facilities is to ensure the mechanical 

safety of buildings and structures. Many researchers consider issues aimed at improving structural 
systems at ability to endure local damage. Of particular importance is the design of facilities with high 
level of responsibility, for which it is necessary to take into account actions that are not covered under 
buildings normal operation (so-called beyond-design actions). Incomplete or inadequate research on 
such action may result in severe socio-economic consequences. Research related to the design of safety 
design systems is one of the priority areas in the development of architectural engineering. Much 
attention is paid to the study of concrete and steel structures. As an example of emergency situations, a 
number of authors [1–6] have considered the processes of dynamic added stress on concrete systems, 
when excluding individual support links. An analysis of the ultimate static and dynamic effects in steel 
structures under emergency action, related to the maximum permissible loading or the exclusion of 
individual elements or supports from the design scheme, is reflected in papers [7–13].  

Experimental and theoretical research on full-sized steel trusses and beams are of particular 
interest. In this case, experimental research is carried out both on designed [14, 15] and reconstructed 
[16] facilities. Through experiments, such basic observed values as the deformation of the rods [15], 
prestress levels of elements [14], and the parameters that describe the behaviour of nodal joints under 
static and dynamic loads [13, 17] are simulated for the designed structures. Much attention is awarded to 
emergencies. The most common beyond-design actions on building structures involve localised damage 
to one element or a group of elements as a result of fire exposure [18], ultimate loading [9, 19], removal 
of individual supports (pillars of the post-and-beam system) [13], or a number of scenarios involving 
mechanical local damage [12], dynamic pressure pulsations born by the structure, or [20] the actual load 
on the damaged system [21].  

There is considerable interest in the theoretical and experimental analysis of beyond-design 
actions on structures. It should be noted that the literature has rather neglected the description of 
methodologies and the instrument basis for experimental research on building structures under local 
dynamic actions. In this paper, we propose a method for experimental research on dynamic 
displacements and deformations in steel structures under emergency impact, set forth using the example 
of testing of a steel truss spanning 18m as part of the building frame. This method determines the value 
of the dynamic added stress and the structure’s dynamic displacement. Local dynamic actions were 
modelled using methods for analysing damaged structures, the main provisions of which are set out in 
[22]. 

Methods 
When designing various industrial facilities, the safety of production and technological processes 

must be ensured. At the same time, in some cases, the normative documents do not take all possible 
types of production-related accidents into account. Thus, safety requirements shall be established in 
accordance with client’s technical requirements. To implement such requirements, when considering the 
operating conditions of structural engineering objects, we propose that the following steps be taken: 

 identify and classify possible emergency actions; 

 develop and actually implement the test scheme, simulating an emergency situation. In this 

case, the structure or design system used in the building shall be tested. 

 perform a finite-element simulation and design calculation in the dynamic formulation for the 

considered beyond-design actions, and calculate natural oscillations in the linear and non-linear 

formulations; 

 determine the simulated level of emergency loading. The size of the experimental quasi 

beyond-design basis load (intensity, duration and other action parameters) shall be determined, 

taking the scale factor into account, and making it possible to avoid real damage to the 

structure. For example, the load on the structure (foundation subsidence) should be small 

enough that, when loading, no substantial plastic strain (deformation) occurs, and that system 

returns to its original state following quasi beyond-design actions;  

 conduct an experiment simulating a possible accident. Determine the experimental values of 

coefficients of structural and inertia (if any) damping. Gathering data on the dynamic behaviour 

of these structures must be performed using modern industrial systems to record the values of 

the monitored parameters with a frequency of at least 50 Hz. 
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 conduct a structural analysis, taking into account the damping of vibrations and comparison of 

the results obtained with the experimental data, and a debugging test scheme with a calculation 

scheme that is adjusted if necessary; 

 determine the parameters required, according to the security conditions, for the supporting 

frame system and equipment during beyond-design actions. 

Setting tasks for experimental investigations. It is necessary to perform a dynamic analysis of 
roof truss FS-1, which is in extremely stressed-strained condition and is installed in the meat product 
storage building frame of the meat industry (Fig. 1).  As beyond-design actions, it is necessary to 
consider the breakage of rope R (Fig. 2) connected to the node of the lower chord of the truss and with a 
load 4, while simulating the presence of the air-cooling device.  

a)  

 

 

А 

 

b) 

 

c) 

Figure 1. Object of the experiment: a – solid model: 1 – column 2 – roof trusses,  
3 – secondary truss, 4 – load, 5 – safety ropes, 6 – girders, 7 – braces on bottom chord of a truss, 

8 – suspended ceiling of the sandwich panels, 9 – polymer floor of the shop,  
10 – operated additional building;  

b – view A on the row of transverse frame,  
c – a photo of the object in the course of erection at the stage of installation of braces on bottom 

chords of trusses 

In this case, it is necessary to measure values of the dynamic displacement in the span and 
deformation of the individual structural elements and determine the values of the arising dynamic effects. 
According to the experiment’s results, it is necessary to determine the maximum weight of the air-cooling 
device in ensuring the elastic behaviour of a truss in the event of an emergency situation under 
consideration. 
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Figure 2. The scheme of tests: 1 – column 2 – truss FS-1 investigated, 3 – secondary roof truss,  
4 – load, 5 – safety ropes, R – cut rope, RD – cable sensor,  

A, B – the location of the sections of rods with strain gauges installed 

Description of the structural system to be tested. The object of the experiment is a flat roof 

truss FS-1 spanning 18 m as part of the frame of an industrial building workshop (Fig. 1a). The truss is 
made of square and rectangular pipes as per Russian State Standard GOST 30245-2003: the bottom 
chord of a profile is 140x6, the upper one is 180x6, and the grille is 100x4. The node for connecting rods 
is welded. The truss connections with the column and secondary truss are made of joint-fixed support 
nodes. From the plane, the truss is fastened with braces on the upper and bottom chords. At the level of 
the upper chord, the braces are located in the middle third of the truss span. At the level of the bottom 
chord, they are situated according to the scheme of the support braces’ location, as shown in Fig. 1, pos. 
7, and the one node is fastened. During the tests, the coating weight was taken into account and there 
was no snow load, but in the final calculation of the stress-deformed state, it was ultimately taken into 
account. 

Load 4 is suspended using rope R in the assembly of the bottom chord (Fig. 3). In addition, safety 
ropes 5 are attached to the load in order to ensure the load transfer to the adjacent trusses in the case 
that rope R breaks. The safety ropes and suspension rope were used according to DIN 3055 with a 
diameter of 5/6 mm, type of stranding 6x7 + FC with a breaking force of not less than 11.2 kN. The load 
was made as a steel box, which is filled with steel plates. The total weight of the load is 180 kg. The 
picture of the truss test scheme fragment and assembly with a load is shown in Figure 3. The weight of 
the load was determined on the basis of preliminary calculations in a dynamic setting, taking into account 
the condition that the additional dynamic added load associated with emergency impact did not cause the 
appearance of plastic deformations in the structure. 

Result and Discussion 
Experiment plan. The dynamic test of the truss was planned by the quick mechanical destruction 

of rope R with a load (Fig. 3,b). The state of the truss, through which operational loads were formed, 
including the structure’s own weight and that of the girders and coating, load and safety system, was 
considered as the initial. In this state, it was planned to activate data collection systems for the measured 
values, and using the angle grinder to exclude rope R of the load from loading. According to the results of 
the preliminary dynamic calculation for the impact considered by us, it is necessary to measure 
displacements in time in node D of the truss (Fig. 2), and relative deformations in time in two rods: on the 
bottom chord and in the diagonal member, connected to the assembly from the side of the rest onto the 
column (cross-sections A, B on Fig. 2). Based on the results of measurements, it was planned to 
determine the level of maximum dynamic added loading (increase stress) in rods and maximum increase 
in displacements in case of emergency situation related to the breakage of the real technological 
equipment (air-cooled devices) with different weights.  
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                    а)                                                                                 b) 

Figure 3. Photo of preparing a design for testing: a – general scheme:  
FS-1 – the truss tested in span of 18 m; MMS – mobile measuring station;  

b – the load on the suspension R and safety ropes 

The measurement scheme, devices and equipment. In each of the cross-sections A, B (Figs. 2, 

4, 6), a group of strain gauges TD1-TD4 of the type KF 5P1-3-200B12 with a base of 5 mm and a 
resistance of 200 ohm ± 0.2 were installed. Resistive strain gauge bases were placed in parallel to the 
longitudinal axis of the rod. To affix gauges  on the truss, the glue of cold hardening cyanoacrylate 
“Tsiakrin  AO” was used. Output signals of the strain amplifier were recorded using a crate data 
acquisition system L-CARD LTR EU-2 with chips ADC LTR-212, allowing to carry out a survey of gauges 
with frequency up to 3,000 Hz. The mode information collection with a frequency of 1,536 Hz was used in 
the experiment. Data obtained by the crate system was transmitted to a computer and processed by an 
electronic recorder Lgraph 2.0, which has the ability to visualize the measured deformations in time. At 
point D (see Fig. 2), vertical displacements were measured using the cable sensor SX50-1250-16-L-SR 

with the accuracy of 524 pulses within 1 mm of the cable stroke (
3102  mm), a digital indicator PAX-I, 

and video camera with a recording frequency of 60 frames per second. This cable sensor was attached 
to a steel rod that passed through cover 8 (Figure 1) and attached to a ladder standing on floor 9 of the 
shop. The diagrams of displacements were based on a non-interlaced scan of a video file with the 
recording of the readings of the indicator PAX-I in each of the frames and their further processing. 
Discrete data obtained about the displacements and deformation of the frame were processed in the soft 
MATLAB 2015a with use of the one-dimensional wavelet transform using Meyer wavelet, which allowed 
the removal of noise and maintained continuous dependencies corresponding to the main frequency of 
the truss’ own vibrations. The mechanical properties of steel, which the truss is made from, were taken 

from the test report attached to the steel certificate. Yield stress of the material MPaт  20340  , 

relative deformations т =  .0004.00015.0   

а)   b)  

Figure 4. Location of strain gauges  in sections A, B (a) 
 and scheme of installation of the cable sensor (b) 
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Figure 5. MMS: crate system, cable sensor and 
an indicator connected to a computer 

Figure 6. Installation of strain gauges on the 
truss rods 

At the emergency impact considered, the additional loading of the truss has not caused a 
significant formation of permanent deformations. The view of the load 4 (Fig. 2) after the rope R breakage 
is shown in Figure 7.  

 

Figure 7. The load on the safety ropes 

 

Figure 8. Installed air-cooling devices 

The damping of the structure’s vibrations was observed for 0.4–0.7 seconds after the emergency 
impact. Figure 9 shows the data of the measured values of longitudinal deformations   and the vertical 

displacement of point D (see Fig. 3, 4, b), which shows that the maximum modulus of the values of 
displacements and deformations are achieved in the first quarter of the period for the main form of 
vibrations.  
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a)  

b)  

c)  

Figure 9. Graphs of changes of deformations in time:  
а – deformations registered by the strain gauge TD1 on the lower chord;  

b – readings of the gauge TD2 on the diagonal member compressed;  
c – the vertical displacements of the point D measured using the cable sensor 

Calculation of beyond-design actions. The truss calculation was performed in a dynamic setting, 
taking into account the material’s linear-elastic behaviour and based on the methodology described  
in [22]. To analyse the dynamic behaviour of the truss system, the equation was used: 

                )()( tGtFZRZZCZZM   , (1) 

where    ZM ,    ZС  – matrices of the masses and damping;    ZR ,  Z – vectors of nodal 

reactions and generalized nodal displacements;  )(tF  – vector of loads acting on the normative actions; 

G   – vector, defined by gravity forces of drop; )(t  – Heaviside function. 

On the basis of applying the method of the peaks set forth in the paper [23], the value of the 

structural damping coefficient  0.02 was calculated. In the case of load impact, the dynamic yield limit

D
т  shall be determined in a simplified way according to the recommendations of [23]: 

т
D
т   1711.1 where   is the lowest frequency of the structure’s vibrations. According to 

experimental measurements, it is 1.27 Hz for the investigated structure. Then we have

МPа4273201.271.1 171 D
т . We introduced single supporting fastenings at the joints with 

braces at the upper and bottom chords of the adjacent trusses. The object’s deformations were described 
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by the rod finite elements. The secondary roof truss was discretised in a simplified way, as its stress-
deformed state was not considered in detail (Fig. 10). 

 

Figure 10. Design and deformed scheme of the truss at time t0 before removing the load 

The actions from operating loads on the truss were taken into account in the form of concentrated 

nodal masses m1- m6 on vertical degrees of freedom. The mass m1 takes into account the presence of 

girders and cover structures of the shop, m2 – the ceiling affixed on suspensions (see Figure 3,a),  

m3 = m2 + m4 , m4 – one-third of the weight of the installer cutting the rope, m5 – mass born by the 

secondary roof structure from the action of the truss and structures resting on it in a nearby span, 

m6 = m2 /2. The force of gravity of the load Py = -1765 N (Fig. 11) was taken into account. The value t0 

was determined under the condition of damping for vibrations of the system after the load is affixed on 
the structure. After this time, the load was removed.  

Figure 12 reflects the truss deformation according to beyond-design actions at t = 0.375 s, which 

corresponds to its maximum bending. The scale of movements has increased 100 times in comparison 
with the scale of the object image. The graph of the point D movement is shown in Fig. 13. The table 
compares the results of theoretical analysis of the truss with experimental data, according to the values of 

the modulus of maximum vertical displacement in time at the point D  
maxDV  and the maximum in time 

stresses in the rods. Table 1 shows that calculated and experimental data are satisfactorily matched. The 

results of the actual additional loading on the truss, depending on the weight
max

m  of refrigeration 

systems, are shown in Table 2. Here, 
max

 is the truss margin of safety. 

 

Figure 11. Change in force in time 
 

 

Figure 12. The design and deformed scheme of the truss at time t=0.375 s after removing the load 
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Figure 13. Results of the theoretical calculation of point D displacement in time 

Table 1. Results of experimental and theoretical research on truss FM-1  

Measurements 
using a cable 
sensor and 

strain gauges 

(Figs. 2, 4) 

4

max
10DV , m   1S , kPa 2S , kPa 

Experiment Calculation Experiment Calculation Experiment Calculation 

Node TD 1.340 1.678 - - - - 

Lower 
chord rod 

TD1 - - 9500 11000 - - 

TD2 - - 4400 7900 - - 

TD3 - - 7300 11000 - - 

TD4 - - 6100 7900 - - 

Diagonal 
member 

TD1 - - - - 3100 4100 

TD2 - - - - 8400 4600 

TD3 - - - - 5500  4100 

TD4 - - - - 2100 4600 

 

Table 2. Results of experimental and theoretical research on truss FS-1 

Name Values of dynamic additional loads at the breakage of the air-cleaning 

 device at a mass 
max

m kg 

 180* 200 500 800 1100 1400 1700 2000 

max
 , MPa 11* 12 31 49 67 86 104 122 

  

* the value is obtained experimentally, and the remaining values obtained by the linear interpolation. 

We did not find in the literature of similar facilities to compare the results of experimental studies. 
However, the overall behavior of the object under emergency exposures, which are considered, perfectly 
corresponds to the dynamics of structures, studied in the works [11, 12, 21], with similar effects. 

Conclusions 
This paper has proposed a method for experimental and theoretical research on the stressed and 

deformed state of steel structures under emergency actions not taken into account in design standards. 

1. We have established that calculations and tests on the truss as part of the building frame under 
actual impact have confirmed the efficiency of the proposed methodology of the investigation designs in 
emergency situations, as well as the accuracy of the paper proposed by the authors [22] about modifying 
the method for calculating systems damaged by directly integrating equations for objects’ motion.  

2. We have found that, for the considered beyond-design impacts on the truss, the maximum 
values of displacements and deformations were observed in the first quarter of the period of the main 
form of vibrations, which can be used in assessing such structural systems’ ability to survive. 
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3. When solving the problem of determining the mass of the air-cooling device, the breakage of 
which has had a impact on the design of the truss, we found that the level of dynamic additional loading 
in the rods, at the values of this mass not exceeding 500 kg, has had no significant effect on the support 
system’s stress-strain state. 
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Abstract. The article reviews the research results of influence of a complex modifying agent on 
rheological properties of cement-water paste and cement stone strength. The article describes the 
processes of hydration and structure formation of cement stone, the special aspects of the phase 
constitution of Portland cement hydration products in the process of modifying by complex admixture. 
The behavior of cement hydration in composition with the complex modifying agent have been shown by 
means of measuring the hydrogen-ion concentration, by sedimentation, contraction and heat emission of 
cement suspension. There is the decreasing of the degree of cement stone hydration because of 
blocking action of the superplasticizing admix and hydrophobisator during the initial stage. Studying the 
cement stone spalls with the aid of electron microscopy has showed that there are the crystallized 
hydrated newgrowths with smaller dispersive capacity in composition with the complex modifying agent 
than the ones without introduction of admixtures. The increasing of concentration of hydrated calcium 
sulfoaluminate in pores and capillaries, the increasing of the specific surface area of hydrated phases 
both in the general structure of cement stone and in structure with regions of imperfections, the voids 
content decreasing lead to the material hardening. The way of cement stone structure formation in 
composition with the complex modifying agent is found by means of differential thermal and X-ray phase 
analyses. This way is shown in the composition with a complex modifying agent manifested in blocking 
effect SP and HP, resulting in a reduced amount of portlandite and high content of the starting phase the 
cement clinker, wherein the MTK is reacted with calcium hydroxide, which helps to seal material. 
Reduction of ettringite in the composition with a complex modifying agent is associated with precipitation 
of superplasticizing admix molecules on C3A particles, which limits interaction with water. 

Аннотация. В статье рассмотрены вопросы повышения эксплуатационных характеристик 
самоуплотняющегося бетона, путем модифицирования структуры цементного камня 
разработанным комплексным модификатором. Изучено влияние комплексного модификатора и 
его компонентов: гиперпластификатора (ГП), гидрофобизатора (ГФ), метакаолина (МтК) на 
реологию, тепловыделение, контракцию цементного теста, а также на предел прочности при 
сжатии, микроструктуру и фазовый состав цементного камня. Введение комплексного 
модификатора позволяет повысить прочность цементного камня на 75 % по сравнению с 
контрольным. Определение кинетики изменения показателя рН, седиментации, контракции и 
тепловыделения цементных суспензий выявлен характер гидратации цемента в составе с 
комплексным модификатором, проявляющийся в начальном замедлении степени гидратации 
цементного камня из-за блокирующего действия гиперпластификатора и гидрофобизатора. 
Изучение сколов цементного камня с помощью электронной микроскопии показало, что в составе с 
комплексным модификатором кристаллические новообразования формируются значительно 
меньшей дисперсности, чем в составе без добавки. Увеличение концентрации 
гидросульфоалюмината кальция в порах и капиллярах, увеличение удельной поверхности 
гидратных фаз, как в общей структуре цементного камня, так и в дефектных областях 
пространственного скелета, уменьшение пористости приводит к упрочнению материала.  
Методами дифференциально термического и рентгенофазового анализа установлен механизм 
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структурообразования цементного камня в составе с комплексным модификатором,  
проявляющийся в блокирующем эффекте ГП и ГФ, что выражается в пониженном количестве 
портландита и большем содержании исходных фаз цементного клинкера, при этом МТК 
взаимодействует с гидроксидом кальция, что способствует уплотнению материала. Уменьшение 
эттрингита в составе с комплексным модификатором связано с осаждением молекул 
гиперпластификатора на частицы C3A, ограничивающем взаимодействие с водой. 

Introduction 
The problem of high-functional durable concrete production is topical to the present day.  Such 

kind of concrete is usually used as underlay of buildings. Moreover, structuring the hardened cement 
paste, that has high density, low capillary porosity and consists of predominantly low-basic hydrated 
phases, is top priority [1–4]. One of the simplest and most effective methods of improving the cement 
composition properties is introduction of complex admixtures, which contains effective superplasticizing 
admixes, hydrophobic waterproofing agents and active mineral admixtures. Literature review and data 
analysis of these components have shown the following. 

The effective superplasticizing admix is an important part of self-compaсting concrete (SCC) [5]. 
This modifying agent makes it possible not only to increase the concrete consistency under the low water 
to cement proportion, but also to get high-performance, durable concrete with high density. Furthermore, 
most advanced superplasticizing admixes based on polycarboxylic ethers are the most effective [6-8, 13].  

The increasing of freeze-thaw resistance, waterproofing capacity and exterior resistance can be 
achieved by introduction of water-repellent admixtures [9-11]. The silicone waters based on sodium and 
potassium siliconates are of primary concern. Moreover, consideration must be given to retardancy of 
cement hydration under the high hydrophobisator’ dosages because of hydrophobic film occurring on the 
surface of reactants and impeding the process of hydration during the initial period [12].   

With the purpose of optimizing the SCC’s grain size composition and exclusion of water gain and 
concrete disintegration it is necessary to add fine-dispersed components to concrete composition. 
Ground meal, microsilicasuspension, boiler fly ash, rice husk ash, floured glass sand and metakaolin are 
used for this component. Scientists highlight metakaolin among the above listed [14-16], which has stable 
content and properties. Besides, metakaolin has a pozzolanic effect, as it reacts with Ca(OH)2 during the 
late curing time and therewith increases the resistance to aggressive media  and cement stone 
strength[17, 18]. 

The authors have developed a complex modifying agent for self-compacting concrete, comprising: 
superplasticizer – 1.5 %, hydrophobisator – 0.15 %, metakaolin – 5 % by weight of cement. Optimization 
of complex modifying agent components is shown in [19, 20]. 

Therefore the aim of the research is studying the influence of the complex modifying agent and its 
components on the special aspects of micropatterning and structuring phase composition of cement 
stone. 

The effective and simple way of achievement of the polyfunctional effect and the full realization of a 
capability of all the components is introduction of complex admixtures. There are famous scientists 
S.S. Kaprielov, V.I. Kalashnikov, L.Ya. Kramar, A.V. Sheinfeld, B.Ja. Trofimov, H.-S. Kim, S.-H. Lee 
celebrated for scientific research of the investigation the influence of the complex admixtures, consist of 
plasticizing agents and active mineral admixtures (AMA), on process of hydration and structure formation 
of cement stone [2, 17, 18, 21, 22]. V.G. Batrakov’s studies about the complexes with plasticizing agent 
and hydrophobisator are also well known [12]. But the complexes which contain a plasticizing agent 
based on polycarboxylic ether, an organosilicone hydrophobisator and metakaolin as AMA are 
underinvestigated. Consequently, the investigation of the influence of superplasticizing admixture, 
hydrophobisator and metakaolin in composition of complex modifying agent on the strength, 
micropatterning and structuring phase composition of cement stone is the site of special scientific 
interest. 

The object of the research is studying the influence of the complex modifying agent and its 
components on the special aspects of micropatterning and structuring phase composition of cement 
stone. 

In order to learn these aspects it is necessary to get around the following problems: 

 to learn the influence of complex modifying agent and its components on setting up time of 
cement-water paste and on the strength of cement stone; 
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 to learn the influence of the complex modifying agent and its components on the processes of 
hydration by means of calorimetric measurements, contraction of cement-water paste, 
determination cement suspension hydrogen-ion concentration (pH-value); 

 to learn the influence of the complex modifying agent on the microstructure of cement stone 
with the aid of electron microscopy; 

 to learn  the influence of the complex modifying agent on the phase composition of cement 
stone hydrated newgrowths by means of differential thermal analysis and X-ray phase analysis. 

Materials and Methods of Research 
The Portland cement CEM II/А-S 32.5 corresponding to Russian State Standard  

GOST 31108-2003 “Cements. Technical conditions” produced by Holsim (Rus) (“Volskcement” Open 
Joint Stock Company), and Portland cement CEM II/А-S 32.5 corresponding to Russian State Standard 
GOST 31108-2003 “Cements. Technical conditions”, produced by Ulyanovskcement LLC (hereafter 
brands of Portland cement will be denoted by C1 and C2 correspondingly) were used as a cementitious 
matter. The C1 consists of the following main minerals: C3S - 68 %, C2S - 10 %, C3A - 3.7 %,  
C4AF - 15 % and admixtures: gaize - 6 %, SO3 - 2.2 %. The C2 consists of the following main minerals: 
C3S - 57 %, C2S - 17 %, C3A - 7.5 %, C4AF - 12.8 % and admixtures: gaize - 9.1 %, SO3 - 2.36 %. 

In the research the following admixtures are used as modifying agents: superplasticizer (SP) 
Remicrete SP 10 produced by SCHOMBURG GmbH company (Germany) (admixture is compatible with 
PN-EN 934-2:T3.1 и 3.2), organosilicone hydrophobisator (HP) “Tiprom S” produced by 
“Proizvodstvennoe obedinenie “SAZI” LLC (TS 2229-069-32478306-2003). Metakaolin (MtK) was used 

as active mineral admixture - noncrystalline aluminium silicate occurrence in ZHuravlinyj Log  

(ТS 5729-095-51460677-2009). 

The research of heat emission kinetics of cement-water paste was made by means of calorimetric 
measurements with the use of a measuring system Termokhron DS1921. 

The research of contraction of cement-water paste was made by means of the measurement 
procedures MI 2486-98 and MI 2487-98 on the contraction measuring tester of cement activity “Cement-
prognoz”. 

The hydrogen-ion concentration of cement-water paste liquidus was measured with the use of  
pH-meter pH-metra testo 206-pH1. 

The kinetics of sedimentation of cement suspension (1:100) was experimented in spirit on the 
torsion balance sort of BT 500. 

X-ray patterns were measured on the automatic X-ray diffractometer D2 Phaser (manufacturing 
company Bruker AXS GmbH).  Processing the received interference spectrums was made with the use of 
the DIFFRAC.SUITE software package. The diffractive database named ICDD PDF-2 Release 2013 
helped to make the phase identification with the use of the DIFFRAC.EVA-v3.1 program module. The 
statement of amount of the phases was made by Rietveld method with the use of DIFFRAC.TOPAS-v4.2 
program module. 

Microstructure of cement stone was determined by means of a high-resolution autoemissive 
electronic scanning microscope Merlin produced by CARL ZEISS Company. The spalls of cement stone 
samples were mist by composite metal Au/Pd in the ratio 80/20 on the high-vacuum unit named Quorum 
T150 ES. 

Differential scanning calorimetry was studied by means of the instrument of synchronal 
thermoanalysis STA 443 F3 Jupiter (Netzsch, Germany). During the assay performance the sample’s 
weight was 30-50 mg, the rate of temperature elevation was 10 °С/min, the temperature interval was from 
30 °С to 1000 °С. 

Results and Discussion 
The results of the research of the influence of the complex modifying agent and its components on 

the water-reducing effectiveness, on the setting up time of cement-water paste and on the cement stone 
strength are shown in Table 1.  
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Table 1. The influence of the complex modifying agent and its components on the normal 
consistency, setting up time of cement-water paste 

No. 

Name of admixture 

 

Admixtures 
content, % 

Normal consistency 
of cement-water 

paste, % Setting up time, min 

Cement stone 
compressive 

strength 

 (MPa) 

C1 C2 beginning ending C1 C2 

1 - – 
0.29 

100 % 

0.27 

100 % 

195 

190 

290 

280 

45.38 

100 % 

44.97 

100 % 

2  Remicrete SP 10 1,5 
0.21 

72.4 % 

0.203 

75.2 % 

410 

390 

650 

610 

74.1 

163 % 

72.6 

161 % 

3 HP Tiprom S 0.15 
0.284 

98 % 

0.266 

98.5 % 

620 

630 

 830 

810 

45.83 

101 % 

46.3 

103 % 

4 MtK 5 
0.324 

112 % 

0.292 

108 % 

180 

190 

320 

330 

56.83 

125 % 

55.16 

123 % 

5 
Complex modifying 

agent 
6.65 

0.235 

81 % 

0.215 

79.6 % 

530 

510 

740 

720 

79.41 

175 % 

77.68 

173 % 

Note: For the setting up time there are results for C1 above the line and amounts for C2 under the 
line. The numerator is strength of compression in MPa, the denominator is fractional strength of 
compression in %. 

As you can see in the table (Table1), water to cement proportion (WC) decreases by 1.5-27.6 % 
during the introduction of admixtures, moreover, water to cement proportion (WC) increases by 8-12 % 
during the introduction of metakaolin. The increasing of cement-water paste setting up time for all studied 
admixtures (except metakaolin), especially for the cement with superplasticizing admix, and HP can be 
observed.  

Adding the complex modifying agent to the cement-water paste increases the cement stone 
compressive strength by 73-75 %, depending on the type of cement. Furthermore, during the introduction 
of superplasticizing admix and MtK severally cement stone compressive strength increases by 61-63 % 
and 25-23 % correspondingly, and the introduction of HP doesn’t have influence on the increasing of 
compressive strength. The combined effect of introduction of all complex modifying agent components 
helps to increase compressive strength by 73-75 %, which shows the synergism of chemical admixtures. 

Degree of hydration of cement stone was analyzed by measuring the hydrogen-ion concentration 
of cement-water paste  liquidus, the heat emission, by the sedimentation of cement suspension (the 
Portland cement made at the Ulyanovskiy factory), by the contraction on both types of cement.  

Here are the research results of measuring the hydrogen-ion concentration of cement-water paste 
liquidus (1:10) under the influence of the complex modifying agent and its components. 

 

Figure 1. The influence of complex modifying agent and its components on changing the 
hydrogen-ion concentration of cement-water paste liquidus: 

1 – with no admixtures; 2 – 1.5 % Remicrete SP 10; 3 – 0.15 % Tiprom S; 4 – 5 % МtК;  
5 – 6.65 % complex modifying agent by weight of cement 
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In accordance with the findings in Figure 1, the hydrogen-ion concentration of separate 
components of complex modifying agent (superplasticizing admix and hydrophobisator) is less than the 
hydrogen-ion concentration of complex modifying agent. The decrease of hydrogen-ion concentration of 
superplasticizing admix and HP are connected with the blocking action of their molecules during the 
cement hydration. Furthermore, the hydrogen-ion concentration of cement with complex modifying agent 
is higher in comparison with compositions with mono-admixtures (superplasticizing admix and HP), which 
is probably connected with the superplasticizing admix and HP molecules adsorbtion by metakaolin and 
finally leads to the hydrogen-ion concentration increase in comparison with compositions with mono-
admixtures (superplasticizing admix and HP). The hydrogen-ion concentration of complex modifying 
agent is more than 12.4, which is the condition of formation and accretion of the calcium hydroxide 

nucleating seeds and С-S-H phase.  

The increasing of the hydrogen-ion concentration of cement suspensions is connected with 
intensive cement hydration. In view of this, there are the results of sedimentary test of cement 
suspensions in Figure 2. According to the data from Figure 2, the rate of cement sedimentation with 
admixtures is highly decreased, especially with Remicrete SP 10 modifying agent and the complex 
modifying agent, which is the result of the more intensive physical-chemical cement dispersion, which 
leads to strengthening of the degree of hydration. The superplasticizing admix mechanism of action is 
based on the quick molecules adsorption of the admix on the surface of cement. The molecules of admix 
are adsorbed on the surface of cement clinker, besides this, intensive cement dispersion in liquidus is 
due to the steric effect of the molecules action of superplasticizing admix. The intensity of dispersion in 
composition with complex modifying agent is less in comparison with composition with HP (by 17 %), 
which is also connected with local superplasticizing admix molecules adsorption on the particles of MtK. 

 

Figure 2. Kinetics of cement sedimentation with admixtures. 
Conventional signs are shown in the Figure 1 

Intensive cement dispersion and increasing of the hydrogen-ion concentration of cement 
suspensions with complex modifying agent comes with changing the absolute volume of the hydrating 
cement-water paste. For this reason we have measured the contraction of cement-water paste (Figure 3). 

As you can see in Figure 3, the highest rate of contraction of cement-water paste with MtK during 
the initial stage of hydration can be observed, which illustrates the increasing of degree of hydration with 
this admixture. There is the decreasing of the contraction rate in composition with complex modifying 
agent during the first hours of cement hardening due to the hydrophobisator’s blocking action. 
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Figure 3. The rate of contraction of cement-water paste differential curve. 
 Conventional signs are shown in the Figure 1 

The contraction of cement-water paste closely connected with heat emission kinetics. In 
connection with this, the heat emission curves of cement-water paste with admixtures are shown in 
Figure 4. 

 

Figure 4. The heat emission during the hydration of Portland cement.  
Conventional signs are shown in the Figure 1 

It can be seen from Figure 4 that the duration of induction process over superplasticizing admix, 
HP and the complex modifying agent is longer by 4, 8 and 6 hours in comparison with composition with 
no admixture correspondingly and shorter during the introduction of MtK. In accordance with the opinion 
of Batrakov V.G. [12] the slowing-down effect of hydration during the introduction of HP is explained, on 
the one hand, by the interaction of potassium alkylsiliconate and calcium hydroxide, accompanied by the 
release of hydrogen, which envelops cement particles and prevents the hydration, and on the other hand, 
by accumulation the admixtures interaction products and cement grains in the system. 

The MtK admixture leads to an increase in the rate of heat emission of cement-water paste and the 
maximum temperature of hydration. HP and superplasticizing admix reduces the hydration, which 
becomes evident in the shifting the temperature peaks to the right by 8-12 hours. However, there is the 
reducing of hydration by 20 hours in composition with complex modifying agent, what is the result of 
hydrophobisator and superplasticizing admix synergistic effect. Nevertheless, the highest amount of 
waste heat in composition with complex modifying agent can be observed, that becomes evident in the 
increasing the degree of hydration of cement-water paste. 

Studying the structure formation of cement stone with addition the complex modifying agent is a 
one of the top scientific problems. 

There is an intricate structure of cement in Figure 5. There are needle crystals of ettringite in 
jellous mass of hydrated newgrowths in composition with complex admixture, which fill pore spaces in 
cement stone. According to the data from X-ray phase analysis, the hydrated newgrowths of ettringite are 
also produced in free volume in the sample without admix. 
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The increasing of hydrated calcium sulfoaluminate concentration in pore spaces, specific surface 
area of hydrated phases lead to the hardening of material both in the general structure of cement stone 
and in structure with regions of imperfections. 

    

    

Figure 5. Electron microphotographs of samples of cement stone: 
a, c – spall of the sample with no admixture;  

b, d – spall of the sample with complex modifying agent. 
Remarks: a, b – magnification 100x  

c, d – magnification 2000x 

The special aspect of influence of complex modifying agent is the fact that new crystallized 
formations have lower dispersion than formations in composition with no admixture. Moreover, the 
hydrated newgrowths crystallized in composition with complex modifying agent colmatage pores of 
cement stone, also hardening it. 

Volume increasing and decreasing of the hydration products can be measured on the samples of 
cement stone hardening under normal conditions during 28 days by means of differential thermal  
(Figure 6) and X-ray phase analyses (Figure 7). 

The first endoeffect at a temperature of 100–102 °С is connected with removal of gravitational 
moisture from pores and capillaries, and also with the fractional dehydration of ettringite. This effect is 
bigger in composition 1, what is confirmed by lower voids content in composition with complex modifying 
agent and by a high content of ettringite in composition 1, which is conformed to the data from X-ray 
phase analyses. 

The second endoeffect at a temperature of 470–480 °С is connected with decompounding of 
Са(ОН)2., and this effect is bigger in composition 1, which is also conformed to the data from X-ray phase 
analyses. Furthermore, there is the banding the free Portlandite with metakaolin and formation of calcium 
silicate hydrate (CSH) with lowered basicity in composition 2 [2, 17]. 

The third endoeffect is probably connected with decompounding of calcium carbonate. This effect 
is equal in both compositions, which is confirmed by the data from X-ray phase analyses, videlicet by the 
Rietveld method calculation (taking into account 20% of add phase); the effect is up by 8% in  the sample 
with no admix in comparison with the sample with the complex modifying agent. Also endoeffect at a 
temperature 830–860 °C can be associated with dehydration of low-basic calcium hydrosilicates. At the 
same time, no endoeffect is observed in the DTA curves at a temperature of 830–860 °C. 
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Figure 6. The curves of differential thermal analysis:  
1 – the sample, 2 – the sample with complex modifying agent 

 

Figure 7. The curves of the X-ray phase analysis of cement stone: 1 – the sample,  
2 – the sample with complex modifying agent 

X-ray phase analysis of samples of cement stone without additive and with the complex modifying 
agent was performed (Figure 7). A quantitative calculation was also made using by the Rietveld method 
taking into account 20% of add phase. It has been established that the amount of the initial phase - alite 
(C3S d = 3.0386; 2.7796; 2.7517; 2.6145; 2.3241; 2.1883; 1.7667; 1.6290 Å) is observed in the 
composition with a complex modifier and tricalcium aluminate (C3A d = 2.7090, 1.5555 Å) is 43 % higher 
than the control composition (C3S d = 3.0390; 2.7804; 2.7517; 2.6144; 2.3221; 2.1988; 1.7668; 1.6294 Å; 
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C3A d = 2.7135; 1.5555 Å), which indicates a delay in hydration of cement due to the blocking effect of 
SP and HP, while the amount of whitet decreases by 35% (C2S d = 2.8853; 2.7796; 2.7517; 2.7090; 
2.2872; 2.1883 Å). This effect is probably due to the fact that the adsorption of the superplasticizing 
admix occurs on hydrated neoplasms, and the greatest adsorption capacity is possessed by C3A, the 
smallest C2S [12]. The decrease in the amount of portlandite (Ca(OH)2 d = 4.9241, 3.1119, 2.6309, 
1.9283, 1.7964, 1.6888, 1.4859, 1.4505 Å) in the composition with a complex modifying agent (by 50 %) 
is due to the interaction of portlandite with metakaolin. This helps to compact the material, which is 
indirectly confirmed by a decrease in the amount of calcium carbonate (CaCO3 d = 3.8752, 3.0386, 
2.6309 Å) by 8 %, which increases the resistance of the material to carbonization. In the composition with 
the complex modifying agent, the amount of ettringite (d = 9.7387, 5.6122, 4.6889, 3.8752, 2.1988, 
2.1504 Å) decreases by 32 %, which is possibly due to a large amount of unreacted C3A in the 
composition with a complex modifying agent (43 %). And a decrease in the concentration of calcium 
hydroxide in solution, while according to electron microscopy, ettringite crystallizes in the pore spaces 
and cracks, consolidating and strengthening the structure of the material. 

Taken all round according to the data from X-ray phase analysis, differential thermal analysis, 
electron microscopy, the mechanism of action of the complex modifying agent is manifested in the 
blocking effect of SP and HP, which is expressed in a reduced amount of portlandite and a greater 
content of the initial phases of cement clinker, while MTK interacts with calcium hydroxide, which 
contributes to the compaction of the material. Reduction of ettringite in the composition with a complex 
modifying agent is associated with precipitation of superplasticizing admix molecules on C3A particles, 
which limits interaction with water. 

Conclusions 
1. The complex modifying agent for self-compaсting concrete has been developed. We have 

researched the influence of the complex modifying agent on setting up time of cement-water paste and 
on the cement stone strength depending on Portland cement mineralogical composition. 

2. The behavior of cement hydration in composition with the complex modifying agent have been 
shown by means of measuring the hydrogen-ion concentration, by sedimentation, contraction and heat 
emission of cement suspension. There is the decreasing of the degree of cement stone hydration 
because of blocking action of the superplasticizing admix and hydrophobisator during the initial stage.  

3. Studying the cement stone spalls with the aid of electron microscopy has showed that there are 
the crystallized hydrated newgrowths with smaller dispersive capacity in composition with the complex 
modifying agent than the ones without introduction of admixtures. The increasing of concentration of 
hydrated calcium sulfoaluminate in pores and capillaries, the increasing of the specific surface area of 
hydrated phases both in the general structure of cement stone and in structure with regions of 
imperfections, the voids content decreasing lead to the material hardening. 

4. By differential thermal and X-ray phase analysis established the mechanism of structure 
formation of cement stone in the composition with a complex modifying agent manifested in blocking 
effect SP and HP, resulting in a reduced amount of portlandite and high content of the starting phase the 
cement clinker, wherein the MTK is reacted with calcium hydroxide, which helps to seal material. 
Reduction of ettringite in the composition with a complex modifying agent is associated with precipitation 
of superplasticizing admix molecules on C3A particles, which limits interaction with water. 
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Abstract. Steel frameworks are widely used construction of multistory buildings for different 
purposes. In the practical framework calculations, the girder-column joint connections are taken as either 
absolutely rigid or hinged ones. The analysis of the actual behaviour of the frame joint connections shows 
that they normally occupy an intermediate position in the joints classification into "rigid" and "hinged" 
ones, i.e. they have certain pliability. Such pliability is characterized by different grades of stiffness that 
depends on a specific design solution of a joint. Therefore, to avoid possible material errors, the statistical 
calculations of frames should consider layouts with the joints that are able to support the corresponding 
amount of bending moments. This article contains the results of experimental and theoretical research of 
the actual behaviour of the girder-column connection semi-rigid joints using ABAQUS 6.13 computing 
complex, which enables us to solve problems by the finite elements method with due regard to the 
geometrical and physical nonlinearity. We consider the design of a beam-to-column connection with 
connecting elements in the form of paired vertical angles bolted to the beam wall and to the column 
flange. Based on the comparative analysis of the results of the numerical analysis and on the 
experimental data, the actual behaviour of the structure has been found and the stiffness of the joint type 
to be considered has been determined. 

Аннотация. В строительстве многоэтажных зданий различного назначения широко 
применяются стальные каркасы. Узловые сопряжения ригелей с колоннами при практических 
расчетах рам принимаются либо абсолютно жесткими, либо шарнирными. Анализ действительной 
работы узловых соединений рам показывает, что они, как правило, занимают промежуточное 
положение в классификации узлов на «жесткие» и «шарнирные», то есть обладают некоторой 
податливостью. Такая податливость характеризуется различной степенью жесткости, зависящей 
от конкретного конструктивного решения узла. Поэтому во избежание возможно существенных 
ошибок в статических расчетах рам должны рассматриваться схемы с узлами, способными 
воспринимать соответствующую долю изгибающих моментов. В настоящей статье приводятся 
результаты экспериментально-теоретических исследований действительной работы податливых 
узлов сопряжения ригелей с колоннами с использованием вычислительного комплекса 
ABAQUS 6.13, позволяющего решать задачи методом конечных элементов с учетом 
геометрической и физической нелинейности. Рассматривается конструкция узла «ригель-колонна» 
с соединительными элементами в виде парных вертикальных уголков, прикрепляемых к стенке 
балки и полке колонны с помощью болтов. На основе сравнительного анализа результатов 
численного расчета и экспериментальных данных выявлена действительная работа конструкции и 
определена жесткость рассматриваемого типа узла. 

Introduction 
Metal frameworks of multistory buildings and facilities are represented a complex of structural 

elements connected in joints. The reliability of a facility in general is equally determined by the reliability 
of its separate load-carrying structural elements and the faultless work of their joint connections.  

Local forces that are characterized by significant bearing reactions in the form of concentrated 
forces and bending moments occur in the places of connection between girders and columns in a 
framework building system under operational loads. Flowing from one element to another within small 
contact areas, those forces lead to uneven distribution of stress within the joint area, which causes 

25



Magazine of Civil Engineering, No. 5, 2017 

 

Tusnina V.M. Semi-rigid steel beam-to-column connections. Magazine of Civil Engineering. 2017. No. 5.  

Pp. 25–39. doi: 10.18720/MCE.73.3. 

development of excessive deformations, as well as occurrence and development of cracks, etc. That is 
an evidence of the fact that the girder-column connections are the most critical joints in the framework 
buildings [4, 5–7, 9, 12–14].  

As of today, for practical calculation of frames in the framework building systems, the beam-to-
column joints are normally taken as divided into the following two types: absolutely rigid and hinged. The 
results of experimental and theoretical research on the behaviour of beam-to-column connection joints in 
steel frameworks show that they have certain pliability that is characterized by different grades of 
stiffness affecting both the actual behaviour of the frame as a whole and the distribution of the metal in its 
main elements, columns and girders.  

The results of both experimental and theoretical research of the actual behaviour of semi-rigid 
beam-column joints by both foreign and domestic scientists clearly demonstrate the influence of the 
stiffness of such connections on the load-bearing capacity of the columns. Thus, the academic papers 
state that the load-bearing capacity of the columns in the frames with semi-rigid joints are underestimated 
at the average of 40 % in comparison to the frames that have hinged beam-to-column connections. On 
the other hand, the load-bearing capacity of the columns in the frames that have semi-rigid joints might 
be unreasonably increased, if they are considered as rigid [10, 11, 14–16, 23, 24, 27, 35]. 

Semi-rigid beam-to-column connection joints in braced frameworks are sufficiently diverse in terms 
of design solution; however, they are all characterized by the presence of steel plate flexible elements 
that contribute to relatively free rotation of the beam within a joint when working under load. In addition, 
the connection elements show the development of plastic deformations, and the connected elements 
show a change in the stress and strain-state in comparison to rigid joints. It is particularly important to 
take into account the grade of stiffness of the beam-to-column joint connections in the structures working 
beyond the elastic limit. 

It is obviously possible to receive a reliable picture of the stress-strain state of joints of frames in an 
elastic-plastic stage of work on the basis of the numerical methods of calculation which are widely used 
at design of buildings today. So the analysis of numerical researches of semi-rigid joints taking into 
account geometrical and physical nonlinearity is provided in works [1, 6, 17–20, 22, 25–34]. 

Taking into consideration the fact that the joint pliability depends on a considerable variety of 
factors conditioned by the peculiarities of the design solution of a beam-to-column connection, it is quite 
difficult to assess. However, many scientists have attempted to resolve this problem to a greater or lesser 
degree of proximity; based on the results of their experimental and theoretical research, it can be 
concluded that the main factor that determines the joint pliability is the deformation of the connection 
elements, which can be up to 80% of the total joint deformation and directly depends on its design 
solution. The rest of the deformations occurring in a semi-rigid beam-to-column connection, such as a 
bend of a column flange, section shear and column bend deformations within the joint area, etc., have 
practically no influence on its flexibility [7, 10, 11, 15, 23, 27, 35].  

The foreign and domestic experience of design and construction of multistory buildings shows that 
the design solutions of beam-to-column connection joints with double angles are the most appropriate for 
braced frameworks due to their constructability and low metal consumption.  

The purpose of this work was studying stress-strain state and destruction of bolted joint with 
double angles in an elastic-plastic stage of work on the basis of the comparative analysis of numerical 
calculation with use of the ABAQUS 6.13 [2] computer system and experimental data [35]. 

The objectives of the research included the following: 

- assessment of the limit state of the structure; 
- study of the distribution of internal forces within the joint areas of a frame fragment; 
- identification of the locations of the highest stress concentration within a joint; 
- analysis of the strain state of connection angles, beam and column;  
- angle stiffness assessment. 

Methods 
The study of the stress-strain state considered type of joint was carried out on the example of the 

constructive decision with connecting elements in the form of the double angles bolted to the beam wall 
and to the column flange (Fig. 1) as an example. 
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Figure 1. A design solution of a bolted joint with double vertical angles  

To make the experimental model as close to the natural conditions as possible, it was made in the 
form of a U-shaped framework fragment with a beam made of a normal (Б type per Russian 
classification) wide-flanged I-beam and posts made of a column (К type per Russian classification) wide-
flanged beams. Taking into consideration the fact that the influence of the column stiffness on the joint 
behaviour is insignificant, the fragment height was determined as possibly small. We took sufficient 
height of the beam section to allow significant angles of rotation and deflection. To increase the load and 
extend the stage of beam elastic work, the load was applied on span quarters (Fig. 2). 

 

Figure 2. Scheme of the structure to be considered  

Figure 3 shows a scheme of sample testing in a natural experiment, as well as a frame joint with 
measuring instruments. 

a    b    c  

Figure 3. Static testing of a frame fragment  
a – scheme of static testing of frame fragment; b – frame joint with measurement instruments;  

1 – frame; 2 – large cart; 3 – cross-arm; 4 – press ball hinge; 5 – hinges 
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The experiment was carried out using M20 normal precision bolts of strength grade 5.8 without 
pretension. Double vertical angels 75х6 (length 340 mm) were made of S345 low-alloy steel, and the 
beam (40Б2 profile) was made of S245 steel.  

The numerical research was carried out using ABAQUS 6.13 computing complex, which allows to 
resolve the problems of the structural mechanics and the materials resistance applying the finite 
elements method. An explicit solver (Abaqus/Explicit) [2] was used to solve the problem considering the 
geometrical and physical nonlinearity and to compare the results to the experiment data [35]. 

According to the testing, the load was applied on two nodes located in the gravity centre of 
absolutely rigid bodies in a quasi-static manner during 10 seconds with a limit total value of 1000 kN.  

The structural elements and the joint parts were made using a standard model (Plasticity), that 
allows to consider not only the physical nonlinearity and the descending unloading branch during the 
material's work beyond the elastic limit, but also the structure damage (Ductile Damage) when achieving 
the limit stress values typical for steel [3] in the joints elements. 

The finite-element computing model was formed by volume octagonal finite elements (C3D8). The 
mesh was condensed using tetrahedrons (C3D10) in order to obtain a more precise picture of the stress 
state of the joints for the connection parts and the beam area adjacent to a joint. The mesh was 
performed under the condition of including no less than 2 elements based on the thickness of the parts.  

Figure 4 shows the finite-element model. 

a)   b)  

Figure 4. Finite-element model:  
a – general view of the frame; b – beam-to-column connection joint  

Results and Discussion 
It was established experimentally [35] that the exhaustion of the load-bearing capacity of the 

structure consisted in the loss of beam stability at the plastic stage of work of the flange in the simple 
bending area. In addition, local loss of flange stability was noted as well (Fig. 5b).  

a)          b)  

Figure 5. Structure limit state:  
a – numerical analysis; b – experiment  
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The numerical analysis confirmed the nature of damage of the tested structure established by the 
testing (Fig. 5a). The results of the numerical calculation showed that the beam transition into the elastic-
plastic stage of work occurs at P = 500 kN; however, no structural damage occurs in this case, and the 
structure keeps working in case of further load increasing. This can be explained by the restraining effect 
of the neighbouring "rigid" areas on the development of deformations in the plastic areas. Joint damage 
in the form of angle rupture close to the back edge occurred at the load of P = 632 kN (Fig. 6).  

 

Figure 6. Joint damage at P=632 kN (Abaqus)  

The general nature of the structure’s work under load reflects the "load-deflection" dependence. 
The load deflection dependence graphs (fig. 7) obtained on the basis of the experiment [35] and 
numerical calculation data show that the elastic-plastic stage of work of the beam within the wide area of 
a simple bend occurs at the load of 500 kN, which is characterized by a sharp increase in the inclination 
angle at that moment. 

 

Figure 7. The "load-deflection" dependence graph  
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There is no conflict between the numerical calculation and the experiment data [35], and the 
difference between the corresponding values does not exceed 4% (Table 1). 

Table 1. The comparison of the vertical displacements of the beam middle point  

Load P, kN 

Vertical displacement of the beam middle 
point f, mm Difference, % 

Abaqus Experiment 

0 0 0 0 

48 1.71 1.64 -3.99 % 

100 3.56 3.42 -3.99 % 

148 5.27 5.06 -3.99 % 

200 7.13 6.84 -3.99 % 

248 8.84 8.48 -3.99 % 

300 10.69 10.26 -3.99 % 

348 12.40 11.91 -3.99 % 

400 14.25 13.83 -2.94 % 

448 15.96 - - 

500 17.82 - - 

 

Figure 8 contains the graphs of dependence of the rotational angle of the beam support section on 
the load that were made based on the experimental data [35] and the numerical calculation results. 
Sufficient similarity is noted at the stage of elastic work of the joint. The figure shows that the numerical 
curve (Abaqus) has two typical break points corresponding to the load (Plim) at which a plastic mechanism 
is formed within the connection angles, and to the load (PТ) at which the primary yield occurs in the area 
of a simple bending of the beam. At this moment, a plastic hinge is formed within the joint, and the nature 
of the "load-rotational angle" dependence changes, since the load-bearing joint loses the capacity of 
elastic restraint and the girder works in the frame system as a simply supported beam.  

 

Figure 8. The graph of “load-rotation angle” dependence  
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Table 2. The comparison of the values of rotational angel of support cross-section 

Load P, kN 

Rotational angel of support cross-section 
φ·103, rad Difference, % 

Abaqus Experiment 

0 0 0 0 

48 0.61 0.48 -21.09 % 

100 1.27 1.00 -21.09 % 

148 1.88 1.67 -11.14 % 

200 2.59 3.00 13.68 % 

248 3.53 4.20 15.99 % 

300 4.55 5.50 17.36 % 

348 5.48 6.70 18.15 % 

400 6.50 8.00 18.74 % 

448 7.44 - - 

500 8.38 - - 
 

Beside a significant bevelling (horizontal displacement of the angle back side in respect of the 
column flange), the deformations of the connection angles bolted to the beam and the column are 
characterized by a strong approximation of the back sides in the upper and their separation from each 
other in the lower part of the joint. In this case, the angles rotate within the plane of the column flange. 
This is explained by the fact that, beside the bending moment out of the plane of the "column" angle 
flange, there is a moment acting in the plane of the flange, rotating the connection angle. Therefore, a 
couple of forces acting in this area brings the angle back sides together in the upper part and separates 
them in the lower part. The deformations of the holes of the connected elements, which are inherent to 
bolted connections, contribute to that to a large extent. According to the testing results, the value of the 
limit bevelling of the angles amounted to 11 mm [35], and according to the results of the numerical 
calculation, it amounted to 7 mm. 

a)   

b)  

Figure 9. Strain state of joint elements: 
a – strain state of angles (view of column flanges); b – strain state of angles (top view)  
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The stress state of the tested structure is clearly demonstrated by the graphs of "load-span 
moment" dependence (Fig. 10). The linear dependence of the "load-span moment" curves can be seen 
up to the load of P = 500 kN. At this moment, the initial yield occurs in the simple bending area. In 
addition, the bending moment grows disproportionally to the load applied. Then, the beam's work reaches 
the next stage corresponding to the formation of an elastic hinge in the beam span section, when the 
span moment reaches its limit value and remains constant for some period until the exhaustion of the 
load-bearing capacity of the beam. 

The pictures of the stress state of the beam at P = 500 kN in the form of isofields of normal and 
equivalent stresses obtained through a numerical calculation, as well as of the vertical displacement, are 
given on figures 11 and 12 respectively.  

Table 3 contains the values of the span moment Msp obtained both through a numerical analysis 
and experimentally [35], the difference between which does not exceed 6 %. 

 

Figure 10. The graph of “span moment-load” dependence 

Table 3. The comparison of the values of span moment 

Load P, kN 
Span moment Msp, kNm 

Difference, % 
Abaqus Experiment 

0 0 0 0 

48 20.44 19.31 -5.52% 

100 42.58 40.23 -5.52% 

148 63.02 59.54 -5.52% 

200 85.16 80.46 -5.52% 

248 105.60 99.77 -5.52% 

300 127.74 120.69 -5.52% 

348 148.18 140.00 -5.52% 

400 170.32 170.00 -0.19% 

448 190.76 - - 

500 212.91 - - 
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a)  

b)  

Figure 11. Stress state of the beam at P = 500 kN (numerical analysis):  
contour plots of normal (a) and equivalent (b) stresses within the beam (MPa) 

 

Figure 12. Vertical displacement (mm) of the beam at P = 500 kN (numerical analysis) 

Numerical studies have revealed the general picture of the stress-state of connection angles and 
the adjacent column areas and beam (Figs.13, 14). The figures show that a strong bending nature of the 
stress-state is inherent to the "beam" flanges of angles. The horizontal stresses acting in the points along 
the diagonals of the "column" flanges of angles characterize the bending nature of deformation of these 
flanges from the plane with a restraint along the bolts axis and next to the angles curve. 
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a)      b)  

Figure 13. Stress state of the connection angles (numerical analysis):  
at P = 500 kN: a – "column" flanges; b – "beam" flanges 

а)    b)  

c)  

Figure 14. Stress state of the connection angles with damage of the following:  
a – "column" flanges (numerical analysis); b – "beam" flanges;  

c – "column" and "beam" flanges (experiment)  

The structure of the beam-to-column bolted connection being considered has certain stiffness 
allowing the support moments to develop and be transferred to the column. The graphs of dependence of 
the support moment Msup on the load made on the basis of the results of the numerical calculation and 
testing, are given on figure 15. The comparison of the results of the numerical analysis and the 
experiment [35] are given in Table 4.  
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Figure 15. The graph of "support moment-load" dependence 

Table 4. The comparison of the values of support moment 

Load P, 
kN 

Support moment Msup, kNm 
Difference, % 

theorsup,

sup

M

M
k 

 

Abaqus Experiment Abaqus Experiment 

0 0 0 0 - - 

48 1.16 1.28 9.29% 0.069 0.076 

100 2.42 2.67 9.29% 0.069 0.076 

148 3.58 3.95 9.29% 0.069 0.076 

200 4.84 5.33 9.29% 0.069 0.076 

248 6.00 6.61 9.29% 0.069 0.076 

300 7.26 8.00 9.29% 0.069 0.076 

348 8.42 9.92 15.14% 0.069 0.082 

400 9.68 12.00 19.37% 0.069 0.086 

448 10.84 14.40 24.74% 0.069 0.092 

500 12.09 17.00 28.86% 0.069 0.097 

 
The C factor of the beam restrain on support, which is equal to the relation of the support moment 

to the corresponding rotational angle of the beam end within the joint, is taken as the stiffness property of 
the semi-rigid frame joints: 



M
C 

, 

(1) 

where M is the bending moment acting on the support; 

 is the rotation angle of support cross-section of beam.  

The qualitative analysis of the results of the numerical and experimental studies of the behaviour of 
a beam-to-column bolted joint connection with double vertical angles allowed us to determine the 
stiffness of the joint type being considered. 

The graphs of "stiffness-load" dependence and the comparison of the numerical calculation and 
the testing results are given on figure 15 and in table 5 respectively. 

It has been noted that the angle stiffness determined based on the experiment data exceeds the 
numerical one significantly at the initial stage of structure loading. However, the difference between their 
values is levelled and reaches the average of 15 % as the load increases. 
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Figure 16. The graph of "stiffness-load" dependence 

Table 5 The comparison of the joint stiffness 

Load P, kN 
Stiffness of the joint C, kNm/rad 

Difference, % 
Abaqus Experiment 

0 0 0 0 

48 1,908.7 2,666.6 28.42% 

100 1,908.7 2,666.6 28.42% 

148 1,908.7 2,367.9 19.40% 

200 1,868.1 1,777.7 -4.84% 

248 1,700.2 1,574.6 -7.39% 

300 1,596.6 1,454.5 -8.90% 

348 1,535.0 1,480.6 -3.55% 

400 1,488.4 1,500.0 0.77% 

448 1,456.7 - - 

500 1,443.3 - - 

 
To verify the assessment of the pliability of the joint type being considered, the stiffness was 

determined using the methodology proposed by the authors of the paper [27], where the factor 
characterizing the beam restrain on support is calculated by the following formula:  

theorM

M
k

sup,

sup
  , (2) 

where Msup is the bending moment acting on the support; 

Msup, theor is the bending moment acting on the absolutely rigid support. 

The values of the k factor obtained based on the testing and numerical calculation results are given 
in Table 4.  

For approval of joint stiffness estimating, the coefficient of beam restraint on the support was 
calculated by the formula suggested in [35]: 

,)(
2

3 3

th

S

E
C   (3) 

where E – elastic modulus of steel; 

S – distance between butt of “column” flange of connecting angel and axes of bolts; 
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t – thickness of connecting angel; 

g – height of connecting angel. 

Stiffness of considered joint obtained by the kinematic theory of limit equilibrium method 
represented in [27] is 1789 kNm/rad. Stiffness was calculated in the moment of formation of “plastic” 
hinge in the “column” part of connecting angel when limit moment is acting in joint. This situation occurred 
in load about 200 kN, which is grafically demonstrated by rhe graphs of the “stiffness-load” dependences 
in Figure 16. 

Conclusions 
1. The picture of the stress-strain state and damage of semi-rigid joints of beam-to-column 

connection with double vertical angles is found. 

2. It is established that the main factor determining the deformability of a joint is the deformation 
of the angles, which accounts for up to 87 % of the total deformation of the connection. 

3. In the "column" flanges of connection angles, an early transition (at P = 0.3 Pmax) of the metal 
into the elastic-plastic stage with subsequent formation of linear plastic hinges in this area is noted. 

4. The strain state of the connection angles is mainly characterized by a bend out of the plane of 
the flange attached to the column. 

5. The design solution of the joints with vertical angles allows large angles of rotation of the 
beam support section, the value of which at the elastic stage of work achieves 75 % of the beam rotation 
angle under the condition of its simple support.  

6. The assessment of the joint stiffness carried out allows to note that the structure with double 
vertical angles is able to support up to 8 % of the bending span moment within the beam. 

In conclusion, it should be noted that the design solutions of the beam-to-column connection joints 
with double vertical angles, that are traditionally taken as hinged ones in the calculations of connection 
frameworks of multistory buildings, can be considered as semi-rigid joints supporting the corresponding 
support moment, the value of which depends on the peculiarities of their design solution, which is 
confirmed by the results of this research. 
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Abstract. Ventilated facade is a contemporary facade system that is popular due to its energy 
efficiency. There are different configurations of the façade systems, among other things, various spacing 
between rustication joints. Cold air penetrates through them, thereby, influences air circulation. In this 
paper, theoretical estimate of air flow data is carried out by applying Boussinesq's hydrostatic model. 
Research of an impact of rustication joints interval on air flow data via physical simulation is performed for 
different façade configurations. Based on the results obtained, the most optimal solution is the design of a 
ventilated facade without rustication joints, or with the largest joints interval value. 

Аннотация. Двойные вентилируемые фасады – это современные фасадные системы, 
ставшие популярными благодаря своей энергоэффективности. Существуют различные 
конфигурации данных систем, в том числе могут варьироваться расстояния между рустами. 
Проникая через них, холодный воздух оказывает влияние на циркуляцию воздуха. В статье 
представлен теоретический расчет парамаетров воздушного потока с помощью гидростатической 
модели Буссинеска. Также для различных конфигураций фасада проведено физическое 
моделирование для оценки влияния расстояния между рустами на параметры воздушного потока. 
Основываясь на полученных результатах, можно сказать, что оптимальным конструктивным 
решением вентилируемого фасада является отсутствие рустов, либо максимальное расстояние 
между ними. 

Introduction  
Nowadays ventilated facades (VF) are widely used due to their energy efficiency excellence in 

comparison with other enclosing structures. VF is a multilayer structure, consisted of wall itself, insulation 
layer, air gap and cladding, bonded with metal framing. This structure diminishes heat loss of the 
building, therefore increasing its energy efficiency. One of the basic work principle of the ventilated 
facades is excess moisture removal from the insulation. This effect occurs due to air gap, where heated 
air along the hot surface come to the output of the structure.  
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There are openings between tiles of the cladding in real structures of the VF – rustication joints. 
Cold air penetrates through these openings. Nowadays impact of rustication joints on air mode is under 
investigated, in spite of the fact that presence of rustication joints may cause air circulation change. 

Analysis of ventilated facades has started recently. Fundamental understanding of the work’s 
principles is of importance for proper operation of the façade and energy efficiency maximizing. Thereby, 
a lot of scientists research these constructions [2–3, 6, 15–18]. Several researches are focused on the 
influence of various factors on the operation of ventilated facades [7–8; 19–20]. Also, since ventilated 
facades are an energy-efficient design, they had been used in smart buildings [10–14]. 

Feasibility study on a usage of numerical model for analyzing the performance of VF was carried 
out by F. Peci Lópeza, R.L. Jensenb, P. Heiselbergb, M. Ruiz de Adana Santiagoa [1]. They have 
performed numerical and physical simulation of natural ventilation inside the façade and approved usage 
of numerical model subject to certain parameters.  

Nizovtsev M.I., Belyi V.T., Sterlygov A.N. [5] have carried out a numerical simulation of thermal 
resistances of heat-insulating panels. Basing on calculations, they suggested facades, thermally 
insulated with ventilated channels, for providing low moisture content and good heat-insulating properties 
of the walls. 

In modern construction using of ventilated facades as an enclosure structure has increased. This 
type of systems is characterized by high heat-shielding properties in comparison with other popular types 
of walling. Consequently, the question of the optimal ventilated facades construction becomes relevant.  

The aim of this study is an experimental evaluation of the impact of rustication joints interval on 
velocity in the air gap of ventilated façade. To accomplish this aim, such challenges should be figured 
out: 

1. To perform theoretical estimate of airflow data in the vertical channel. 

2. To perform physical simulation of heat-gravitational motion in the air gap in different cases of 
rustication joints interval value.  

3. To suggest recommendations for choosing the appropriate spacing between rustication joints. 

Theoretical estimate 
There are different cladding types of the ventilated facades:  

• porcelain stoneware; 

• composite tiles; 

• aluminum tiles; 

• fiber cement tiles; 

• terracotta tiles and others. 

Most commonly, spacing (rustication joints) between tiles take place in every type of cladding. 
Firstly, rustication joints are necessary for reasons of design – for thermal distortion compensation. It 
helps to prevent crack initiation at the façade. However, rustication joints can markedly affect on airflow 
data in the vertical channel. 

The most significant flow characteristic for determination of façade’s energy efficiency is an 
average velocity. In case of heat-gravitational air mode average velocity can be estimated by applying 
Boussinesq's hydrostatic model [4]: 

gL
T

TT
v

h

ch 2


  , (1) 

where: φ – velocity coefficient, 

Th – temperature of the heated surface, 

Tc – temperature of the cold surface, 

L – length of the air gap. 
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(2) 

where:  – pipe friction number, 

 – coefficient of local head loss. 

For the narrow channels: h – width of the air gap. 

 

Figure 1. Spacing parameters and velocity 

Wide channels perform as a vertical plane in unlimited space. That is why for calculation of the 
head loss it is relevant to substitute h with the boundary layer thickness of buoyant force δ. Channel is 
considered to be narrow if h/δ=O(1). In case of h>>δ, channel is wide, and boundary layer does not fulfill 
the width of the channel. 

Basing on Eckert’s theory: 

4

2

4

2 44

g
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z 
  , (3) 

where: – gas viscosity, 

z –vertical coordinate, zL 

Therefore, φ can be calculated by the following formula: 

,

1

1











L

 
(4) 

For the air gap with rustication joints, open input and output in case of low value of L/h velocity 
attains its maximum alongside the hot surface. Approximating to the cold surface, velocity value 
decreases (Fig.1.) In case of L/h>100 velocity profile straightens over the width of the channel.  

Physical simulation  
Heat-gravitational motion can be simulated on the physical model of the vertical air gap, that is 

represented an installation with height of 2050 mm and width of 600 mm, and air gap varying from 20 to 
300 mm. One of the sides of the installation is fixed, faced with the aluminum sheets and has 3 heat 
sources (3 heating elements, with 1 kW of power per unit) for imitation of uniformly heated building’s wall. 
Second side is simulating cladding, and it is unheated and movable. It allows varying the width of air gap. 
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This side consists of wooden sheets with the height of 300 mm, divided by the spacing of 5 mm, 
simulating rustication joints. 

To change spacing between rustication joints, some of them are sealed. Air access from beneath 
can be modified via special attachments, air outlet from the top is free. Visual appearance of the 
installation is presented below (Fig.2). 

 

Figure 2. Installation for physical simulation  

Series of experiments for studying impact of rustication joints interval on airflow data was carried 
out in different configurations: 

1. Absence of rustication joints – all joints are sealed (imitation of the ideal channel); 

2. Value of the interval is equal to 0.6 m – some rustication joints are sealed; 

3. Value of the interval is equal to 0.3 m – all rustication joints are opened for air access. 

Installation diagram is shown. (Fig.3.) 

 

Figure 3. Installation diagram 

In the first case width of the gap was constant and was equal to 100 mm for every configuration. 
Velocity was measured at different height marks. 

In the second case air gap width was varying from 20 to 300 mm and all measures were taken at 
one height mark.  

For all cases:  

• Height of the air layer was constant and equal to 2050 mm; 

• Fixed side was uniformly heated over the length; 

43



Magazine of Civil Engineering, No. 5, 2017 

 

Petritchenko M.R., Subbotina S.A., Khairutdinova F.F., Reich E.V., Nemova D.V., Olshevskiy V.Ya., Sergeev V.V. 

Effect of rustication joints on air mode in ventilated facade. Magazine of Civil Engineering. 2017. No. 5. Pp. 40–48. 

doi: 10.18720/MCE.73.4. 

• Air access from beneath is provided by the gap of 100 mm – open input. 

All experiment were carried out with the use of thermal anemometer (Fig.4). Thermal anemometer 

is designed for measurement of temperature and velocity of an air flow. Operation principle is based upon 

the measurement of characteristics of platinum actuators.  

 

Figure 4. Thermal anemometer 

Device’s minimum velocity in the range of measurement is equal to 0.1 m/s, instrumental 
uncertainty: for velocity ± 5 %, for temperature ± 0.2 °С. 

Temperature in the lab was equal 21.9 °С, temperature of the heated surface was equal to 
43.6 °С. 

Average velocity of the air flow was measured in the vertical channel for every case and 
configuration of the installation, and was in the range of 0–0.5 m/s. 

Variables for data processing were: 

• Vertical coordinate Z and average velocity v; 

• The ratio L/h and Froude number v/(gL)0,5. 

By means of calculated dependences, that were presented above, it is possible to calculate 

velocity  and local head loss ξ coefficients. Pipe friction coefficient λ for the ideal channel was also 
calculated. 

Results 
Obtained results for the first case are presented in the Figure 5, for the second case – in the 

Figures 6–10.  

 

Figure 5. Velocity distribution on vertical coordinate Z 
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In Figure 5 it can be seen that velocity of the air flow attains its maximum in the ideal channel, 
whose movable side is continuous (absence of rustication joints). In case of presented rustication joints 
with the interval value equal to 0.6 m air velocity decreases in average at 9 %. Rustication joints at 0.3 m 
diminish velocity at 19 % more. Velocity contrast is well demonstrated at low height marks. 

 

Figure 6. Velocity profile across the width of the air gap at 0.3 m 

 

Figure 7. Dependence of Froude number on geometric parameters of the air gap 

 

Figure 8. Dependence of velocity coefficient φ on geometric parameters of the air gap 
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Figure 9. Dependence of local head loss coefficient ζ on geometric parameters of the air gap 

 

Figure 10. Dependence of pipe friction coefficient λ on geometric parameters of the air gap 

without rustication joints 

In these dependences for the second case it can be seen that: 

1. Velocity attaints its maximum alongside the hot surface, and there is no air circulation along the 
cold surface. Besides, for the width of the gap of 0.3 m impact of rustication joints interval on 
velocity value is precious little (Fig. 6). When the width of the air gap satisfies a condition 

h  0.22 m, then velocity goes below 0.1 m/s, that is lower than instrumental uncertainty. In this 
case, experimental results are unreliable. 

2. Aside from the width of air gap (h), average velocity, as in the first case, is lower at frequent 
rustication joints (Fig. 7). 

3. Frequently pitched rustication joints diminish velocity coefficient (Fig. 8) and increase local 
hydraulic resistance (Fig. 9). 

Discussion  
In this study, we have performed physical simulation of heat-gravitational motion inside of the air 

gap at different spacing between rustication joints. 

Research of the influence of outlet geometry on the airflow and temperatures in the ventilated 
façade was carried out by E. Šagát, L. Matějka, J. Pěnčík in their paper [16]. This experiment was 
performed for open joint ventilated façade. A. Fallahi, F. Haghighat, H. Elsadi suggested design approach 
[6], that involves the integration of passive thermal mass technique. These researches were carried out 
for the ventilated façade without considering interval value. In our study, we have ascertained, that 
different spacing between rustication joints also influences ventilated façade performance. 

All-in-all results suggest, that interval influences on airflow data. Frequently pitched rustication 
joints diminish velocity coefficient and increase local hydraulic resistance regardless of width of the air 
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gap. Apparently, cold air penetrates through them, afterwards it descends, thereby decreasing average 
velocity. 

It should be noted, that all measurements were taken without weather impact. Impact of rustication 
joints on airflow data will increase, in case of wind correction. 

Conclusions  
1. Average velocity of the air flow depends on spacing between rustication joints and on air gap 

width. 

2. Obtained results show, that velocity attains its maximum in the ideal channel without rustication 
joints. As the interval is reduced, average velocity decreases because of cold air penetrating. It 
leads to heat-gravitational motion inversion. 

3. The most appropriate design is the façade without rustication joints, or facade with the maximal 
spacing between them. In comparison with current configurations, the most appropriate interval 
is equal to 0.6 m. 
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Abstract. The object of the given research is the thermotechnical characteristics of buildings. The 
problem of thermotechnical indicators measurement arises at the acceptance of the buildings in use and 
also while performing work on energy classification of buildings in use. The two-level procedure of 
specific consumption definition of thermal energy for heating is offered: the coefficient of heat losses of 
the building is defined, and then the specific consumption of thermal energy for heating for settlement 
conditions is estimated. The given article suggests the optimal algorithm of the coefficient of heat losses 
determination according to the consumption of thermal energy for the buildings, not depending from the 
outdoor air temperature and the power of household thermal emissions of the building. There are also the 
results of the estimation of the coefficient of the coefficient of heat losses and specific consumption of 
thermal energy for heating for the conditions estimation according to the long-term observation for high-
rise buildings. There are also the estimation of the RMS error of determining the coefficient of the 
coefficient of heat losses and specific thermal energy consumption for heating for the conditions 
estimation, as well as the 75 % confidence interval for this indicator. The results can be used for the 
buildings in use energy classification. 

Аннотация. Объектом исследования являются теплотехнические характеристики зданий. 
Проблема измерения теплотехнических показателей возникает при приемке зданий в 
эксплуатацию, а также при выполнении работ по энергетической классификации зданий в 
процессе эксплуатации. Предлагается двухступенчатая процедура определения удельного 
потребления тепловой энергии на отопление: определяется коэффициент теплопотерь здания, 
затем рассчитывается удельное потребление тепловой энергии на отопление для расчетных 
условий. Представлен оптимальный алгоритм определения коэффициента теплопотерь по 
данным потребления тепловой энергии на отопление в здании, не зависящий, от температуры 
воздуха и мощности бытовых тепловыделений в здании. Определена потенциальная точность 
определения указанного коэффициента в зависимости от климатических условий и погрешности 
измерения температуры наружного воздуха. Приведены результаты определения коэффициента 
теплопотерь и удельного потребление тепловой энергии на отопление для расчетных условий по 
данным многолетних наблюдений для многоэтажных зданий. Вычислены значения 
среднеквадратичной погрешности определения коэффициента удельных теплопотерь и удельного 
потребление тепловой энергии на отопление для расчетных условий, а также 75 % доверительный 
интервал для этого показателя. Полученные результаты могут быть использованы для  
выполнения энергетической классификации эксплуатируемых зданий. 
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Introduction 
The requirements for the heat engineering characteristics of buildings change together with the 

cost of energy resources. If in [1] the requirements for resistance to heat release of enclosing structures 
were chosen only for the sake of thermal comfort, in [2, 3] normalized values for the heat resistance for 
protecting structures was established, and in [3, 4] standardized values for the specific annual heat 
consumption for heating of buildings was estimated. Specific annual heat consumption for heating is also 
set in the normative documents of the EU, [5], RF [6] RK [7]. From the regulatory requirements to the 
mentioned indicator logically follows the need to develop measuring techniques providing the verification 
of compliance of performance indicator values calculated at the stage of acceptance of the buildings as 
well as at the other stages of its use. 

Currently, to assess the thermal performance of the building in most cases methods of thermal 
control [8–10] are used. However, its use lets estimate the thermal defects in the exterior building 
enclosure and do not provide us with the ideas of specific energy characteristics of the building. 

In [11] the methodology and results of determination of heat transfer resistance exterior walls of 
buildings in use are given. The considerable complexity of methods with a small sufficiently result should 
be noted. It is almost impossible to define thermal resistance of all external fences of the building with the 
method proposed in [11]. The results are selective with no statistical evaluation of the accuracy and 
reliability of the results. 

Definition and comparative analysis of values of specific heat energy consumption for heating of 
buildings is, as a rule, made in specific conditions [12], Russia, [13]. However, the indicator "specific 
annual consumption of thermal energy for heating" refers not to the building as a structural system, and 
characterizes it with the account of climatic conditions, inhabitation of the building and its operation 
conditions. Therefore, the value of the indicator of specific consumption of thermal energy for heating 
measured under the specific climatic conditions and under operating conditions differing from design, 
may differ significantly from the calculated. It should also be added that the complete inhabitation of the 
building occurs a few years after putting it in use, therefore, the consumption of thermal energy for 
heating and ventilation during this period may differ significantly from the design value. 

[19] suggests the concept of the specific thermal characteristic of the building which value is equal 
to the relation of specific power of thermal losses at a difference of temperatures in 1K to building 
volume. This quantity does not depend on the service conditions and characterizes the building as a 
thermal power object. For residential buildings it is more convenient to standardize this quantity not to 
volume, but to the heated area of the building which value can be received from the maintenance 
organization. In our opinion, the name "Coefficient of heat losses" of the building is more suitable for this 
quantity. Knowing this indicator, it is possible to calculate quantity of specific consumption of thermal 
energy on heating of the building for any settlement conditions [20]. 

The way of determination of the coefficient of heat losses for the general and separate accounting 
of thermal energy on heating and hot water supply is investigated in [21–25]. It is offered to determine the 
value of a specific consumption of thermal energy on heating for settlement conditions by the calculations 
for this indicator.  

The necessity to define the thermal energy specific consumption for heating arises while 
performing the following tasks: 

 At the acceptance in use of new buildings and buildings after thermal modernization; 

 While performing energy certification of the buildings in use; 

 To estimate the thermal protection design quality of the building and to provide the feedback 
between the project and the constructed object for the purpose of its iteration. 

By now in the well-known literature there is no information which would allow determining the 
possible accuracy of definition of this indicator, as well as no data on an error of its definition for the 
buildings in use. 

It should also be noted that in normative and scientific literature there is no specific requirements to 
the accuracy of measurement of a specific indicator expense of thermal energy on heating of the 
operated buildings. 
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Requirements to the accuracy of definition of specific consumption of 
thermal energy on heating for settlement conditions 

In the Republic of Belarus the classification of buildings by specific consumption of thermal energy 
on heating and ventilation for settlement conditions is accepted [3]. While solving the problem of the 
building in use reference to a certain class, it is necessary to consider the possible accuracy of definition 
of specific consumption of thermal energy on heating and ventilation. 

Buildings of the classes B, A and A+ are allowed to design and construction in the Republic of 
Belarus. The class B for multistoried buildings is characterized with a range of values from 30 to 
48 kWh/m2 for a heating season. The accuracy of the measurement of this indicator should provide the 
possibility of a clear classification of the building to a particular class. E.g., the value of an error of 
measurements of ±4 W / (m2K) allows to range the specified range into 5 intervals of unambiguous 
reference of the building to the specified class. The increase in accuracy of measurements respectively 
increases the quantity of the intervals and decreases the uncertainty of its reference for a certain class. 

Table 1 presents the number of ranges of intervals depending on the control precision for high-rise 
buildings of different classes.  

Table 1. Quantity of Ranges of Split Intervals depending on the precision of measurements 

Classes of 
buildings 
with more 

than 7 
levels  

 

Range of 
values of 
indicator, 
kWh/m2 

 

Reasonabl
e range of 
indicator, 
kWh/m2 

 

Accuracy of definition of kWh/(m2a) 

±2 ±4 ±6 ±8 

Quantity of ranges  

For two ranges of 
indicators  

 

Quantity of 
intervals  

For two 
ranges of 
indicators 

Quantity of 
intervals For 
two ranges of 

indicators 

Quantity of 
intervals  

For two ranges of 
indicators 

range 

 1 

range 

 2 

D 81 - 60 89 - 69 10 

 

10 5 5 3 3 2 2 

C 59 - 49 69 - 49 5 

 

10 3 5 2 3 2 2 

B 48 - 30 49 -29 10 10 5 5 3 3 2 2 

A 29 - 25 29 -19 3 

 

10 2 5 1 3 1 2 

A+ <25 <19 12 10 6 5 4 3 3 2 

 

From the data shown in Table 1, we can conclude that the choice of division of the ranges into 
classes is irrational. The above-mentioned ranges of the indicator qu for classes A and C will lead to an 
increase of the number of errors in determining the class of the building compared to the others, since the 
number of measurement intervals in a specified range-tries is twice less than in the others. The 
appropriate division into ranges proposed in the table does not break the logic of the division into classes, 
and makes it possible to reduce the uncertainty of attribution of the building to a particular class. 

The optimal solution for the coefficient of heat losses 
In [26] it is proposed to take into account the energy costs of hot water supply by data out of a 

heating season for determining the coefficient of heat losses of the building in the case of general energy 
account for heating and hot water supply. This approach can lead to considerable mistakes while 
estimating the coefficient. Besides, offered in [26] method of calculating annual energy consumption and 
value of consumption at zero degrees Celsius is not rational. 

In [20–23] the coefficient of heat losses of the building, f1, is estimated together with the following 
assumptions: 

 Air temperature inside the building is known and equal to some extent to the constant value; 
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 the power of the household thermal emissions remains constant during the entire measurement 
period; 

 Insolation is negligible in comparison with the other components of thermal balance. 

The compliance of the above-stated requirements during one heating season and especially during 
several heating seasons is problematic. In practice, these requirements are not fulfilled which leads to 
decrease in accuracy of measurements. 

The algorithm offered in [24] measures the temperature of external air and the energy spent for the 
hot water preparation on the measuring intervals. But there are still some requirements to the constant 
temperature values about in the building and the power of household thermal emissions during each 
heating season. The system of the equations in [24–25] for the definition of f1 in the heating season k 
consists of the equations like follows: 

𝑝𝑖
𝑘 = 𝑓1 ∙ (𝑡0𝑖

𝑘 − 𝑡𝑖
𝑘) − 𝑓2𝑖

𝑘 + 𝑢�̃�, i=1,…,N; k=1, …,K; (1) 

where f1 – coefficient of heat losses of the building of W/(m2K);  

𝑓2𝑖
𝑘  – the power of the building thermal emissions in a heating season k, and the measuring interval 

i which is supposed to be constant during one heating season, W/m2; 

𝑡0𝑖
𝑘  – air temperature in the building in a heating season k and a measuring interval i which is also 

supposed to be constant during one heating season, K;. 

𝑡𝑖
𝑘 – the temperature of the outdoor air on the interval i of the heating season k, K; 

𝑝𝑖
𝑘– a specific power of a source of heating of the building on the interval i of the heating season k, 

W/m2; 

N – quantity of intervals of measurement in one heating season; 

K – quantity of heating seasons, information on which is used for the f1 value definition.  

𝑢�̃� – an uncorrelated interfering component on the interval i which arises from the inaccuracy of 
temperature and energy measurement, and also owing to the deviation of air temperature and power of 
thermal emissions in the building from the constant values, W/m2.  

In order to increase the accuracy of measurements, the algorithm of f1 value definition is proposed 
to be changed as follows: 

 The electricity meter counters estimate the average power of the thermal energy consumed by 
the building on heating on several time intervals during one or more heating seasons; 

 Duration of the time intervals gets out of a ratio: 
τ >>τ0, 

where τ0 is a constant of loss of heat time of the building, s; 

 For the same intervals of time the average temperature of the outdoor air, e.g., according to the 

hydrometeocenter is estimated. 

For the chosen measuring intervals of each heating season we make a system of the equations (1) 
in which the sequence of the equations in system corresponds to the sequence of the chosen 
measurement intervals. Then we subtract the next equations systems (1) made for a concrete heating 
season to get a new system of the equations for each heating season with a quantity of the equations in 
system, equal to N-1. While subtraction the corresponding coefficients and free members of the 
equations are subtracted. Then we unite the systems of the equations received for each heating season 
in the general system and solve it concerning f1.  

The total system of the equations is as follows (2): 

𝑞1
𝑘 = 𝑓1 ∙ 𝑇1

𝑘 + 𝑢1̃ 

𝑞𝑖
𝑘 = 𝑓1 ∙ 𝑇𝑖

𝑘 + 𝑢�̃� 

𝑞𝑛−1
𝑘 = 𝑓1 ∙ 𝑇𝑛−1

𝑘 + 𝑢𝑛−1̃ 

(2) 

where , i=1,…, N; k=1, …, K; 

pi and pi+1 - the specific power of a source of heating of the building on i and i+1 intervals of the 
heating season k, W/m2. 
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𝑡𝑖
𝑘и 𝑡𝑖+1

𝑘 - the average temperature of the outdoor air on i and i+1 intervals of heating season k, K. 

The total quantity of equations is equal to the system K*(N-1) 

Such an approach to the equations system formation allows:  

 To reduce labor input of measurements since it is enough to obtain information on average 
value of temperature of external air and there is no need to take temperature in the building: 

 To increase the precision of measurements by the increase of the initial information volume; 

 To reduce the measurement uncertainty associated with the violation of the requirement of 
constant values of temperature, power, domestic heat and intensity of the insolation during 
each heating season. 

Change in parameters in the neighboring time intervals is not abrupt because of the inertia of these 
quantities in blocks of flats and to a less extent than during the heating season.  

The changes in solar activity in the adjacent months of the heating season is also smaller than the 
dispersion for the season and, especially, for several heating seasons. For example, Table 2 shows the 
value of the energy of solar radiation coming to the multilevel, designed for Minsk.  

Table 2. Energy of Insolation coming to the multilevel dwelling in Minsk 

Single-section 19-floors 132-rooms dwelling in a series 111-90 MAPID, Minsk: 

Months of a heating season November December January February March 

Insolation, W/m2                                                          0.018             0.015              0.027       0.050           0.074 

 

Using the least squares method [27] to solve the system of equations (2), we obtain a formula for 
determining the coefficient of the specific heat losses of a building: 

𝑓1 =
∑ ∑ 𝑞𝑖

𝑘𝑁
𝑖=1

𝐾
𝑘=1 𝑇𝑖

𝑘

∑ ∑ (𝑇𝑖
𝑘)2𝑁

𝑖=1
𝐾
𝑘=1

 (3) 

Usage of the method of least squares to solve the system of equations gives the minimum value of 
f1 estimate variance [27] and is optimum in sense of providing the minimum mean square error for an 
objective. 

On the known value of coefficient determine specific consumption of thermal energy on heating for 
settlement service conditions by a formula: 

))((024.0 21 ssrh qfftNq   , (4) 

where: Δtsr= (tin.-tout.), К, 

qh – the Specific average annual power of a power source on heating and ventilation for settlement 
conditions, W / (м2a); 

f1 – specific coefficient of thermal losses of the building, W / (m2K);   

f2 – the specific power of internal thermal emissions in the building accepted for calculations for 
W/m2;  

tin – settlement air temperature in the building, equal 18 °C;  

tout – the average temperature of external air in in a heating season according to climatic conditions 
of the area on [29]; 

qsr – the average stream of the solar radiation coming to the building, according to requirements 
[29]; 

ζ and ξ – the coefficients considering type of system of regulation and coefficient of assimilation of 
solar energy in the building, respectively.  
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The potential accuracy of coefficient of heat losses determination 
Assuming the values qi

k and Ti
k - uncorrelated random variables, in accordance with the principles 

of the transfer of errors for independent variables in [27], we receive:  

𝜎𝑓
2 = (

𝜕𝑓1

𝜕𝑇
)

2

∙ 𝜎𝑇
2 + (

𝜕𝑓1

𝜕𝑞
)

2

∙ 𝜎𝑞
2, (5) 

From (3) we receive the derivatives: 

𝜕𝑓1

𝜕𝑇
=

𝑞 ∙ 𝑇2 − 2 ∙ 𝑞𝑇 ∙ 𝑇

(𝑇2)
2   , (6) 

𝜕𝑓1

𝜕𝑞
=

𝑇

𝑇2
, 

(7) 

With the following designations: 

�̅� = ∑ ∑ 𝑇𝑖
𝑘𝑁

𝑖=1
𝐾
𝑘=1  ; 𝑇2̅̅ ̅ = ∑ ∑ (𝑇𝑖

𝑘)2𝑁
𝑖=1

𝐾
𝑘=1 ; 

�̅� = ∑ ∑ 𝑞𝑖
𝑘𝑁

𝑖=1
𝐾
𝑘=1 ;  (𝑞𝑇)̅̅ ̅̅ ̅̅ = ∑ ∑ 𝑞𝑖

𝑘𝑁
𝑖=1

𝐾
𝑘=1 𝑇𝑖

𝑘 

(8) 

Substituting (6) and (7) in (5), and taking into account (8) we get the dependence of the standard 
square deviation for f1 value from the error of determination of temperature and power: 

𝜎𝑓 =
√(𝑞

2
+ 4 ∙ (𝑓1)2 ∙ 𝑇

2
+ 4 ∙ 𝑞 ∙ 𝑇 ∙ 𝑓1) ∙ 𝜎𝑇

2 + 𝑇
2

∙ 𝜎𝑞
2

𝑇2
 

(9) 

From (9) it is possible to obtain the minimum value of an error of dispersion estimation coefficient 
of heat losses of the building for the known values of uncertainty of determination of power and 
temperature of the outdoor air.  

From (9) we can conclude that besides the values of σq and σT the accuracy of f1 determination 

also depends on the condition of the changes. The decrease in the value of 𝑇2, i.e., reducing the 
difference between the outdoor air temperatures at various measurement intervals leads to an increase 
of the estimation of σf uncertainty.  

The real uncertainty of measurement of f1 may exceed the obtained value, since the initial formula 
does not take into account outcome all possible changes in solar activity, the capacity of the internal heat 
sources and the temperature of the air inside the building. The measurement accuracy could also depend 
on the number and duration of measurement intervals, the quality controller of a heat supply, etc. 

Results and Discussion  
We should determine the potential accuracy of measurements of coefficient of heat losses for 

average climatic conditions of the cities of Republic of Belarus [28] and the Russian Federation [29]. With 
this purpose we calculate on a formula (8) for given values of f1 the range of possible variations of σf. In 
Figure 1 there is a graph of dependence of size σf for the range of f1 values, from 0.4 to 1.8, and climatic 
conditions of various cities. Calculations are performed for N = 5 (November, December, January, 
February, March).  

σT=1K; σq=1W/m2; 

From the data provided on Figure 1 it is possible to conclude that the value of the RMS-deviation 
increases together with the increase of f1 value and for softer climatic conditions. 
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Figure 1. Dependence of the value of σf for the range of f1 values and climatic conditions of 
various cities 

Table 3 shows the average values of dispersion of coefficient estimation of the coefficient of heat 
losses calculated for the regional centers of the Republic of Belarus.  

Table 3. An average error of determination of coefficient of heat losses for the RB regional 
centers. σT=1K; σq=1 W / (m2) 

f1 ,w/(m2K) 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 

 σf, w/(m2K) 0.042 0.039 0.035 0.032 0.029 0.026 0.024 0.022 

 

Figures 2 and 3 show the dependence of the value of σf for a range of changes to the RMS error 
σT and σq for Minsk and Krasnoyarsk. In both graphs the increases in the values of σT and σq lead to an 
increase in the error of determining the coefficient of the coefficient of heat losses, σf. However, on the 
graph for Minsk the range of values of σf are from 0.003 to 0.03 W/(m2K), but for Krasnoyarsk values of 
σf are in the range from 0.0015 to 0.014. Therefore, the accuracy of determining the values of the 
coefficient of the coefficient of heat losses increases for the more severe climatic conditions. 

Recalculation of the RMS deviation σf for coefficient of heat losses definition in an error of definition 
of specific consumption of thermal energy on heating is carried out on a formula: 

𝜎𝑞 =  𝜎𝑓  ∙ G ∗ 0.024, (10) 

where 𝜎𝑞 – a the RMS deviation of definition of specific consumption of thermal energy on heating, kWh / 

(m2 year); 

G – quantity of the degree – days of a heating season, K*d. 

According to (10), to value σf =0.01 W / (m2*K) corresponds σq=0.9 to kWh / (m2 a) for Minsk, and 
σq=1.6 kWh / (m2 a) for Krasnoyarsk. 
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Figure 2. Schedule of Dependence of σf for the range of changes of  
the RMS deviation σT and σq for Minsk 

 

Figure 3. Schedule of Dependence of σf for the range of changes of  
the RMS deviation σT and σq for Krasnoyarsk 

Statistical characteristics of f1 value estimation on long-term observations 
If for the preliminary estimations of the potential accuracy of determining the values of σ f we used 

the principles of errors transfer for the independent variables from [27], for processing experimental data 
to determine the values of of the coefficient of heat losses by the results of many years of observations 
we use the methods of experimental data processing [30]. 

We should consider statistical characteristics of estimation of f1 value on long-term observations. 
We should introduce some designations: 

𝑆2 =
1

(𝑁−1)
∑ ∑ (𝑞𝑖

𝑘 − 𝑓1 ∙ 𝑇𝑖
𝑘)2𝑁

𝑖=1
𝐾
𝑘=1   (11) 

Then the sample variance, σf, is equal [25]: 

𝜎𝑓 =
𝑆

√𝑇2
 (12) 

According to [30] 100(1-γ) % confidential range of estimation of f1 is determined by a formula (3) 
and is in range: 

𝑓1 −  
𝑡𝑁−1;1−𝛾/2 ∙ 𝑆

√𝑇2̅̅ ̅
≤ 𝑓10 ≤ 𝑓1 +

𝑡𝑁−1;1−𝛾/2 ∙ 𝑆

√𝑇2̅̅ ̅
 (13) 

where 𝑡𝑁−1;1−𝛾/2 – the corresponding value of the Student’s t-test [30]. 

Figure 4 shows f1 values for the multilevel Minsk buildings determined by the values of heat 
consumption in three heating seasons, 2011–2012, 2012–2013 and 2013–2014. On axis of abscissa 
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there is the conditional number of buildings. To calculate the coefficients the monthly data on 
consumption of thermal energy from November to March inclusive were chosen. I.e., the processing was 
performed at 15 months in the three heating seasons, in accordance with the algorithm described in this 
article. The range of variation of the obtained values of the conversion factor of the coefficient of heat 
losses in the range from 0.6 to 1.4, which corresponds to the measurable implementation of specific 
consumption of thermal energy on heating for the calculation of the conditions of Minsk from 55 to 
125 kWh/(m2*year), as shown in Figure 5. 

 

Figure 4. Values of coefficient of the coefficient of heat losses, f1, for multilevel buildings in Minsk 

 

Figure 5. Values of specific consumption of thermal energy for calculated conditions of Minsk  
(f1 values of fig. 4) 

 

Figure 6. The values of the RMS deviation of determination of the coefficient of heat losses, σf  
(f1 values of fig. 4) 
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Figure 6 shows the value of the RMS deviation of determination of coefficient of specific-value, σf, 
calculated according to expression (14). The values are in range from 0.01 to 0.04 W/(m2K) with an 
average of 0.03 W/(m2K). For buildings # 4 and #10 significantly exceed this value that demands an 
additional research of the reasons of excess.  

Figure 7 shows the values of the RMS deviation of determination of specific consumption of 
thermal energy for heating σq and a confidence range of determination of this value for 75 % of 
probability. The values of the RMS deviation of determination of specific consumption of thermal energy 
for heating are mostly in the range from 1 to 4 kWh/(m2), and confidence interval of 3 to 6 kWh/(m2). 

 

Figure 7. The values of the RMS deviation of determination of  
specific consumption of thermal energy on heating σq – row 1 and a confidential interval of 

determination of this size for 75 % of probability, row 2 (f1 values of fig. 3) 

Comparison of the received accuracy of measurements with data from Table 1 shows that the 
values of an deviation received at measurements give the chance of splitting ranges for each of classes 
of buildings on consumption of thermal energy on heating (at the offered adjustment of ranges) on 5–10 
intervals. Such quantity of intervals will give 80–90 % of cases of errorless classification of buildings to a 
particular class.  

The comparative analysis of sample variance of definition of values of coefficient of coefficient of 
heat losses of the building and specific consumption of thermal energy for settlement conditions and 
potential accuracy of measurements confirmed their practical coincidence for the potential accuracy of 
measurements corresponding to values ϭq = 1 W/m2 and ϭT = 1K. This circumstance gives an opportunity 
to switch from Student's distribution to normal distribution with use of integral of mistakes [25] during the 
processing of experimental data and assessment of confidential intervals. 

Conclusions 
The article investigates a new method of determination of specific consumption of thermal energy 

for heating and ventilation of the buildings in use with in order to provide their classification. Besides, it 
contains a research of dependence of a statistical error of determining the rate of accuracy of 
measurement baseline information for different climatic conditions.  

In contrast to the known methods, the method proposed provides the possibility of joint processing 
of information for the consumption of thermal energy on heating for several heating seasons, which 
significantly increases the reliability and the accuracy of the measurements. At the same time there is a 
decrease in the deviation connected with the change of the air temperature, in the power of the 
household heat emissions and in the intensity of the solar energy into the building during each heating 
season and from season to season. 
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The following tasks were solved: 

• We developed the optimal by the criterion of minimizing the RMS deviation algorithm, 
determining the coefficient of the specific heat according to long-term monitoring of heat 
consumption for heating of the building, independent, in contrast to the already known, from 
changes in air temperature, the power of the household releases and intensity of the solar 
energy into the building during the period of measurement (collecting measurement data); 

• We developed a mathematical model of dependence of potential accuracy of determination of 
the specified coefficient depending on the accuracy of determination of air temperature and 
power of system of heating in the building for various climatic conditions; 

• We offered a new principle of the buildings in use classification by consumption of thermal 
energy on heating in which ranges of classes of buildings are coordinated to the accuracy of 
measurement of an indicator of classification that provides a possibility of unambiguous 
reference of the building to a certain class at a use stage;  

• We defined the coefficient of the coefficient of heat losses according to long-term observations 
for a number of buildings in use via the algorithm proposed in the article, besides, the specific 
thermal energy consumption for heating for the calculated conditions was determined with the 
known value of the coefficient; 

• For the considered buildings we estimated the values of a mean square error of determination 
of coefficient of the coefficient of heat losses, the specific thermal energy consumption on 
heating for settlement conditions and 75% confidential interval for this indicator.  

According to the comparative analysis of sample variance value and the confidence interval of 
specific consumption estimation of thermal energy on heating of buildings in use for the calculated 
conditions, together with the theoretical values of potential accuracy of the measurements we can draw 
the following conclusions: 

• The general tendencies in the change of the RMS deviation of determining the coefficient of the 
coefficient of heat losses of buildings in use are consistent with the results of the calculation of 
the potential accuracy of measurements by the offered mathematical model; 

• The range of values of σf in the experimental studies corresponds with the calculation of the 
potential measurement accuracy for deviation values to determine the power and temperature, 
and is: σq = 1 W/m2 and σt = 1K which corresponds to the possible accuracy of obtaining the 
initial information. 

The statistical analysis of the results of determining the coefficient of the coefficient of heat losses 
and the specific thermal energy consumption on heating for the buildings in use for the calculated 
conditions via the method proposed demonstrated the feasibility of its use and allowed us to estimate the 
metrological characteristics depending on the accuracy of the measurements of the initial variables: 
temperatures of the outdoor air and energy consumed for heating.  

The article suggests the decomposition of the ranges of classes of buildings by their consumption 
of thermal energy on heating, which provides 80–90% cases of errorless classification to a certain class 
when performing measurements for the buildings in use. 

On the basis of the obtained results we can conclude that during the processing of experimental 
data and the estimation of confidence intervals on the potential accuracy of measurements and confirmed 
with experimental results allow us to switch from Student's t-test distribution to the standard distribution 
with use of the error integral. 
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Abstract. Currently, the successful development of construction industry depends on the improved 
energy performance of buildings, structures and facilities, as well on the quality estimation of the outdoor 
climate. The problem of feasibly more accurate determination of energy consumption by climatic systems 
in buildings is a very high-priority task now because of decrease of energy and fuel sources and because 
of actualization of building standards in many countries. That is why it is very important to find simple but 
enough accurate dependences between climatic parameters in the heating as well as in the cooling 
seasons of a year. In the paper the modern principles accepted in different countries for the selection of 
the design climate information for the design of building envelopes and systems to ensure building 
microclimate are considered. Main shortcomings of the methods, including the concept of "typical year", 
are shown and the advantages of generating climate data arrays programmatically with the use of a 
pseudorandom number generator are described. Some results of the calculation of current temperature 
of the external air during the warm period of the year with different safety are presented using numerical 
modeling with Monte-Carlo procedure. The possibility of practical implementation of probabilistic-
statistical principle of climatic data for some calculations relating to climatic systems and thermal regime 
of the building are shown. The comparison of the obtained values with the analytical expression for the 
normal distribution of random variables is presented and relationships for the selection of its main 
parameters according to the existing climatic manuals are proposed. 

Аннотация. В настоящее время успешное развитие строительной отрасли зависит от 
повышения энергетической эффективности зданий, строений и сооружений и в то же время от 
качественной оценки параметров наружного климата. Задача возможно более точного 
определения энергопотребления климатическими системами зданий имеет очень большое 
значение в связи с исчерпанием запасов органического топлива и других ресурсов, а также в связи 
с актуализацией нормативной базы многих стран в области строительства. Поэтому очень важно 
располагать простыми, но одновременно достаточно точными зависимостями между 
климатическими параметрами как в отопительный, так и в охладительный периоды года. В работе 
рассмотрены принятые в настоящее время в различных странах принципы выбора расчетной 
климатической информации для проектирования ограждающих конструкций и систем обеспечения 
микроклимата зданий. Отмечены основные недостатки методик, включающих понятие «типового 
года», и описаны преимущества генерации массивов климатических данных программным 
способом с применением датчиков псевдослучайных чисел. Приведены некоторые результаты 
расчета срочной температуры наружного воздуха в теплый период года с различной 
обеспеченностью при помощи численного моделирования методом Монте-Карло. Показана 
возможность практической реализации вероятностно-статистического принципа формирования 
климатических данных для некоторых расчетов, касающихся систем климатизации и теплового 
режима здания. Представлено сопоставление полученных значений с аналитическим выражением 
для нормального закона распределения случайной величины и предложены соотношения для 
подбора ее основных параметров по имеющимся нормативным данным в области строительной 
климатологии. 
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Introduction 
One of the main approaches to determination of design parameters of external climate for 

designing external enclosures and climatic system of buildings is based on using factor kh (so called 
safety index), which represents the likelihood that actual value of considered parameter upon operation of 
the building will not exceed set thresholds i.e. it will not exceed this threshold in hot period of the year and 
will not be lower in cold period. The expression for kh should have the following view [1]: 

N

N
hk


 1  or 

z

z
hk


 1 , (1) 

where N is a total number of supervision events when the parameter exceeds established threshold; z is 
general time of supervisions; Δz is a duration of time interval when the parameters exceeds threshold 
value. The first variant is used for evaluation of discrete events kh, for example, the coldest five days or 
days, and the second variant is used for determination of the level of general climatic parameters for hot 
and cold period. However, definite conditions may require parameters under other value kh that differs 
from those, for which the values are represented in the source. Especially, this relates to significant and 
responsible facilities when customer requires high reliability and, respectively, value kh.  

Therefore, in this paper, the object of study is the design outdoor temperature for design of the 
microclimate systems during the cooling period of the year with a specified safety index. Probabilistic-
statistical model of external climate allows determination of scientifically grounded level for this 
temperature. It can be shown that this model efficiently describes basic ratio between different 
parameters [2–3] regardless the availability of two main factors that affect formation of these parameters, 
i.e. regular seasonal trend and fluctuations against this trend that are actually close to random ones.  

This method has definite benefits over so-called “typical year” [4–10] that is accepted in many 
cases and described in details in the last versions of recommendations ASHRAE [11–12]. Eventually, 
they provide for the selection of so-called “typical meteorological months” chosen from long-time data 
base (the last variant for the period from 1982 to 2006). Moreover, the data for each day and hour of 
each month of the year can be selected from different years of considered period, i.e. they are real, so 
that resultant deviation from the average temperature for this period doesn’t exceed 0.1 оC. Then the 
massive is analyzed for the respective parameters (in particular, temperature) with necessary reliability. 
In [13–14] some elements of probabilistic-statistical models were presented, but, again, it is not aimed at 
obtaining in-depth evaluation of dependencies. So, the benefits of probability/statistical method relate to 
the absence of the need in the search for accumulation of the large volume of climatic data and their 
special selection so that these data correspond to the requirements applied to their representatively. 
Moreover, there is no need in loading of such large amount of data to software. Finally, the method based 
on ‘typical year’ is less oriented at obtaining any point estimates, including determination of certain 
external air temperatures tex with set reliability. The latter is necessary for the correct selection of 
processes of the supply air treatment in the cooling period and for calculation of installed power of air-
conditioning equipment. In the practice of building regulation in several countries, including the Russian 
Federation and some others, that the safety index of climate parameters forms the basis of their 
definition, therefore, the application of probabilistic-statistical modeling will allow the most simple way to 
solve the problem of selection of HVAC equipment within design conditions of the cooling period with any 
kh required by the customer. 

Generally speaking, the recommendations of the ASHRAE, especially [12], also provide for the 
regulation of temperatures tex using a certain analogue of kh, namely the indication of temperature values 
the ambient air dry bulb temperature corresponding to 0.4, 1.0, or 2.0 % annual cumulative frequency of 
occurrence (warm conditions). Unlike the kh's is that at use of formula (1) in the denominator will be the 
duration of the cooling period only and not the whole year. However, here the frequency is fixed, and for 
intermediate values, the corresponding data do not exist. 

A slightly different approach is proposed in [15], where tex is associated with the characteristics of 
the thermal resistance of the premises and solutions for automatic control of climate systems, but in spite 
of the physical validity, it is difficult to apply at the stage of making preliminary decisions due to the lack of 
reliable data on the characteristics of the object of regulation. 

Thus, the purpose of this study is to determine key design parameters of external climate in warm 
season with arbitrary safety index with the help of probabilistic-statistical model. Objectives of the study 
are to build an algorithm that implements this model, and obtaining analytical dependences for the 
calculated outside temperature according to the results of approximation results software generation.  
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Methods 
Probabilistic-statistical model is based on determination of urgent ambient air temperature and 

associated correlation enthalpy as a random value distributed under normal law and characterized by 
certain expected mean М(t) and mean-square deviation σt. It should be noted that regular and stochastic 
factors that determine the behavior of urgent temperature can be tracked separately without significant 
complication of the algorithm upon computer-based calculations. In studies case, seasonal trend was 
simulated by the input of float mean that varied within the year under sinusoidal law within the amplitude 
At that corresponds to the half of the difference of average temperatures of the hottest and the coldest 
month with the maximum near July 31, i.e. on 210th day from the beginning of the year. Then stochastic 
component with corresponding value σt was applied to resultant value. This was performed by means of 
quasi-random number counter that generates values that are subject to normal distribution law. 
Considered approach is one of the variants of Monte-Carlo procedure. In variant of ECM program, 
realized by the author, the generated was performed for the period of 100 years. Then obtained 
temperatures were ranked in ascending order. This allows building unknown dependency of tex from kh.  

Results and Discussion 
On figure 1, red line indicates results for climatic conditions of Moscow. In this case, mean annual 

temperature tmean that is equal to +5.4 оС was taken as expected mean. Value At of 13.25 оC was 
considered and the value of amplitude of daily rate of urgent temperatures in hot period, i.e. 9.6 оC was 
taken as σt. It should be noted that in climatic terms the amplitude is considered as the difference 
between maximum and minimum value within a day since half size value of mathematic amplitude should 
be used as σt for modeling the behavior of not urgent but mean daily temperatures. Moreover, not directly 
kh but the probability of contrary event (urgent temperature exceeds its current value, i.e. 1 – kh) is taken 
as independent variable. This is not fundamental importance but it will simplify obtained approximate 
relationships.  

Black line on figure 1 shows approximation of disclosed dependency in the following form (2): 

  b
h

kaext  1ln  (2) 

Acceding to the results of regression analysis a = –4.51, b = 9.1 and correlation ratio r = 0.996. 
Obviously, this expression ensures rather high degree of approximation, considering its simplicity and 
statistical nature of used initial data that inevitably have variation.   

 

Figure 1. Results of software generation tex depending on 1 – kh and their approximation (2) 

It should be noted that the use of theoretical dependency that directly derives from main 
probabilistic-statistical model gives higher deviation as we can see on the Figure 2 where red continuous 
line indicates calculation results by program and black dotted line indicates calculation by formula (3):  

  2
211ln592.1

h
ktmeantext    (3) 
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Figure 2. The results of software generation tex depending on 1 – kh and  
their comparison with data (3) 

This formula is built, considering known approximate expression for error function erf at large 
values of the argument since the model based on normal distribution law provides the dependency in the 
following from [2–3]: 

 






 


2
1

2

1

t

mean
t

ex
t

erfhk
  

(4) 

It can be assumed that revealed difference is associated with model refinement that is realized in 
the software and relates to tracking of seasonal nature of the change of external temperature.  

Since probabilistic-statistical model provides for the unity of the mechanism for formation of urgent 
temperature regardless definite construction area and, respectively, the generality of corresponding 
dependencies, there are solid grounds for stating that the expression in the form (2) is true for all cases 
and differs only in a and b values. Therefore, the main task of probabilistic-statistical modeling was to find 
common type of control tex = f(kh), and definite level of numerical radios may be selected by identification 
of the model, considering available fixed points.  

Considering arbitrary probability of fixed temperature values from (2), we find:  
















21

11
ln

21

hk

hk

extext
a ;  

   21ln211ln1 hkaexthkaextb  , 

(5) 

where tex1 и tex2 are design external air temperatures basing on the data of this or that source with 
respective reliability kh1 and kh2. For instance, for Moscow tex1 = +23 оC and tex2 = +26 оC at kh1 = 0.95 and 
kh2 = 0.98, respectively, where we find a = –3.3, b = 13.1. These values differ from values obtained from 
the results of approximation of software generation data but, as it was mentioned above, the purpose of 
this generation was to disclose dependency form (2). However, the nature of the curves on Figure 1, 
especially approximating dependency, suggests that their difference from normative values is not very 
high and does not exceed one degree.  

The accuracy and reliability of the results obtained by using dependence (2) with the coefficients 
calculated by the expressions (5), can be seen from the graphs in figures 3 and 3a. Here, the solid line 
shows the results of calculations by the proposed method, and dotted line – data from existing 
observations [13]. In the figure 3, lines 1 refer to the conditions of Moscow; the lines 2 represent the city 
with substantially more hot and dry climate – Samara. The graph in the Figure 3a refers to the 
intermediate parameters of Khabarovsk. It is easy to see that the agreement is pretty good, noticeable 
discrepancies arise only at very high kh →1, which can be explained by the presence of a minimum time 
interval of averaging measurement results ambient temperature (typically one hour), so that its extreme 
values in hourly aggregates do not fall. The red lines show the data of ASHRAE [12] with the appropriate 
conversion. As it can be seen, here the similarity is also quite satisfactory. 
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Figure 3. Comparison of calculations by formulas (2), (5)  
with climate data for Moscow and Samara 

 

Figure 3a. Comparison of calculations by formulas (2), (5)  
with climate data for Khabarovsk 

If you conduct additional calculations on above-mentioned ECM program at different At within the 
limits from 10 to 15 оC, which is peculiar for most countries of Central and Eastern Europe, it is possible 
to obtain ratios for parameters a and b in the following forms through further regressive analysis:  

tAa 325.0 ; meanttAb  275.0 , (6) 

where 
2

cmthmt

tA


 .  

Correlation ratio is not less than 0.99. thm and tcm are temperatures of the hottest and the coldest 
month in considered region, i.e. At value is nothing else but the amplitude of annual cycle of mean 
monthly temperatures [2–3]. Moreover, it was understood that there is correlation ratio between σt and At 
in considered target area: 

  tAt 13.067.0 
.
 (7) 

Thus, the most probable change of σt after At is considered in (6) automatically. Since values thm, 
tcm and tmean for any rather large settlement can be taken from normative and reference documents that 
are valid in this or that country, it is possible to conclude that the ratio (2), considering (6), is easy-to-use 
since it requires maximum quantity of accessible initial data. 
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In this respect, the data offered by ASHRAE [11, 12], is less convenient because, first, does not 
contain the necessary analytical dependences, but only discrete values of temperatures and other 
parameters, and secondly, forcing users to resort to self-selecting the required values from the available 
array. The same applies to more recent studies [4–10], as they support the same methodological 
approach. Analytical relations are given for example in [7], but they refer to average temperatures, 
without considering the stochastic component, and [14, 16], despite the elements of probability and 
statistical consideration, are not aimed at providing analytical assessments. 

It should also be noted that models using probabilistic-statistical approach are especially suitable 
for calculation of annual power consumption of the building upon estimation of energy saving class that is 
very critical today in the context of depletion of the reserves of organic fuel and increased attention to 
energy conservation that is observed in most European and other countries [17–22]. Although discussed 
in the present work a variant of probabilistic-statistical modeling aimed, as mentioned, primarily on the 
calculation of climatic parameters for estimating installed capacity of HVAC equipment with the required 
security, in principle it can be used to calculate annual energy consumption. It is enough to integrate the 
product of the expression containing the difference between tex (2) and the corresponding temperature of 
supply or internal air tin for the value 1 – kh, because from (1) the difference 1 – kh shows the relative 
number of hours standing tex, which is greater than the current value. Then, for example, by expressing 
additionally the required value 1 – kh from (2) using the set value tin, the degree-days of cooling period 
can be calculated to determine the total cold consumption by the expression: 

 aint
a

bint

dD 


 





exp24 . (8) 

Taking by the requirements of ASHRAE [13] the boundary value tin = +15.11 oC (65 °F) and the 
values of a and b, obtained when plotting figure 3, we can calculate for Moscow Dd = 116 K•day, for 
Samara 215 K•day. The actual values in [12] are, respectively, 107 and 199 K•day, i.e. the divergence is 
of only about 8 percent, which is sufficient for engineering calculations considering the simplicity of the 
obtained relationships. 

Conclusion  
1. It is confirmed that the probability/statistical modeling can be used for creation of climatic data 

array upon definite calculations associated with thermal mode of rooms and environmental control 
systems and selection of design parameters of external climate with required reliability;  

2. It has been shown that probability/statistical modeling is suitable for development of simplified 
models, aimed at determining integral characteristics of the building, enclosures and engineering systems 
for definite time; 

3. It is proved that the results of the probabilistic-statistical modeling reliably and with acceptable 
accuracy for practice reflect the real data of climate observations from different sources for a significant 
number of construction areas;  

4. Using the probabilistic-statistical model, the formulas are obtained for calculating the design 
temperature of external air in cooling period for the design of cooling systems and the degree-days of 
cooling period to determine the total energy consumption with any required safety index; 

5. Accessible results are represented in engineering form with use of only basic values that are 
available from existing sources and can be used in design practice. 
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Abstract. The authors have estimated the effect of advanced superplasticizers of types Muraplast, 
Reamin, Weiss SM, Polyplast SP-1 and Melflux on radiation changes in Portland cement stone and 
concretes of radiation protection, based on experimental data from available literature, about the effect of 
such superplasticizers on thermal changes of Portland cement stone and the known analogy between 
thermal and radiation changes in Portland cement stone exposed to neutrons. The estimate of radiation 
changes in volume and compression strength of Portland cement stone used proposed ratios between 
the effect of superplasticizers on thermal and radiation changes in Portland cement stone, obtained 
through processing the published experimental results about the effect of superplasticizers S-3 and S-4 
on radiation and thermal changes in Portland cement stone. Radiation changes in volume, crack 
formation, compression strength and deformation modulus of concretes, were measured with developed 
and tested methods for analysis of radiation changes in concretes based on information on changes of 
their components (aggregates and Portland cement stone). It has been established that advanced 
superplasticizers generally diminish radiation changes in Portland cement stone and concretes. The 
authors have demonstrated the extent by which such changes are reduced depending on various factors. 
It has been found that the effect of superplasticizers is in inverse proportion to the water-to-cement ratio 
of the mix as cement stone is made, by increasing the content of superplasticizer in the mix (for water 
reducing), and it depends on the fluency of fast neutrons. 

Аннотация. Выполнено расчетное определение влияния современных 
суперпластификаторов Muraplast, Reamin, Weiss SM, Полипласт СП-1 и Melflux на радиационные 
изменения портландцементного камня и бетонов радиационной защиты на основании  имеющихся 
в литературе экспериментальных данные по влиянию этих суперпластификаторов на термические 
изменения портландцементного камня и известной аналогии между термическими и 
радиационными изменениями портландцементного камня под действием нейтронов. Расчетное 
определение радиационных изменений объема и прочности на сжатие портландцементного камня 
выполнено с использованием предложенных коэффициентов связи между влиянием 
суперпластификаторов на термические и на радиационные изменения портландцементного камня, 
полученных на основании обработки имеющихся в литературе экспериментальных данных по 
влиянию суперпластификаторов С-3 и С-4 на радиационные и термические изменения 
портландцементного камня. Радиационные изменения объема, трещинообразования, прочности 
при сжатии и модуля деформации бетонов проведено на основании имеющихся разработанных и 
апробированных методов аналитического определения радиационных изменений бетонов по 
данным об изменениях их составляющих (заполнителей и портландцементного камня). 
Установлено, что современные суперпластификаторы в основном уменьшают радиационные 
изменения портландцементного камня и бетонов. Показано, в какой степени уменьшаются эти 
изменения в зависимости от различных факторов. Установлено, что эффект влияния 
суперпластификаторов возрастает с уменьшением водоцементного отношения смеси при 
изготовлении цементных камней за счет увеличения содержания суперпластификатора в смеси 
(при водоредуцировании) и зависит от флюенса быстрых нейтронов. 
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Introduction 
Among the main objectives within the Russian Federation 2035 energy strategy in nuclear power is 

the objective to reduce specific costs of building new nuclear power plants (NPP) as a financial 
competitive edge, with safety as top priority. One way to address the issue is that NPP construction, 
including the structures of nuclear reactor radiation protection, should use concrete mixes and concretes 
with properties modified as required for the purpose. 

In order to modify and improve the construction technology and operation properties of concretes, 
manufacturers use a whole range of chemical additives, particularly superplasticizers, primarily 
polycarboxylates [1–11]. Published works executed in the Russian Federation [12–19] contain evidence 
that superplasticizers are also able to raise thermal and radiation resistance of concretes to neutrons, 
because they mainly reduce thermal and radiation changes in Portland cement stone as a key 
component of concrete. With this as basis, the paper [18] validates the possibility of concretes with high 
radiation resistance for nuclear power plants by using superplasticizers based on polycarboxylate ethers. 

Among the publications of foreign authors of works devoted to the study of the influence of 
superplasticizers on the radiation changes in Portland cement stone and concrete, weren`t found. Not 
considered these issues and in most major foreign reviews [20–25].  

At the same time, both in early studies [13, 14], as summarized in [15], and in later studies [16–18], 
the effect of superplasticizers and other chemical additives on radiation resistance of concretes, was 
assessed based on how the additives change the properties of Portland cement stone as a component of 
concrete. In fact, only papers [14–15] gave some results from research of superplasticizer effects on 
radiation changes in Portland cement stone exposed to the most harmful ionizing radiation neutron 
radiation that emanates from nuclear reactors. However, those studies only covered superplasticizers S-3 
and S-4 (Dophen) – polycondensates, based on sulfonated naphthaleneformaldehyde, developed during 
1970s. In [16–18], the effect of superplasticizers on radiation resistance of Portland cement stone was 
researched based on the resulting thermal changes in Portland cement stone heated to high 
temperatures. This was done using the fast method – proposed and validated in [14], then improved in 
[16–18] – of finding (or rather, verifying) the radiation resistance of cement stone [19]. The method is 
based on comparing the relative changes of the properties of the investigated cement stone with addition, 
with change of properties of the radiation-resistant cement stone without additives (reference sample) 
after short-term heating. Modify the properties of each of the compositions is determined in relation to the 
properties until it is warm. The results of comparing the changes in the properties of the composition with 
the additive and without the additive composition are judged on the influence of additives on the radiation 
changes and radiation resistance of cement stone. 

Essentially, the studies covered in [13, 14] and summarized in [15] helped to do the following: 

 to learn, how specific studied superplasticizers S-3 and S-4 influence on thermal and radiation 
changes in Portland cement stone (exposed to neutrons); 

 to set an analogy in the mechanisms of radiation and thermal changes in Portland cement 
stone, which temperatures cause which results of radiation, up to researched level of fast 
neutron fluency; 

 based on the above analogy, developing a method to quickly measure radiation resistance of 
Portland cement stone by results of heating test, after 5 hours at temperatures 150, 350, 600 

and 900 C. 
Nevertheless, at the papers [13, 14] researchers never examined the quantitative relation between 

the effect of chemical additives on radiation and thermal changes in Portland cement stone, as necessary 
to identify radiation changes after the thermal test. They merely found approximate temperatures that 
correspond to certain neutron fluency levels in terms of concurrent processes. In addition, they failed to 
demonstrate how radiation changes of concretes change/decrease when the researched additives are 
used. 

Research represented in studies [16–18] demonstrates that modern superplasticizers either 
increase thermal change immaterially or decrease it, and thus they must either slightly increase or 
decrease radiation changes in Portland cement stone; therefore they can be used to raise radiation 
resistance of concretes. However, the studies never established the extent of radiation changes in 
Portland cement stone and concretes caused by the use of said superplasticizers. 

Among the publications of foreign authors of works devoted to the study of the influence of 
superplasticizers on the radiation changes in Portland cement stone and concrete, weren`t found. Not 
considered these issues and in most major foreign reviews [20–25].  
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The purpose of present article is estimation of effects of modern superplasticizers on radiation 
changes in Portland cement stone and concretes based on experimental data [16–18] about effect of 
such superplasticizers on thermal changes in Portland cement stone. Perfomed calculations are based 
on processed and analyzed available experimental data [12–15] about the effects of superplasticizers S-3 
and S-4 on radiation and thermal changes in Portland cement stone, and also based on available 
designed and tested analytical methods of measuring radiation changes in concretes based on data on 
changes in their components (aggregate and Portland cement stone) [15, 26–28]. From the given 
publications [12–15] used the data about change of the sizes and volume of Portland cement stones 
without additives with water cement relation W/C = 0.255-0.26 and with superplasticizers S-3 (0.5–0.8 %) 
and S-4 (0.8–1.1 %) with W/C = 0.225 after an irradiation in nuclear reactor IBR-2 to fluency of fast 
neutrons in IBR-2 reactor, from 0.1х1024 neutron/m2 to 1.4х1024 neutron/m2 and after heating within 5 

hours at temperatures 150 C,  350 C, 600 C and 900 C.The paper also examines purely radiation-
related changes in Portland cement stone and concretes exposed to neutrons, because radiation from 
nuclear reactors causes not only radiation changes, but also thermal changes by heating, along with 
neutron radiation, as can be demonstrated by the results of heating. 

Research Methodology 
According to the summary contained in [15, 29], vital effects of radiation on Portland cement stone 

include shrinking size and volume as concrete shrinks when it loses water, and also change of strength, 
mainly towards weakening. Changes of density and thermal conductivity coefficient, as reviewed in [15], 
are immaterial. According to [15, 29], change of mass by dehydration and change of strength correlate 
with changing size and volume, while intensity of gas release can be calculated based on figures that 
represent change of material weight with dehydration and condition of radiation, as discussed in [30, 31]. 
Therefore, the focus was on volume change. 

To estimate radiation changes in Portland cement stone with superplasticizers, we considered the 
analogy of the processes of radiation and thermal changes in Portland cement stone, as demonstrated in 
[14]. 

We used coefficient 
RTK  to describe the ratio between the effect of superplasticizer additives on 

change of volume Portland cement stone caused by radiation and heat (according to [19] after 5 hours of 
heating), expressed as: 

WACSVCSTVACSVCSTV

WACSVCSRVACSVCSRV
RTK

)0/()0/(1

)0/()0/(1




 , (1) 

where ACSCSR VV )/( 0 and WACSCSR VV )/( 0  – relative change of volume of Portland cement 

stone with and without additive after exposure to radiation, %; 

ACSCST VV )/( 0
 
and WAWCCST VV )/( 0 – relative change of volume of Portland cement stone 

with and without additive after 5 hours of heating, %. 

Values of coefficients RTK  were found by processing the experimental data available in [12, 14, 

15] on effect of superplasticizers S-3 and S-4 on thermal [12] and radiation [14, 15] changes in Portland 
cement stone. 

For all data used herein, relative change of volume of Portland cement stone after heating 

0/ CSCST VV  and radiation 0/ CSCSR VV , was found by relative change of size 
0/ hh  and was 

assumed to be
0/3 hh .

  
Based on the resulting coefficients RTK  calculates radiation change in Portland cement stone with 

various modern superplasticizers, whose effects were studied in [16–18], after heating with the method 
recommended resistance in [14, 19] to measure radiation. 

Radiation change of volume of Portland cement stone without additives were found using the 

formula found in [15, 29], proving that dependency of radiation change of volume 0/ ЦКЦКР VV   of 

Portland cement stone (pure radiation, no thermal changes by heating that goes along with radiation) on 
the fluency of neutrons with energy greater than 0.8 MeV regardless the type of Portland cement, W/C 
ratio and age of stone, can be approximated with the expression: 
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Rb
0 )(/ FFNRCSCSR kFaVV  , (2) 

where %31.3Ra ; 22.1Rb ; 

FNF – fluency of fast neutrons with energy above 0.8 MeV, neutron/m2; 

Fk = 10-24 m2/neutron – normalizing factor. 

For Portland cement stone without additives, we assumed %31.3Ra , 22.1Rb . 

For Portland cement stone with additives, following the analogy of mechanisms of radiation and 

thermal changes in Portland cement stone established in [14], value Ra
 was adjusted by coefficient 

РТK  and then found with the formula: 

 })//()/(11{31.3 00 WACSCSTACSCSTRTR VVVVKa  , (3) 

Radiation changes in strength of Portland cement stone, within and without additives, were found 
using the formula recommended in [15, 29], which connects the relative residual strength of Portland 
cement stone after both radiation and heating, with change of volume: 

)//(1/ 00 CSCSRCSCSR VVBARR  , (4) 

where 0/ SCCSR RR  – relative weakening of Portland cement stone caused by radiation impact, as ratio 

of strength after radiation CSRR  and strength before radiation 0CSR , fractional unit; 

A  and B  – parameters, assumed for aged Portland cement stone (8 months and more, 

considering time it takes to erect nuclear reactors and NPP buildings) under [15, 23]: 1A ; 

1%23.0 B . 

Use of ultrasound passing time to measure changes in strength proved impractical, because 
according to data analysis of [14, 15], no reliable correlation exists between change of ultrasound 
penetration time and change of compression strength after irradiation in the reactor. Besides, according 
to data analysis offered in [13–18], correlation observed between changes in size and velocity of 
ultrasound is even less dependable, while their averaged ratios differ greatly for exposure to radiation 
and heat. 

Based on data on radiation changes in Portland cement stone with various modern 
superplasticizers, we calculated relative radiation-induced change of volume, relative cracking ratio, 
relative loss of strength and deformation modulus of concretes. We used analytical methods to measure 
radiation changes in concretes by data on radiation changes of their components, as described  
in [15, 26–28]. 

To estimate material influences on radiation changes of concrete aggregate, this research 
calculated and compared net contributions of radiation changes in Portland cement stone. Such 
calculations assumed that the aggregate is made of specific material whose volume and properties are 
not changed by exposure to radiation. 

Our calculations treated a typical concrete with averaged production mix with relative aggregate 

content by volume (sand + crushed rock) 70.0crsV . 

The approximation was that the true W/C ratio (considering the water need of the aggregate) of 
Portland cement in the concrete is the same as in the researched mixes of Portland cement stones. 

Using the methodology described in [15, 26–28], change of volume, relative crack ratio, changes in 
compression strength and elasticity modulus of the concrete, due to radiation shrinkage and weakening 
of Portland cement stone (with and without additives), for aggregates not changed by radiation, is found 
using these formulas: 
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15.0)/(85,0/ 8.1
00  CCRCCR RREЕ , 

(8) 

where 0/ CCR VV  – radiation-induced relative change of volume of concrete, as ratio of absolute change 

of volume of concrete CRV  to volume prior to radiation exposure 0CV , % ; 

CRRCV – radiation-induced relative crack ratio in concrete due to radiation impact, as the ratio of 

cracks caused by radiation impact, to the material’s volume before radiation impact, %; 

0/ CCR RR – radiation-induced relative weakening of concrete due to radiation impact, as the ratio 

of strength after radiation CRR to strength before radiation , fractional unit; 

0/ CCR EE – radiation-induced relative change in deformation modulus of concrete due to radiation 

impact, as the ratio of deformation modulus after radiation CRE , to initial deformation modulus 0CE , 

fractional unit; 

crs
compС 

– degree of aggregate consolidation (sand and crushed rock) in concrete, by the formula: 

crs
compcrs

crs
comp VVС 


  /  (9) 

where crsV  – relative content of aggregate (sand and crushed rock) by volume in concrete, assumed 

herein to be 0.70, as mentioned above; 

crs
compV 

– relative volume that the aggregate such as sand and crushed rock can have in packed 

state (without layers of Portland cement), measured by bulk density of vibration-packed aggregate. 

From [15], our calculations assumed 86.0crs
compV as the approximated mean value. 

As discussed in [16–18], the mixes of Portland cement stone, additives of superplasticizers used, 
respective batch ratios and water-to-cement ratios (W/C) are listed in Tables 1 and 2 below. 

Thermal changes in samples of such mixes, after they were heated to different temperatures for 5 
hours, are quoted from [16–18] and listed in Tables 3 and 4.  

0CR
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Table 1.Information on composition of Portland cement stone, as discussed in [16–18] 

No. Additive marking 
Superplasticizer 

group by [1]* 
Manufacturer 

Batch ratio 
recommended, % 

Batch ratio used, % 
W/C ratio, 

rel. units 

0 No additive – – – – 0.26 

1 Muraplast FK 48 II (NF) MC-Bauchemie 0.2–2.0 0.6 0.24 

2 Muraplast FK 63 IV (P) MC-Bauchemie 0.2–2.5 0.6 0.25 

3 Reamin MF-100 I (MF) Kuban Polymer 0.3–1.0 0.4 0.24 

4 Weiss SM IV (P) Weiss Reagens No data 0.4 0.24 

5 Poliplast SP-1 (S-3) II (NF) 
OOO Poliplast-

Uralsib 
0.4–0.8 0.4 0.24 

*MF – based on sulfonated melamin-formaldehyde polycondensates; NF – based on sulfonated 

naphthalene-formaldehyde polycondensates; P – polycarboxylate-based.  

Table 2. Information on composition of Portland cement stone, as discussed in [18] 

No. 
Additive 
marking 

Superplasticizer 
group by [1] 

Lateral chain length, 
and steric effect, by [18] 

Batch ratio 
recommended, % 

Batch ratio used, 
% 

W/C ratio, 

rel. units 

0 No additive – – – – 0.26 

1.1 
Melflux 1641f IV (P) 

Short lateral chains, minor 
steric effect 

0.05–0.50 
0.05 0.25 

1.2 0.50 0.20 

2.1 
Melflux 4930f IV (P) 

Very long lateral chains, 
very high steric effect 

0.05–1.00 
0.05 0.25 

2.2 1.00 0.20 

3.1 
Melflux 5581f IV (P) 

Long lateral chains, high 
steric effect 

0.03–0.50 
0.03 0.26 

3.2 0.50 0.20 

4.1 
Melflux 6681f IV (P) 

Medium lateral chains, 
medium steric effect 

0.05–1.00 
0.05 0.25 

4.2 1.00 0.19 

 

Table 3. Thermal changes in Portland cement stone, according to [16–18], after brief heating 

for 5 hours to temperatures 150 C to 900 C 

Mix No. 

by 
Table 1 

Average relative change in size 
0/ hh , weight  

0/ mm and ultrasound velocity 
0/ vv in samples after 5 

hours of heating to different temperatures 

150 C 350 C 600 C 900 C 

,
0h

h  ,
0m

m  ,
0v

v  ,
0h

h  ,
0m

m  ,
0v

v  ,
0h

h  ,
0m

m  ,
0v

v  ,
0h

h  ,
0m

m  ,
0v

v  

% % % % % % % % % % % % 

Portland cement stone, without additives 

0 0.02 –3.28 0.13 –1.06 –6.32 –3.23 –1.97 –6.59 –5.61 –2.43 –11.95 –15.00 

Portland cement stone, with different groups of superplasticizers 

1 –0.29 –4.31 –0.98 –1.13 –7.39 –5.26 –2.19 –8.17 –5.41 –2.57 –13.39 –13.00 

2 –0.27 –4.85 –1.98 –1.00 –8.12 –5.79 –2.02 –9.06 –4.62 –2.53 –14.09 –15.50 

3 –0.32 –4.47 –2.60 –1.06 –7.65 –6.40 –2.10 –8.70 –6.65 –2.66 –13.90 –9.71 

4 –0.30 –4.91 –2.10 –0.96 –7.75 –2.32 –1.95 –8.82 –4.80 –2.41 –14.09 –13.20 

5 –0.30 –4.38 –0.16 –1.06 –7.13 –1.53 –2.09 –8.25 –6.04 –2.59 –13.47 –13.30 
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Table 4. Information on thermal changes in Portland cement stone, according to [18], after 

brief heating for 5 hours to temperatures 150 C to 900 C 

Mix 
No. 

by 
Table 

2 

Average relative change in size 
0/ hh , weight 

0/ mm and ultrasound velocity 
0/ vv in samples after 5 hours 

of heating to different temperatures 

150 C 350 C 600 C 900 C 

,
0h

h  ,
0m

m  ,
0v

v  ,
0h

h  ,
0m

m  ,
0v

v  ,
0h

h  ,
0m

m  ,
0v

v  ,
0h

h  ,
0m

m  ,
0v

v  

% % % % % % % % % % % % 

Portland cement stone without additives 

0 –0.17 –1.65 –1.35 –0.76 –4.89 –8.38 –1.58 –9.28 –20.33 –2.18 –11.11 –22.37 

Portland cement stone, with various superplasticizers based on polycarboxylate ethers 

1.1 –0.14 –1.81 –2.16 –0.75 –5.48 –3.63 –1.36 –9.85 –9.78 –1.83 –11.40 –15.25 

1.2 –0.11 –1.43 –2.31 –0.54 –4.22 –4.94 –1.10 –6.89 –6.78 –1.31 –9.01 –15.62 

2.1 –0.18 –1.87 –1.94 –0.76 –5.54 –7.18 –1.63 –10.04 –14.66 –2.38 –11.69 –18.81 

2.2 –0.14 –1.00 –2.31 –0.54 –3.60 –7.49 –1.15 –6.22 –9.76 –1.45 –8.66 –15.58 

3.1 –0.15 –1.73 –2.63 –0.81 –5.58 –6.76 –1.76 –10.12 –16.97 –2.67 –11.84 –21.34 

3.2 –0.14 –1.95 –1.34 –0.63 –5.68 –4.73 –1.33 –9.24 –8.30 –1.70 –11.41 –15.80 

4.1 –0.14 –1.59 –1.79 –0.80 –5.39 –4.11 –1.68 –9.97 –13.20 –2.47 –11.72 –17.77 

4.2 –0.11 –1.30 –1.28 –0.50 –4.22 –3.33 –1.20 –7.15 –5.27 –1.55 –9.55 –17.16 

 

Results of Research and Discussion 

Examination of data offered in [12, and 14, 15] reveals that coefficient RТK  of the connection 

between effects of additives on thermal and radiation-induced changes in Portland cement stone with and 
without superplasticizers, were 2.5 to 0.5, and depended on the temperature in relation to which the 
connection is established, and on neutron fluency (Fig. 1). Effects of the superplasticizer type (S-3 or S-4) 
were not observed.  

Analysis demonstrates that the dependency can be described with this expression: 

rIBRFrIBRFrRT cFkbFkаК  )()( 2
, (10) 

where IBRF  – fluency of fast neutrons in IBR-2 reactor, neutron/m2; 

Fk =1×10-24 m2/neutron – normalizing factor; 

rа , rb  and rc  – coefficients dependent on the heating temperature compared to effect of the 

additives on radiation-induced changes, whereof the received values are: 

 rа = -0.383, rb = -0.003, rc = 1.25 – taking as basis the results after 5 hours of heating at 

150 C; 

 rа = -0.522, rb = -0131, rc = 1.922 – taking as basis the results after 5 hours of heating at 

350 C; 

 rа = -0.750, rb = -0.094, rc = 2.534 – taking as basis the results after 5 hours of heating at 

600 C; 

 rа = -0.282, rb  = 0.370, rc = 1.674 – taking as basis the results after 5 hours of heating at 

900 C. 
Calculations with formula (10) considered the following circumstances: 

1. According to [15, 29], radiation-induced changes in Portland cement stone are mainly caused 
by neutrons with energy charges above 0.8 MeV, so radiation changes in Portland cement 
stone should be bound to the fluency value of such neutrons. 

2. According to [15], there is apparent difference between Portland cement stone exposed to 
radiation in an impulse reactor such as IBR-2 and the results of other reactors. The results 
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presented in [16] prove that by efficient influence on Portland cement stone, fluency of fast 
neutrons in IBR-2 impulse reactors is equivalent to that of neutrons with charges greater than 
0.8 MeV in other reactors, the ratio being 0.3 approximately. This may be explained by the 
impulse operation principle of reactor IBR-2 as different for the constant mode in other reactor; 
another possible explanation is the specific nature of the neutron spectrum in the channel of 
reactor IBR-2 where exposure is done, as compared to the spectra in the channels of other 
reactors. 

 

Fig. 1. Dependence of coefficient RTK representing the effect of superplasticizers on radiation-

induced and thermal change of volume of Portland cement stone, on fluency of fast neutrons in 
impulse-type fast reactor IBR-2, based on comparison of Portland cement stone exposed to 

radiation in reactor with same briefly (5 hours) heated at 150, 350, 600 and 900 C 

We used test results with Portland cement stone of various mixes with superplasticizers S-3 and S-

4 and also ones without additives treated in impulse reactor IBR-2 at 30–40 C, as described in [14, 15], 

plus test results of the same mixes briefly (5 hours) heated at 150, 350, 600 and 900 C, as presented in 
[12]. 

1 – on the data at 150 C; 2 – on the data at 350 C; 3 – on the data at 600 C;  

4 – on the data at 900 C; 

L1 – approximation line by data after 150 C; L2 – approximation line by data after 350 C; 

L3 – approximation line by data after 600 C; L4 – approximation line by data after 900 C. 

Therefore, respective to fluency of neutrons with charge above 0.8 MeV in typical reactors 

coefficient RТK was found with the adjusted formula: 

rFNFrFNFrRT cFkbFkаК  )3.0/()3.0/( 2
, (11) 

where FNF  – fluency of fast neutrons with charge above 0.8 MeV, neutron/m2. 

Because we assumed the results presented in [14,15] for impulse reactor IBR-2 as basis to find 

coefficients РТK , the radiation-induced changes in Portland cement stone with different modern 

superplasticizers had to be found for the following fluency of neutrons, the effects of which were covered 
in [14, 15], but converted to fluency of neutrons with charge above 0.8 MeV in other reactors: 0.1 × 1024 × 
0.3 = 0.03 × 1024 neutron/m2; 0.3 × 1024 × 0.3 = 0.09 × 1024 neutron/m2; 0.6×1024 × 0.3 = 0.18 × 1024 

neutron/m2; 1 × 1024 × 0.3 = 0.3×1024 neutron/m2; 1.4×1024 × 0.3 = 0.42 × 1024 neutron/m2. 

Calculated radiation changes in Portland cement stones with different superplasticizers taking as 

basis the results of heating for 5 hours at 350 C are presented in Tables 5 and 6, and in Figures 2–5. 

Tables 5 and 6, and Figures 2–5 make it obvious that in the fluency range of fast neutrons with 
charges above 0.8 MeV between 0.03×1024 and 0.42×1024 neutron/m2, radiation-induced changes in 
Portland cement stones tend to increase along with growing fluency of fast neutrons, specifically: 

 -relative decrease of volume from 0.016 %–0.052 % to 0.867 %–1.203 %; 
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- relative residual strength from 0.99–0.996 to 0.783–0.834, which corresponds to relative 
decrease of strength by the value range of 0.4–1 % to 21.7–16.6 %. 

Table 5. Calculated radiation-induced changes in Portland cement stones with and without 
different superplasticizer additives, examined in [16–18] 

 

 

Mix No. 

in Table 

1. 

Relative changes in volume 0/ CSCSR VV  and relative residual strength 0/ CSCSR RR of Portland 

cement stone radiation-treated with various fluency of fast neutrons with charge above 0.8 MEV 

FNF = 0.03×1024 

neutron/m2 

 FNF = 0.09×1024 

neutron/m2 

 FNF = 0.18×1024 

neutron/m2 

 FNF = 0.3×1024 

neutron/m2 

 FNF = 0.42×1024 

neutron/m2 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

% rel. units % rel. units % rel. units % rel. units % rel. units 

0 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791 

1 -0.052 0.988 -0.197 0.957 -0.453 0.906 -0.826 0.840 -1.203 0.783 

2 -0.041 0.991 -0.157 0.965 -0.370 0.922 -0.707 0.860 -1.102 0.798 

3 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791 

4 -0.038 0.991 -0.145 0.968 -0.345 0.927 -0.671 0.866 -1.071 0.802 

5 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791 

 
Table 6. Calculated radiation-induced changes in Portland cement stones with and without 

various superplasticizers based on polycarboxylated ethers. examined in [18] 

 

 

 

Mix No. 

in Table 

2. 

Relative changes in volume 0/ CSCSR VV  and relative residual strength 0/ CSCSR RR of Portland 

cement stone radiation-treated with various fluency of fast neutrons with charge above 0.8 MeV 

FNF = 0.03×1024 

neutron/m2 

 FNF = 0.09×1024 

neutron/m2 

 FNF = 0.18×1024 

neutron/m2 

 FNF = 0.3×1024 

neutron/m2 

 FNF = 0.42×1024 

neutron/m2 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

0CS

CSR

V

V
, 

0CS

CSR

R

R
, 

% rel. units % rel. units % rel. units % rel. units % rel. units 

0 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791 

1.1 -0.045 0.990 -0.171 0.962 -0.400 0.916 -0.749 0.853 -1.138 0.793 

1.2 -0.021 0.995 -0.082 0.981 -0.212 0.953 -0.482 0.900 -0.911 0.827 

2.1 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791 

2.2 -0.021 0.995 -0.082 0.981 -0.212 0.953 -0.482 0.900 -0.911 0.827 

3.1 -0.052 0.988 -0.197 0.957 -0.453 0.906 -0.826 0.840 -1.203 0.783 

3.2 -0.031 0.993 -0.120 0.973 -0.293 0.937 -0.597 0.879 -1.008 0.812 

4.1 -0.051 0.989 -0.192 0.958 -0.444 0.907 -0.813 0.842 -1.192 0.785 

4.2 -0.016 0.996 -0.065 0.985 -0.177 0.961 -0.431 0.910 -0.867 0.834 

 

Where superplasticizers are used, relative radiation change of volume of Portland cement stone 
with superplasticizer, compared to changes in that without additives typically fall 1.0–2.8 times, though 
strength is lost to a lesser degree: mainly by up to 6 %.  

At water-cement ratio W/C = 0.25 – 0.26 radiation-induced changes in Portland cement stones with 
superplasticizers of group I (MF) and group II (NF) tend to be somewhat above the radiation changes in 
Portland cement stone without additives, but in the case of superplasticizers of group IV (P) are either 
commensurable or weaker than the changes in Portland cement stone without additives.  
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Figure 2. Dependence of calculated radiation change in volume of Portland cement stones with 
and without various superplasticizers, on fluency of fast neutrons with charge above 0.8 MeV 

0, 1, 2, 3, 4, 5 – numbers of Portland cement stone mix in Table 1. 

 

Figure 3. Dependence of calculated relative residual strength to compression  
in Portland cement stones with and without various superplasticizers,  

on fluency of fast neutrons with charge above 0.8 MeV 

0, 1, 2, 3, 4, 5 – numbers of Portland cement stone mix in Table 1. 

 

Figure 4. Dependence of calculated radiation change in volume of Portland cement stones with 
and without various superplasticizers based on polycarboxylated ethers,  

on fluency of fast neutrons with charge above 0.8 MeV 

0, 1.1, 1.2, 2.1, 2.2, 3.1, 3.2, 4.1, 4.2 – numbers of Portland cement stone mix in Table 2. 
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Figure 5. Dependence of calculated relative residual strength to compression in Portland cement 
stones with and without various superplasticizers based on polycarboxylated ethers,  

on fluency of fast neutrons with charge above 0.8 MeV 

0, 1.1, 1.2, 2.1, 2.2, 3.1, 3.2, 4.1, 4.2 – numbers of Portland cement stone mix in Table 2. 

The reducing effect on radiation change of volume of Portland cement stone is increased by 
superplasticizers, if higher content of superplasticizer in the mix lowers the water-to-cement ratio of 
manufactured Portland cement stone in the range between 0.25–0.26 and 0.19–0.20 (Fig. 6). Such W/C 
ratio dependency was also observed with the heating test results (Fig. 7).  

From composition of Portland cement stone investigated at low W/C = 0.19-0.20 the greatest drop 
in radiation change was observed with superplasticizers Melflux 1641f, Melflux 4930f, and Melflux 6681f. 

Thus we observed immaterial influence of superplasticizers on radiation-induced but especially on 
thermal changes in volume and strength of Portland cement stone with a constant W/C ratio, but we saw 
a decrease of radiation and thermal changes in cement stone with lower W/C ratios, and the decrease 
was in inverse proportion to the W/C ratio. This means that the effect of superplasticizers on radiation 
and thermal changes in Portland cement stone is mainly explained by their influence on the material’s 
general porosity. We know from [1–3, 6, 10] that although superplasticizers added at a constant W/C ratio 
does decrease capillary porosity, the gel porosity will increase, and so general porosity remains 
practically unchanged, therefore the effect of superplasticizers is immaterial. With the W/C ratio lower, 
both the capillary and the gel porosity will go down [32], so the effect of the superplasticizer will grow. 

The factor of porosity can be explained by the fact that after Portland cement stone is heated to 
less than 550 oC and treated with neutron radiation, change of volume (shrinkage) is caused by water 
oozing from the material’s pores.The lower the material’s porosity, the less will be the meaning stretching 
forces and material deformations around pores, which were water-saturated prior to heating or radiation. 
Since such forces and deformations are weakened by dehydration, this causes reduction of volumes 
(shrinkages) of Portland cement stone. The lower porosity, the less will the material shrink with 
dehydration and  the loss of strength will become lower. Certainly, loss of chemically bound water 

(decomposition of portlandite and other crystalline hydrates around 550–600 C) and decomposition of tiff 

(at 800–900 C) represents a different shrinkage mechanism of Portland cement, but seen the results of 

heating described in [17–19] (Table 3, 4) at 600 C and 900 C, the effect patterns of the W/C ratio – and 

therefore of porosity – will be the same as when water is lost from the pores after 150 C and 350 C 

The same effects of the W/C ratio and porosity with a similar mechanism for heating up to 550 C 
were observed with shrinkage of cement stone and concretes as they hardened [33]. 

Meanwhile, quoting from the thermal tests described in [16–18] (Table 3 and 4), loss of cement 
stone weight after heating is not unambiguously caused by shrinkage and loss of volume. As the 
superplasticizer is added with a constant W/C ratio, the degree of weight loss due to dehydration 
increases, but loss of volume hardly progresses. As superplasticizers are added and the W/C ratio gets 
lower, shrinkage will be the less, the less is the extent of weight loss. Therefore, adding the 
superplasticizers changes the ratio of weight loss to shrinkage compared to that in cement stone without 
additives in the mix. 

Notably, research failed to observe any significant unambiguous effect on thermal and radiation 
changes in the cement stone, from lateral chain length or by the extent of steric effect of polycarboxylate 
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superplasticizer discussed in [18], or the amount of portlandite and tiff formed in cement stone, as shown 
in [18]. 

 

Figure 6. Water-to-cement ratio dependence of radiation-change of volume of Portland cement 
stones with and without various superplasticizers additives – after radiation treatment with 

different fluency of fast neutrons charged above 0.8 MeV 

1–5 – with additives; 6–10 – without additives; 1 and 6 – fluency 0.03×1024 neutron/m2; 2 and 7 – 
fluency 0.09×1024 neutron/m2; 3 and 8 – fluency 0.18×1024 neutron/m2; 4 and 9 – fluency 0.3×1024 
neutron/m2; 5 and 10 – fluency 0.42×1024 neutron/m2. 

For W/C ratio = 0.19, 0.20, 0.24, 0.25 and 0.26, we quote calculated radiation-induced changes in 
volume of Portland cement stones with and without various modern superplasticizers, examined in  
[16–18] after 5 hours of heating. 

For W/C ratio 0.225 and 0.255, we quote radiation-induced (less thermal-induce) changes in 
volume of Portland cement stones with and without superplasticizers S-3 and S-4, examined in [14, 15] 
after treatment in reactor IBR-2. 

 

Figure 7. Water-to-cement ratio dependence of radiation-change of volume of  
Portland cement stones with and without various superplasticizers additives –  

after brief (5 hours) heat treatment at various temperatures 

1–4 – with additives; 5–8 – without additives; 

1 and 5 – after 150o C; 2 and 6 – after 350 C;  

3 and 7 – after 600o C; 4 and 8 – after 900 C.  

For W/C ratio = 0.19, 0.20, 0.24, 0.25 and 0.26 we quote data with various modern 
superplasticizers as presented in [16–18]. 
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For W/C ratio= 0.225 and 0.255, we quote data with and without superplasticizers S-3 and S-4, as 
presented in [12]. 

Results of calculations with use of formulas (5) – (8) of radiation changes in concretes with various 
superplasticizers due to radiation changes in volume and strength of Portland cement stone are 
represented in Table 7–10. Considered, that the true W/C ratio Portland cement stone in concrete, taking 
into account the water demand of aggregates is approximately the same as the samples of Portland 
cement stones. Although in the manufacture of concrete W/C ratio by number is typically greater than in 
the manufacture of cement stones. In this connection in calculations of radiation changes in concretes 
used the data of tables 5 and 6. 

Table 7. Calculated radiation-induced changes in volume of concrete and relative micro-
cracking ratio due to radiation changes in Portland cement stone, listed in Table 5 

Mix No. 

in Table 

1 in 
concrete 

Relative volume changes  0/ CCR VV and relative cracking ratio 
CRRСV  for concretes with various Portland 

cement stone radiation-treated with various fluency of fast neutrons with charge above 0.8 MeV 

FNF = 0.03×1024 

neutron/m2 

 FNF = 0.09×1024 

neutron/m2 

 FNF = 0.18×1024 

neutron/m2 

 FNF = 0.3×1024 

neutron/m2 

 FNF = 0.42×1024 

neutron/m2 

,
0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  

% % % % % % % % % % 

0 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268 

1 -0.003 0.012 -0.013 0.046 -0.030 0.106 -0.055 0.192 -0.080 0.280 

2 -0.003 0.010 -0.010 0.037 -0.025 0.086 -0.047 0.165 -0.073 0.257 

3 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268 

4 -0.002 0.009 -0.010 0.034 -0.023 0.080 -0.044 0.156 -0.071 0.249 

5 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268 

 

Table 8. Calculated radiation-induced changes in strength and deformation modulus due to 
radiation changes in Portland cement stone, listed in Table 5 

Mix No. 

in Table 

1 in 
concrete 

Relative residual strength 0/ CCR RR and relative residual deformation modulus 0/ CCR EE of concretes 

with various Portland cement stone radiation-treated with various fluency of fast neutrons with charge above 
0.8 MeV 

FNF = 0.03×1024 

neutron/m2 

 FNF = 0.09×1024 

neutron/m2 

 FNF = 0.18×1024 

neutron/m2 

 FNF = 0.3×1024 

neutron/m2 

 FNF = 0.42×1024 

neutron/m2 

,
0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 

rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units 

0 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700 

1 0.988 0.982 0.957 0.935 0.905 0.860 0.837 0.767 0.777 0.690 

2 0.991 0.986 0.965 0.947 0.921 0.883 0.858 0.795 0.792 0.709 

3 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700 

4 0.991 0.987 0.968 0.951 0.926 0.890 0.864 0.804 0.797 0.715 

5 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700 
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Table 9. Calculated radiation-induced changes in volume of concrete and relative micro-
cracking ratio due to radiation changes in Portland cement stone, listed in Table 6 

Mix No. 

in Table 

1 in 
concrete 

Relative changes in volume 0/ CCR VV  and relative cracking ratio 
CRRСV  for concretes with various Portland 

cement stone, radiation-treated with various fluency of fast neutrons with charge above 0.8 MeV 

FNF = 0.03×1024 

neutron/m2 

 FNF = 0.09×1024 

neutron/m2 

 FNF = 0.18×1024 

neutron/m2 

 FNF = 0.3×1024 

neutron/m2 

 FNF = 0.42×1024 

neutron/m2 

,
0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  ,

0C

CR

V

V  
,CRRCV  

% % % % % % % % % % 

0 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268 

1.1 -0.003 0.010 -0.011 0.040 -0.026 0.093 -0.050 0.175 -0.075 0.265 

1.2 -0.001 0.005 -0.005 0.019 -0.014 0.049 -0.032 0.112 -0.060 0.212 

2.1 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268 

2.2 -0.001 0.005 -0.005 0.019 -0.014 0.049 -0.032 0.112 -0.060 0.212 

3.1 -0.003 0.012 -0.013 0.046 -0.030 0.106 -0.055 0.192 -0.080 0.280 

3.2 -0.002 0.007 -0.008 0.028 -0.019 0.068 -0.040 0.139 -0.067 0.235 

4.1 -0.003 0.012 -0.013 0.045 -0.029 0.103 -0.054 0.189 -0.079 0.278 

4.2 -0.001 0.004 -0.004 0.015 -0.012 0.041 -0.029 0.100 -0.058 0.202 

 

Table 10.Calculated radiation-induced changes in strength and deformation modulus due to 
radiation changes in Portland cement stone, listed in Table 6 

Mix No. 

in Table 

2 in 
concrete 

Relative residual strength 0/ CCR RR and relative residual deformation modulus 0/ CCR EE of concretes with 

various Portland cement stone, radiation-treated with various fluency of fast neutrons with charge above 0.8 
MeV 

FNF = 0.03×1024 

neutron/m2 

 FNF = 0.09×1024 

neutron/m2 

 FNF = 0.18×1024 

neutron/m2 

 FNF = 0.3×1024 

neutron/m2 

 FNF = 0.42×1024 

neutron/m2 

,
0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 ,

0C

CR

R

R
 ,

0C

CR

E

E
 

rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units 

0 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700 

1.1 0.990 0.984 0.962 0.943 0.915 0.874 0.850 0.785 0.787 0.702 

1.2 0.995 0.993 0.981 0.972 0.953 0.930 0.899 0.852 0.823 0.749 

2.1 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700 

2.2 0.995 0.993 0.981 0.972 0.953 0.930 0.899 0.852 0.823 0.749 

3.1 0.988 0.982 0.957 0.935 0.905 0.860 0.837 0.767 0.777 0.690 

3.2 0.993 0.989 0.973 0.959 0.937 0.905 0.878 0.822 0.807 0.728 

4.1 0.989 0.982 0.957 0.936 0.906 0.862 0.839 0.770 0.779 0.692 

4.2 0.996 0.994 0.985 0.977 0.961 0.941 0.909 0.866 0.830 0.758 

 

Tables 7–10 show that in the fast neutron fluency range between 0.03×1024 and 
0.42×1024 neutron/m2, radiation-induced changes in concretes due to radiation-caused changes in 
volume and strength of Portland cement stone will grow along with the fluency of fast neutrons and will 
be: 

 relative decrease in volume between 0.001 %–0.003 % and 0.058–0.076 %; 

 relative micro-crack ratio between 0.004 %–0.012 % and 0.202–0.280 %; 

 relative residual strength between 0.984–0.996 and 0.777–0.830. 

 relative residual modulus of deformation between 0.984–0.994 and 0.690–0.758. 
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Change of volume of concretes is about 15 times less than that for Portland cement stones; micro-
crack ratio is about 0.25 of change in volume of Portland cement stone by modulus; its residual strength 
is not much lower than that of Portland cement stones, and residual deformation modulus is a bit lower 
than the residual strength, by up to 7 %. Effect of superplasticizer type, quantity and W/C ratio are the 
same as for Portland cement stone. 

Depending on radiation-induced change of aggregate, not considered for our calculations due to 
the vast range of their type-specific values, real-life radiation-induced changes of concretes will differ 
from the data that only considers changes of cement stone. However, absolute differences in radiation 
changes due to the effect of superplasticizers will be the same as if aggregate changes are considered; 
therefore, the conclusion about the superplasticizer effect on radiation-induced changes in concretes is 
true for any aggregate. 

Conclusion 
1. To estimate the effect of modern superplasticizers on radiation-induced changes in Portland 

cement stone, based on experimental data on the effect of modern superplasticizers on thermal changes 

in Portland cement stone available in published literature, we propose the use of coefficient RTK  that 

describes the ratio of superplasticizer additive effect on radiation and thermal change of volumes of 
Portland cement stone. 

2. It has been established that the value of coefficient RTK  describing the relation between the 

effect of additives on thermal change of volume (after 5 hours of heating) and radiation change of volume 
(after exposure to neutrons) of Portland cement stone with and without superplasticizers, varies between 
2.5 and 06, and depends on the temperature that underlies the relation, and on fluency of fast neutrons. 

Now we have analytical expressions to describe the dependence of coefficients RTK  on fast neutron 

fluency under various heating temperatures during thermal tests. Relation between the superplasticizer 

type and RTK has not been found. 

3. Based on received values of coefficient RTK  it has been established that superplasticizers 

used tend to decrease relative radiation shrinkage of Portland cement stone compared to stone without 
additives by some 1.0–2.8 times, while weakening is much lower, mainly up to 6 %. At water-cement ratio 
W/C = 0.25 – 0.26 radiation-induced changes in Portland cement stones with superplasticizers of group I 
(MF) and group II (NF) tend to be somewhat above the radiation changes in Portland cement stone 
without additives, but in the case of superplasticizers of group IV (P) are either commensurable or weaker 
than the changes in Portland cement stone without additives.  

4. The reducing effect on radiation change of volume of Portland cement stone is increased by 
superplasticizers, if higher content of superplasticizer in the mix lowers the water-to-cement ratio of 
manufactured Portland cement stone in the range between 0.25–0.26 and 0.19–0.20. Such W/C ratio 
dependency was also observed with the heating test results.  

5. From compositions of Portland cement stones investigated at low W/C = 0.19–0.20 the 
greatest drop in radiation change was observed with superplasticizers Melflux 1641f, Melflux 4930f, and 
Melflux 6681f. Researchers have not observed any significant and unambiguous influence on thermal 
and radiation changes of cement stone by such factors as lateral link length, steric effect of 
polycarboxylate superplasticizers, and the amount of portlandite and tiff formed in cement stone. 

6. Based on available tried and trusted analytical methods of measuring radiation changes in 
concrete using data about changes in their components (aggregate and Portland cement stone), we have 
calculated radiation-induced changes in concretes with different added superplasticizers due to radiation 
and thermal changes in the volume and strength of Portland cement stone. 

7. It has been established that radiation change of volume of concretes is approximately 15 
times less than change of volume of Portland cement stones, the micro-cracking ratio is about 0.23 of 
change of volume of Portland cement stone by modulus, and the residual strength is just a bit lower that 
that of Portland cement stones, while the residual deformation modulus is by up to 8 % less than the 
residual strength. Relative effect of the superplasticizer type, quantity and W/C ratio is the same as with 
Portland cement stone. 

8. The results of calculations suggest that the use of modern superplasticizers, particularly ones 
that are polycarboxylate-based, tend to reduce radiation-induced changes (especially change of volume) 
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of Portland cement stone and concrete. The effect of radiation change reduction is in inverse proportion 
with the water-to-cement ratio. 
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Abstract. Timber-concrete composite structural members are increasingly used in the case of 
restoration of wooden ceilings. In the other hand, their use also increases in the case of new buildings. 
Design methods of the composite structures have been evolving since their first use. This expressive 
evolution of design methods is related to extensive research in this area in last three decades. This paper 
presents basic information about realisation, experimental and numerical analysis of timber-concrete 
composite ceiling with nail connections. The design of the mentioned ceiling was realised according to 
the relevant standards and recommendations in that time. The paper also presents a comparison 
between the design results of this composite ceiling and deflections measured during experimental short 
term loading process with the currently widely used analytical calculation model, so called γ-method. This 
method takes into account the joint compliance of the used nails. In addition, creep behaviour of used 
materials and concrete shrinkage were implemented in this calculation model. Comparison of the 
numerical and experimental results shows, that the current method better reflects the real stiffness of the 
ceiling structure. On the base of mentioned calculation model, the final deformation of the ceiling was 
also predicted. 

Аннотация. При восстановлении деревянных потолочный конструкций все чаще 
используются древожелезобетонные композитные элементы. С другой стороны, их использование 
также увеличивается при строительстве новых зданий. Методы проектирования композитных 
конструкций эволюционировали с момента их первого использования. Эта значительная эволюция 
методов проектирования связана с обширными исследованиями в этой области за последние три 
десятилетия. В данной статье представлена основная информация о проведении, 
экспериментальном и численном анализе деревянного композитного потолка с гвоздевым 
соединением. Конструкция данного потолка была выполнена в соответствии со стандартами и 
рекомендациями, действующими на момент проектирования. Также представлено сравнение 
проектных результатов данного потолка и прогибов, измеренных во время экспериментального 
краткосрочного процесса загрузки, с широко используемой в настоящее время аналитической 
моделью расчета, так называемым γ-методом. Этот метод учитывает соответствие используемых 
гвоздей. Кроме того, в этой расчетной модели были учтены ползучесть используемых материалов 
и усадка бетона. Сравнение численных и экспериментальных результатов показывает, что 
текущий метод лучше отражает реальную жесткость потолочной конструкции. На основе 
указанной расчетной модели также была предсказана окончательная деформация потолка. 

Introduction  
Composite timber-concrete structures are created by joining several materials with different 

mechanical and physical properties. First attempts to join timber and concrete were made in the 20ies 
and 30ies of the last century. The first patent in this field was registered in Germany by Otto Schaub in 
1939 [1]. In 1960, bearing structure of timber ceiling was strengthened as a part of the reconstruction of a 
historic building in Bratislava – Slovakia by joining timber beams with concrete slab using nails [2]. As a 
result, in 1966, Jozef Poštulka was granted a patent. Later in the 80ies, increased interest in the 
composite timber-concrete structures has been recorded. The development progressed especially in the 
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field of shear connectors, which resulted in a wide range of joining systems. In the next period, this 
structural system began to be used not only for renovation of old buildings, but increasingly also in new 
buildings because of the favourable structural and physical properties. 

In the case of the timber part of the ceiling, beams with rectangular cross-sections, eventually solid 
wood planks are the most commonly used. The use of logs is not excluded [3], especially when used for 
temporary bridges and bridges on forest roads. It is, of course, possible to couple flat wood-based 
materials, such as vertical laminated nailed boards [4], glued laminated timber [5], cross laminated timber 
(CLT) [6, 7], eventually using of more resistant materials, such as laminated veneer lumber (LVL) [8]. 

The choice of concrete type depends on the size of the load. In usual ceilings and bridge 
constructions of smaller spans, it is possible to design concrete slabs not only from conventional concrete 
mixtures (from C12/25 to C50/60), but also from lightweight concrete (LC8/9 up to LC45/50), [6, 9]. For 
higher load sizes and larger spans, different types of high-grade concrete can be used, [10]. Usually, if 
the entire concrete layer is in the compressed area, strengthening of the concrete by means of main 
bearing reinforcement is not necessary. In order to reduce the shrinkage cracks, it is possible to use a 
structural reinforcement in two directions, eventually, fibre reinforced concrete can be also used [4 and 
11]. Shrinkage of the concrete significantly affects the strain of composite timber-concrete elements [12], 
therefore, the ingredients that reduce the concrete shrinkage can be considered. Another possibility of 
reducing the undesirable influence of concrete shrinkage can be prefabrication of the concrete slab and 
subsequent coupling with the timber part using suitable connection means [13] or by gluing [10, 14]. 

The insuring of composite action between the concrete slab and timber elements can be provided 
by mechanical or glued connection. In the case of less exposed structures of smaller spans, it is 
economically advantageous to use dowel-type mechanical shear connectors, such as nails [2, 15]. 
However, the higher stiffness of coupling can be achieved using a pair of screws in the arrangement at 
an angle of 45° [16, 17]. The choice of shear connectors, their dimensions, their number and spacing 
depend on the shear force size in the chink between the wood and the concrete. In the case of joining flat 
wood-based materials, such as vertically laminated boards, the use of groove joints is appropriate [4, 18, 
19]. In this case, the transmission of the shear force in the chink is mainly given by the shear strength of 
the concrete. The highest stiffness of the coupling can be achieved by gluing [5, 14, 20]. Epoxy 
adhesives allow bonding not only hardened concrete slab with the timber elements, but also to bond 
fresh concrete with an epoxy bonding agent. Besides the above mentioned, there are a large number of 
different shear connectors, such as perforated belts, steel strips with pressed mandrels, grooves in 
combination with pin joints, various heavy coupling systems for heavy loads for joining the prefabricated 
concrete slabs [13, 21, 22]. 

Number of methods were developed for calculation of composite structures. Historically, first used 
method was the method of idealized cross-section, based on modification factor n [2]. In this method, the 
composite action is considered as ideal rigid. Over the time, many researches and realized constructions 
proved, that the composite action using conventional dowel-type mechanical shear connectors can not be 
considered as ideal rigid, particularly in terms of element deflection. In the 60ies, Möhler [23] derived a 
calculation model of mechanically jointed timber beams with flexible connection. This method has proven 
to be appropriate and sufficient for the calculation of composite timber-concrete elements [17]. In the next 
period, the behaviour of these composites under long-term loading has been investigated and several 
rheological models have been proposed [16, 24, 25]. In addition to analytical and finite element methods, 
probabilistic methods based on probabilistic deterioration models are also being developed in this area 
[26]. 

From the above presented literature review is evident, that the possibilities and methods for design 
and calculation of these types of composite structures are very extensive. Therefore, within the presented 
research, the most common and most affordable type of timber-concrete composite ceiling was selected. 
The main idea of the realised research was to verify and confront the experimentally measured values 
with the results, obtained using various design methods. 

In this paper, numerical and experimental analysis and results of realised timber-concrete 
composite ceiling with nail connections are presented. The design of the mentioned ceiling was realised 
according to the relevant standards and recommendations in that time. The paper also presents the 
comparison between the design results of this composite ceiling and deflections measured during 
experimental short-term loading process with the currently widely used analytical calculation model, so 
called γ-method.  
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Realisation, Methods and Calculation Models 

Realisation of the composite ceiling structure 

Timber-concrete composite slab was realised within a construction having rectangular shape of 
dimensions 30x12 m. Two external and one inner walls with spans 2x6 m created the vertical bearing 
system of the structure. Two-span continuous steel beams, spaced by 3.0 m, were set on the bearing 
walls. These beams created the main bearing system of the ceiling. At the same time, the steel beams 
provided a system for transfer of horizontal forces from the roof truss structure. The cross-section of 
timber beams had a dimensions 120x140 mm. These beams, axially spaced by 805 mm (Figs. 1, 2a), 
were lying onto the lower flange of the steel beams. The timber beams were covered by 25 mm thick 
boards, placed perpendicularly to the beams and fixed to them by nails. In the calculation, timber of 
strength 10 MPa and Young’s modulus 10 000 MPa was considered. 

 

Figure 1. Layout scheme of the ceiling elements 

Before hammering nails of dimensions 180/6.3 mm, holes were bored into the timber beams by 
means of prepared steel pattern plate to prevent the wood cleavage. Borer of diameter 5.5 mm was used 
to bore holes 80 mm deep, so that 1/3 of the nail length was hammered into the non-bored wood and the 
nail would protrude from the board by 40 mm. 

After hammering the nails, welded net reinforcement was placed and the concrete slab of 60 mm 
thickness was poured (Fig. 2b). After concrete hardening the reinforced concrete slab started to act as a 
composite timber-concrete ceiling structure. In the calculation, concrete of strength 11.5 MPa and 
Young’s modulus 27 000 MPa was considered. 

a)      b)  

Figure 2. a) Layout of steel and timber elements, b) View during realization 

Short-term loading test 

Deflections of the timber beams were measured in the centre of their span and on the steel beams, 
in the placing spot of the timber beams. The measurement was carried out using mechanical indicators, 
as shown in Figure 3a.  

Concrete roof tiles were used to create the load for the short-term loading test. The weight of one 
roof tile is 4.5 kg. The roof tiles were laid in nine rows in the direction of timber beams and in five rows in 
direction perpendicular to timber beams. By this way, an uniform load was created on an area of 3x2.4 m. 
The position of the load is illustrated in Figure 3b. 

Before starting of the loading test, initial values on the deflection indicators were recorded and 
considered in the evaluation of final results. In the first stage, the loading test started with five layers of 
roof tiles uniformly spread onto defined area (3x2.4 m), which represents the load of 1.406 kN/m2 and 
1.132 kN/m uniform load on the monitored beam. The load was gradually increased by adding roof tiles 
layers as shown in Fig. 3b. In the final loading stage, the load reached a value of 6.48 kN/m2, which 
represents 5.216 kN/m uniform load on the monitored beam. The measured deflections are presented in 
Figure 5. 
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a)       b)  

Figure 3. a) Set-up of the mechanical indicators, b) Process of loading 

Calculation models and methods 

Mentioned composite ceiling structure was designed according to relevant, in that time valid 
recommendation [2], i.e. method of idealized cross-section, based on modification factor n. For the 
verification of obtained results, 3D finite element model was created with consideration of the core and 
bases of this method. After the implementation of γ-method into new valid standards [27], calculation of 
the ceiling was carried out using this method to compare the old and new results. 

Idealized cross-section method 

In this method, the composite cross-section is replaced by timber cross-section with moment of 
inertia Ii, equated to moment of inertia of the original cross-section, taking into account the rigid 
connection between timber and concrete. Moment of inertia of the idealized cross-section is calculated 
according to following equation: 

 22

cccttti aAInaAII  , (1) 

where Ii – moment of inertia of idealized cross-section, Ic – moment of inertia of concrete part, It – 
moment of inertia of timber part, Ac – cross-sectional area of concrete part, At – cross-sectional area of 
timber part, at – the distance between the centre of gravity of timber part and idealized cross section, ac – 
the distance between the centre of gravity of concrete part and idealized cross section, n – modification 
factor defined as: 

tc EEn / , (2) 

where Ec – Young’s modulus of elasticity of concrete in bending, Et – Young’s modulus of elasticity of 
timber. 

Equations for calculation of normal and shear stress distribution can be found in [2, 4]. For the 
design of composite timber-concrete elements, serviceability limit state is often the determining. 
Deflection, caused by the considered short term loading δ can be calculated as: 

it IE

gL4

384

5
 . (3) 

Results of mentioned realized structure, calculated according to this method are presented in 
Table 1. The relationship between the load and the deflection is determined as 0.284q, where q is the 
loading of the ceiling in kN/m2, see Fig. 5. The stiffness of the timber formwork was disregarded in the 
calculations. 

Finite element modelling (FEM) 

The model consisted of simply supported timber beams, timber formwork, and concrete slab in 
accordance with the parameters in Chapter 2.1. Suitable software (FEAT), allowing the creation of 
surface connection between timber formwork and beams was used. This software also allows the 
creation of rigid far-connections between the concrete slab and the timber beams. No connections were 
generated between the timber formwork and the concrete slab. Fig. 4 illustrates a part of the calculation 
model. Deflections in the mid-span of the beams and stresses in the cross-section, obtained from the FE 
calculation model, are presented in Figure 5 and Table 1. Results of presented model proved the 
favourable effect of the timber formwork onto the general stiffness of the composite ceiling. 
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Figure 4. Part of the 3D FE model of the composite ceiling 

γ-method 

Currently, widely used analytical calculation model, so called γ-method, is based on the linear 
elastic solution of the simply supported timber-concrete composite beam. This method considers 
interlayer slip of joined layers, caused by the flexibility of shear connectors. The effective bending 
stiffness (EIef) of the simply supported composite beam according to this method, included in [27], can be 
calculated as:  

  22

tttcccttccef aAEaAEIEIEEI   , (4) 

where γ-factor is defined as: 

   122 /1


 LKsAE cc , (5) 

where s is the spacing between the connectors, L is the span of the beam, K is the slip modulus of the 
connectors. 

The slip modulus K can be obtained experimentally, but some analytical equations for 
determination of modulus K are included in [27]. In our case, calculated value of the slip modulus for the 
ultimate limit state Ku was 6287 N/mm and for the serviceability limit state Kser was 9431 N/mm.  

Equations for determination of normal stress distribution are given by [16]. Deflection, caused by 
the considered short-term loading δ can be calculated as: 

 efEI

gL4

384

5
  . (3) 

Results, obtained using this method are presented in Table 1. The relationship between the load 
and the deflection is determined as 0.654q, where q is the loading of the ceiling in kN/m2, see Figure 5. 
The stiffness of the timber formwork was disregarded in the calculation. The effective width of the 
concrete slab was considered in the calculation according to [28]. The part of concrete cross-section, 
where a tensile stress arose, was not included when determining the stiffness of the composite cross-
section.  

Results  
The results of measured and calculated deflections in the mid-span of above mentioned realized 

ceiling structure are illustrated in Figure 5.  

 

Figure 5. Comparison of measured and calculated values of the deflections 
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Calculated values of the stresses and deflections in the mid-span according to above mentioned 
methods and models are listed in Table 1. These results were determined with considering the design 
loading value of 5.2 kN/m2. 

Table 1. Comparison of the results according to various calculation methods 

  σc,top σt, bottom Fs δ 

  (MPa) (MPa) (kN) (mm) 

Idealised cross-section method 1.88 2.85 2.6 1.83 

Finite element method 1.42 2.34 2.73 1.033 

γ-method  3.32 4.48 3.17 3.40 

 

σc,top is the normal stress in the top fibres of the concrete part in the mid-span, σt,bottom is the normal 
stress in the bottom fibres of the timber part in the mid-span, Fs is the maximal shear force in the 
connectors. 

Discussion 
As mentioned, this paper deals with numerical analysis using various calculation methods, 3D 

simulation and experimental measurement of already realized timber-concrete composite structure. 
Obtained results from these methods [2, 15–17] are compared, confronted with the experimental 
measurements and discussed in this chapter. 

As shown in Figure 5, the deflections were calculated according to three methods, described in 
Chapter 2.2. From the comparison of the illustrated results is evident, that the measured values are 
almost identical to the values obtained from the calculation, when using γ-method. Results of this 
investigation prove, that γ-method is enough accurate and sufficiently appropriate to be used for the 
calculation of composite timber-concrete structures during short term loading. 

Despite the fact that during the short term loading test higher load values were applied, mentioned 
realised structure was designed in accordance with the regulations in force at that time. Design loading 
value of 5.2 kN/m2 was considered for the calculation of the stresses and deflection of the composite 
structure. This design value of loading is determined by the normative properties of used material to be 
on the safe side. 

As shown in Table 1, values of normal stresses, shear forces and deflections, calculated according 
to γ-method are higher than the values calculated according to other methods, which do not consider the 
flexibility of shear connectors. However, presented values of normal stresses in the all cases are far from 
the limit values. The reached shear forces are close to the limit values. The deflections of the structure 
from the considered short-term loading meet the acceptable values. 

Conclusions 
The paper presents results of realized composite timber-concrete structures, obtained by 

application of experimental test and different calculation methods, described in detail in Chapter 3. The 
obtained results showed the appropriate sufficiency of γ-method for calculation of these types of 
composite structures, especially for short term loading. Presented results in the paper proved that the 
composite action using the dowel-type of shear connectors can not be considered as ideal rigid. In spite 
of relatively high flexibility, smooth nails are very used due to their availability. 

Although the design of realized structure was carried out using methods that do not completely 
describe the real behaviour of the solved composite structure, the design was conducted with a sufficient 
reserve, so it is on the safe side. The design author of the mentioned structure is in a permanent contact 
with the owner of the building. More than 15 years after the realization, any problems with construction 
were not recorded. 
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Abstract. Results are considered of systematic study of stress-strain state (SSS) of a seepage-
control wall arranged in the embankment dam foundation. The following factors affecting the wall SSS 
were studied: the wall depth, deformation modulus of the wall material, the pattern of the wall resting. 
Studies were conducted with the aid of numerical modeling. They revealed significant role of friction 
processes and slippage at the contact with soil on the wall SSS formation. It is friction through which soil 
transfers to the wall the compressive longitudinal forces which increase while the wall stiffness increases. 
It was also revealed that conditions of operation of suspended walls are more favorable that those of 
walls resting on rock. Empirical formulae were proposed which permit predicting the value of maximum 
compressive forces in the wall. Compressive strength of the wall was assessed. At that, it was taken into 
account that strength of plastic clay-cement concrete considerably increases if it is compressed from all 
sides as compared to uniaxial compression. A considerable role of accounting this effect was shown at 
selecting material for arrangement of the wall. It was obtained that to provide the wall strength it is 
necessary to have its material deformability exceeding the deformability of the surrounding soil not more 
than 5 fold. It was revealed that at perceiving by the wall the horizontal forces of seepage or hydrostatic 
pressure the longitudinal forces in it sharply decrease. It was obtained that then there is a danger of the 
wall tensile stress failure, because bend deformations in the wall cause irregular distribution of stresses in 
it. Especially it is hazardous for the walls made of rigid materials. 

Аннотация. Рассматриваются результаты методического исследования напряжённо-
деформированного состояния (НДС) противофильтрационной стены, устроенной в основании 
грунтовой плотины. Было исследовано влияние на НДС стены следующих факторов: глубина 
стены, модуль деформации материала стены, схема опирания стены.  Исследования проводились 
путём численного моделирования. Они выявили значительную роль на формирование НДС стены 
процессов трения и проскальзывания на контакте с грунтом. Именно через трение грунт передаёт 
на стену значительные сжимающие продольные усилия, которые тем больше, чем больше 
жёсткость материала стены. Также выявлено, что условия работы висячих стен более 
благоприятные, чем у стен, опёртых на скалу. Предложены эмпирические формулы, которые 
позволяют спрогнозировать величину максимальных сжимающих напряжений в стене. Выполнена 
оценка прочности стены на сжатие. При этом учитывалось, что прочность пластичного 
глиноцементобетона существенно возрастает по сравнению с одноосным сжатием, если он сжат 
со всех сторон. Показана существенная роль учёта этого эффекта при выборе материала для 
устройства стены. Получено, что для обеспечения прочности стены необходимо, чтобы 
деформируемость её материала не более чем в 5 раз превышала деформируемость окружающего 
грунта. Обнаружено, что при восприятии стеной горизонтальных сил фильтрационного или 
гидростатического давления, продольные усилия в ней резко уменьшаются. Получено, что при 
этом возникает опасность нарушения прочности стены на растяжение, т.к. изгибные деформации 
стене вызывают в ней неравномерное распределение напряжений. Особенно это опасно для стен, 
которые выполнены из жёстких материалов. 

96



Magazine of Civil Engineering, No. 5, 2017 

 

Sainov M.P., Lubyanov L.V. Stress-strain state of seepage-control walls in foundations of embankment dams. 

Magazine of Civil Engineering. 2017. No. 5. Pp. 96–112. doi: 10.18720/MCE.73.9. 

Introduction 
As it is known, very often deep curtains are arranged by a cutoff wall method for seepage control in 

foundations of embankment dams. The advantage of this type of curtains as compared to injections is the 
fact that they reliably intersect water permeable layer. At that, arrangement of the walls is cost-saving, 
because they have small thickness (0.6÷1.2 m). If the wall is made of materials based on cement 
(concrete, clay-cement concrete), in compliance with the existing standards1 it may withstand 
considerable head gradient (more than 100). Due to this seepage-control walls may perceive great 
heads. At use of modern technologies their depth may reach 135 m as at Peribonka dam in Canada [1]. 
Therefore, the cutoff wall methodology at present is widely used in hydraulic construction against 
seepage. The examples may be dams Karkhe [2], Xialongdi [3], Kureika [4], Yumaguza [5], Sangtuda [6], 
Peribonka [1], Merowe [7], Sylvenstein [8] and others. 

In order to provide safe operation of seepage-control walls (SCW) it is necessary to provide their 
crack growth resistance and strength. Therefore, to assess strength at SCW designing it is required to 
assess their stress-strain state (SSS). 

By present time the issue of SCW SSS has not been sufficiently studied. SSS analyses of wall 
made of non-soil materials were conducted in Moscow Civil Engineering University by a number of 
authors  
[9–12]. However, in most cases they referred to walls arranged in dam bodies. 

Recently there appeared papers about SSS of SCW arranged in dam foundations [13–16]. A 
number of papers devoted to SSS of SCW have been also prepared by us [17–21]. It was established 
that walls in embankment dam foundations may subject to considerable compressive and tensile 
longitudinal stresses. We revealed that these stresses are more the more is the ratio between 
deformation moduli of the wall material and foundation soil. The results of our studies showed that to 
provide the wall strength it is necessary to have its material deformability exceeding the deformability of 
the surrounding soil not more than 5 fold which complies with ICOLD recommendations [22]. 

However, these studies were not of systematic character; their results refer only to particular 
considered conditions. This paper describes the results of more full systematic study of SSS of seepage-
control walls arranged in foundations of embankment dams. The purpose of this work is to reveal 
operation conditions and peculiar features of CSW SSS in foundation of an embankment dam as well as 
to verify recommendations for selection of material for SCW. These studies also permit assessing the 
effect on SSS of such factors as material rigidity of the wall, its depth, and conditions of rest. 

In the studies there considered a seepage-control wall made in the uniform non-soil foundation of 
100 m high embankment dam. It is a rock-earthfill dam with a core. The dam shells are filled with gravel-
pebble soil; the core is made of loam. The wall is arranged along the core axis (Fig.1). The scheme of the 
wall and core conjugation (with the aid of a cantilever or a concrete gallery) was not considered not to 
complicate the analysis of SCW operation conditions. The wall does not propagate into the dam core. 

 

Figure 1. Design diagram of the wall in foundation of an embankment dam:  
1 – loam core, 2 – shells of gravel-pebble, 3 – seepage-control wall, 4a, 4b – foundation layers 

Two alternatives of foundation structure were considered. The first alternative is a homogenous 
structure of the earth foundation. In the second alternative the upper layer which is cut out by a wall, 
consists of earth and the lower layer refers to rock. 

                                                      
1 Building Code SP 23.13330.2011. Foundations of hydraulic structures. Updated version of SNiP 2.02.02-85. 
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Foundation soils were taken to be linearly deformable at active loading and unloading. Deformation 
modulus of the earth where the wall was arranged at active loading was taken equal 100 МPа and at 
unloading 500 МPа. This earth refers to gravel-pebble-sand soil. The earth Poisson’s number was taken 

equal 0.35. Earth friction coefficient (f = tg ) along the wall was taken equal 0.78 ( = 38°); specific 
cohesion was absent. 

Methods 
Studies were conducted with the aid of numerical modeling by finite element method (FEM). 

Computations were conducted with use of software worked out by Dr. Ph. (Tech) M.P. Sainov [23]. 

Finite-element model of the structure covered the dam body and the foundation block. It was 
sufficiently detailed and comprised 1157 finite elements (Fig. 2). Width-wise the wall 3 rows of finite 
elements were distinguished. Among the finite elements 38 were contact elements; they simulated non-
linear behavior at interaction of foundation soils with the wall.  Besides, contact elements simulated 
possibility of occurrence of shear cracks in the soil mass above the wall top and the foot of the wall. At 
creation of a finite-element model the high-order finite elements were used with cubic approximation of 
displacements inside the element. The number of the model degrees of freedom comprised 11208. 

 

Figure 2. Diagram of FEM computational mesh 

Studies were conducted for 6 design diagrams. The wall depth (20, 40 or 80 m) and conditions of 
its rest (suspended or resting). The resting wall was deepened into a rock layer with deformation modulus 
5000 МPа; i.е. conditions of embedding were modeled. Parameters of design diagrams are given  
in Table 1. 

Table 1. Parameters of design diagrams 

No. of alternative IA IB IC IIA IIB IIC 

Wall depth, m 80 40 20 80 40 20 

Thickness of earth foundation  

under the wall, m 
120 160 180 0 0 0 

Conditions of rest suspended resting 

 
Rock on which the wall rested in the design was taken as waterproof.  Therefore, in the 

alternatives of series II the resting wall took hydrostatic pressure of the upstream and downstream sides. 
In the alternatives of series I the suspended wall worked on taking loads from streamlining the wall by 
seepage flow. Therefore, to determine seepage loads in alternatives IA, IB, IC the seepage task was 
solved (Fig. 3). Analysis shows that suspended walls perceive horizontal forces 2–3 times as less as 
compared to resting walls. 

For each of the design diagrams several alternatives of the wall materials were considered: from 
liquid plastic clay-cement concrete to reinforced concrete (Table 2).  
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Table 2. Parameters of wall material alternatives  
A

lt
e

rn
a

ti
v

e
 

density, 

t/m3 

deformation 
modulus 

[МPа] 

Poisson’s ratio 
Uniaxial 

compression 
strength [МPа] 

Angle of 
internal 
friction 

1 1.93 100 0.30 1.27 30 

2 1.98 500 0.30 2.13 32 

3 2.10 1000 0.30 2.66 35 

4 2.12 5000 0.25 4.45 40 

5 2.40 29000 0.18 11.5  

 
These parameters were determined by us based on the results of experimental studies of clay-

cement concrete properties conducted by other authors [5, 24–26]. For concrete, uniaxial compression 
strength (11.5 МPа) was adopted in compliance with Building Code SP 23.13330.2011. 

32 design steps were considered. The first and the second step modeled the foundation SSS 
before the dam construction. The next step simulated the process of the wall arrangement by the trench 
method: trench excavation for the wall was modeled and its filling by the wall material. It was assumed 
that the wall material was not in the hardened state at perceiving its own weight. Its deformation modulus 
was taken equal 20% of the final one and Poisson’s ratio was 0.45. At this step it was taken into account 
that non-hardened wall material could freely slip with respect to the trench walls. 

At the next 16 steps there was model the process of the embankment layered construction. The 
next 13 steps modeled the process of the reservoir filling and the process of forming seepage  
(or hydrostatic) forces in the foundation. The task on stabilized seepage regime was solved for 
determining seepage forces (Fig. 3). 

a)   

b)   c)   

Figure 3. Seepage loads on the wall (in meters of water column): 
a – at wall depth 80m, b – at wall depth 40m, c – at wall depth 20 m 

Results and Discussion 
Analysis of the results of SCW SSS computations was conducted for two most dangerous 

moments of time: 

1) moment of the dam construction completion, 

2) moment of the reservoir filling completion. 

As it was shown earlier [21], the first moment is dangerous from the point of view of hazardous 
failure of compression strength. At this moment the wall perceives maximum vertical load and has 
maximum compressive stresses. The wall vertical load appears due to settlements of the surrounding 
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earth mass under the action of the dam weight. This load is transferred to the wall by the foundation soil 
through friction on the contact “soil-wall”. 

The second moment of time is dangerous from the point of view of possible appearance of tensile 
stresses in the wall. Tension in the wall may appear due to bend deformations, which the wall acquires at 
perceiving water pressure horizontal forces. 

The results of analyses are given in Figures 4–15, 18–29 for some design alternatives in the form 
of curves of stresses and displacements. The curves of stresses given in the figures do not take into 
account stresses in the wall from its own weight. 

Analysis of the results of SCW SSS computations for the moment of the dam construction 
completion shows the following: 

• If the wall is made of rigid material, at the foundation settlements the considerable compressive 
longitudinal stresses are transferred to the wall. Due to this compressive stresses are 
concentrated in it. 

• The more the wall material differs by deformability from the foundation soil, the higher are 
vertical compressive stresses у in it. 

• For the alternatives where SCW is made of rigid materials (No. 3, No. 4, No. 5), there develops 
the typical process of the soil slip with respect to the wall due to the contact shear strength 
failure. The slip processes occur mainly in the upper part of the contact “wall-soil”. 

• Due to this maximum compression is observed in the wall lower part. 

 
a)                                                              b) 

Figure 4. Wall SSS of alternative IA-1 for the moment of the dam construction completion: 
a – settlements (сm), b – vertical stresses (МPа) on the upstream and downstream faces 

Green lines correspond to the curves for the wall. Pink-violet lines correspond to soil settlements. 
The dotted line indicates the wall material compressive strength. 

 
a)                                                             b) 

Figure 5. Wall SSS in alternative IA-3 for the moment of the dam construction completion. 
Legend see at Figure 4 
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a)                                                                  b) 

Figure 6. Wall SSS in alternative IA-5 for the moment of the dam construction completion. 
Legend see at Figure 4 

 

                                                  a)                                                       b) 

Fig.7. Wall SSS in alternative IIA-1 for the moment of the dam construction completion: 
a – settlements (сm), b – vertical stresses (МPа) on the upstream and downstream faces 

Green lines correspond to the curves for the wall. Pink-violet lines correspond to soil settlements. 
The dotted line indicates the wall material compressive strength. 

 
                                              a)                                                b) 

Figure 8. Wall SSS in alternative IIA-3 for the moment of the dam construction completion. 
Legend see at Figure 7 
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                                a)                                                      b) 

Figure 9. Wall SSS in alternative IIA-5 for the moment of the dam construction completion. 
Legend see at Figure 7 

 

a)                                                                 b) 

Figure 10. Wall SSS in alternative IC-1 for the moment of the dam construction completion: 
a – settlements (сm), b – vertical stresses (МPа) on the upstream and downstream faces 

Green lines correspond to the curves for the wall. Pink-violet lines correspond to soil settlements. 
The dotted line indicates the wall material compressive strength. 

 

a)                                                               b) 

Figure 11. Wall SSS in alternative IC-3 for the moment of the dam construction completion. 
Legend see at Figure 10 

 

               a)                                                               b) 

Figure 12. Wall SSS in alternative IC-5 for the moment of the dam construction completion. 
Legend see at Figure 10 

 

                                                     a)                                             b) 

Figure 13. Wall SSS in alternative IIC-1 for the moment of the dam construction completion. 
Legend see at Figure 10 
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                                              a)                                            b) 

Figure 14. Wall SSS in alternative IIC-3 for the moment of the dam construction completion. 
Legend see at Figure 10 

 

                                                a)                                           b) 

Figure 15. Wall SSS in alternative IIC-5 for the moment of the dam construction completion. 
Legend see at Figure 10 

For each design diagram there were drawn variation curves of maximum stresses max
y  depending 

on the ratio between deformation modulus Ewall and foundation deformation modulus Efound (Fig. 16). 

 

Figure 16. Variation of maximum values of longitudinal stresses  
in the wall depending on ratio Ewall/Efound 

It is possible to distinguish two typical sections in this relationship. The first section is characterized 
by smooth increase of compressive stresses in the wall as the ratio Ewall/Efound increase. It is realized at 
Ewall/Efound. not exceeding 20. These conditions are characterized by weak development of slip processes 
at contact «wall-soil». Slip occurs only in the upper part of the contact; its shear strength is minimum. 

At the first section the relationship between Ewall/Efound may be rather strictly described by the 
following relationship: 

n

осн

стmax
y

E

E
pA 








 , (1) 

where p – pressure transferred from the dam to the foundation, 

A, n – empirical values. 

By the results of analysis the pressure p amounted to approximately 1.5 МPа. 

One of the empirical relationship parameters is always A1. The obtained values of index n are 
shown in Table 3. 
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Table 3. Values of index n 

Design diagram IA IB IC IIA IIB IIC 

n 0.84 0.78 0.70 0.76 0.73 0.66 

 
Analysis of the obtained graphs (Fig. 16) shows that at the first section of relationship Ewall/Efound is 

characteristic the following: 

• In the resting walls the maximum stress values у grow slightly less intensively than in 
suspended walls. This is explained by increase of contact “wall-soil” length where slip 
processes develop; 

• Stress maximum values у have small dependence on the wall depth, though less deep walls 
have slightly less values of stress. 

The study permitted revealing that the value of index n depends on the wall depth and conditions 
of the wall performance (suspended or resting). Dependence of n from the wall depth H may be 
described by relationship: 

mHBn   (2) 

Empirical index B is within limits 0.46  0.48, and m  0.12  0.13 depending on boundary 
conditions of the wall operation conditions. 

At the second section (at Ewall/Efound >10  20) the possibility of further increase of stresses in the 
wall is limited by intensive development of slip processes at contact “wall-foundation”. The more is the 

length of the contact where shear strength fails, the higher are the values of stresses 
max
y  in the wall. 

Failure of the contact shear strength develops mainly from the wall upper end downward. Suspended 
walls have the contact strength failure near the lower end also. 

Due to presence of slip there is limit value of maximum compressive stresses which may be 
transferred to the wall. 

Analysis of the results shows that: 

• The deeper is the wall, the higher is limiting compressive stress in it. For example, in diagram  
IA-5 (H=80 m) they comprised 29.2 МPа (Fig. 6b), and in diagram IC-5 (H = 20 m) – 7.2 МPа 
(Fig. 12b); 

• In the walls resting on rock foundation the limit value of compressive stress is higher that in 
suspended walls. For example, in diagram IA-5 limit stresses amounted to 29.2 МPа (Fig. 6b), 
and in diagram IIA-5 – 41.8 МPа (Fig. 9b). 

Thus, resting walls of large depth have more favorable SSS. 

 

Figure 17. Diagram for the wall analysis 

In [27] for the simplified design diagram (Fig. 17) we obtained an analytical dependence for 
determining the limit value: 

 htgc2tgp2
t

h
pпред

y  , (3) 

where h – length of the contact section, where shear strength failed, 

t – wall thickness, 

, с – angle of internal friction and specific cohesion at contact “wall-soil” respectively, 
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,  – specific weight and coefficient of soil lateral pressure respectively. 

Formula (3) shows that strength parameters of contact “soil-wall” considerably affect the limiting 
state of compressive stresses. The stronger is the contact the more are compressive stresses in the wall. 

Dependence (3) also permits assessing the effect of depth on values of compressive stresses. 
Theoretically it is quadratic, however, the results of SSS analysis for the considered case show that the 
role of the quadratic term is small and stresses are actually increased linearly with growth of the wall 
depth. 

This dependence also indicates on the method of decreasing compressive stresses in the wall, i.e. 
increase of the wall thickness. 

However, analytical dependence (3) is approximate; it does not allow considering the effect of the 
foundation SSS peculiar features. The true values of compressive stresses in the wall may be obtained 
only by numerical modeling. 

The obtained SCW SSS permitted us to assess the wall strength and reveal what material is the 
best for arranging SCW. 

At assessing strength of the wall made of plastic material (for example, clay-cement concretes) we 
proposed to take into consideration the fact that SCW is in a complicated stress state. Experimental 
studies with clay-cement concrete show that its compressive strength increases when we have lateral 
compression [24–25]. This effect may be considered based on the theory of strength of Coulomb–Mohr. 
In compliance with this theory the material compressive strength proportionally increases with lateral 
compression growth: 






sin1

sin1
RR 11 , (4) 

where R1 – uniaxial compression strength, 

1 – compressive stress (maximum principal stress), 

 – angle of soil internal friction. 

The wall compression is achieved by lateral pressure of the surrounding soil. 

Analysis of meeting compressive strength conditions conducted for various alternatives showed 
the following: 

• Consideration of lateral compression considerably improves the wall condition from the point of 
view of assessing compressive strength. Compression effect is especially noticed in the 
alternatives with liquid clay-cement concrete (alternative No. 1); 

• In most alternatives compressive strength is not provided, even with consideration of strength 
growth at lateral compression; 

• In most alternatives with liquid clay-cement concrete (Alternative No. 1) the most dangerous 
section is the wall top. In this section compressive stresses have maximum values and 
compressive strength values are minimum. It should be noted that SSS of foundation itself 
significantly affects SCW performance. By the results of analyses the foundation under the 
action of dam weight «sprawls». This results in the fact that the wall upper part turns to be 
weakly compressed by soil lateral pressure and the wall operation conditions are close to 
uniaxial compression state; 

• In the alternatives of making SCW of rigid materials (alternatives Nos. 3–5) the most hazardous 
section is located in the wall lower part where compressive stresses are maximum; 

• Operation conditions of suspended walls are more favorable, because compressive stresses in 
them are less and therefore, it is easier to provide the material strength; 

• The only wall material whose strength was provided in any patterns and operation conditions is 
liquid clay-cement concrete (alternative No. 1). At that, safety factor in the wall upper part as a 
rule is close to 0; 

• In operation mode of wall IC (suspended wall 20 m deep) (alternatives C) compressive strength 
was provided not only in alternative No.1 but also at arrangement of a concrete wall (alternative 
No. 5). This was achieved due to actually full slip of the foundation soil against a not deep wall. 

This analysis shows that SCW operation conditions are very complicated; they depend on many 
factors, that is why it is not possible to formulate general recommendations for selection of material and 
providing SCW strength, which could be applicable to all possible SCW operation conditions. Depending 
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on loads transferred by the dam to the foundation, conditions of resting, the wall thickness and depth, 
foundation structures the SCW operation conditions may differ greatly. In each particular case it is 
necessary to conduct numerical studies of SCW SSS. 

Tentative recommendations may be as follows: 

• For arrangement of the wall it is desirable to use the material whose deformability differs from 
that of the surrounding soil by not more than 2 times. This recommendation differs from ICOLD 
recommendations [22] and makes the requirements tougher; 

• For improvement of SSS and strength condition of the SCW upper part it is desirable to exclude 
direct transfer of the dam weight loads to it. For this purpose a concrete gallery may be 
provided above the wall separated from it by a gap (cavity); 

• One more way of improving the strength state of SCW made of rigid materials is increase of its 
thickness. Increasing thickness of the wall will permit decreasing concentration of compressive 
stresses in it; 

• In some cases the use of more rigid and strong material, reinforced concrete may be allowed 
for SCW arrangement and the required strength will be provided. This is possible in conditions if 
compressive forces transferred to the wall are not great. For example, this is possible due to 
slip at contact “soil-wall”. Therefore, of great importance are strength indices at contact “soil-
wall”. With this respect it is necessary to note that at the wall construction by a trench method a 
so-called bentonite “casing” is formed with low strength indices. “Oiling” may greatly affect the 
rigid wall SSS.  

The wall SSS analysis on the moment of perception by the wall of the seepage flow pressure 
shows cardinal change of SSS. At reservoir filling the wall shifted toward the downstream side and 
acquired bending deformations (Figs. 18–29b). Maximum shift is observed in the wall head. 

 

a)                                 b)                                     c) 

Figure 18. Wall SSS of alternative IA-1 as of the moment of reservoir filling completion:  
a – settlements (сm), b – displacements (сm),  

c– vertical stresses (МPа) on the upstream and downstream faces 

Blue lines correspond to the curves for the wall. Red lines correspond to soil settlements. The 
dotted line indicates the wall material compressive strength. 

 

a)                                  b)                                       c) 

Figure 19. Wall SSS of alternative IA-3 as of the moment of reservoir filling completion. 
Legend see in Figure 18 
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a)                                b)                                   c) 

Figure 20. Wall SSS of alternative IA-5 as of the moment of reservoir filling completion. 
Legend see in Figure 18 

 

a)                  b)                                    c) 

Figure 21. Wall SSS of alternative IIA-1 as of the moment of reservoir filling completion: 
a – settlements (сm), b – displacements (сm), c– vertical stresses (МPа) on the upstream and 

downstream faces 

Blue lines correspond to the curves for the wall. Red lines correspond to soil settlements. The 
dotted line indicates the wall material compressive strength. 

 

a)                  b)                                             c) 

Figure 22. Wall SSS of alternative IIA-3 as of the moment of reservoir filling completion. 
Legend see in Figure 21 
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                                a)                  b)                                             c) 

Figure 23. Wall SSS of alternative IIA-5 as of the moment of reservoir filling completion. 
Legend see in Figure 21 

 

            a)                                     b)                          c) 

Figure 24. Wall SSS of alternative IC-1 as of the moment of reservoir filling completion: 
a – settlements (сm), b – displacements (сm), c– vertical stresses (МPа) on the upstream and 

downstream faces 

Blue lines correspond to the curves for the wall. Red lines correspond to soil settlements. The 
dotted line indicates the wall material compressive strength. 

 
a)                                                b)                              c) 

Figure 25. Wall SSS of alternative IC-3 as of the moment of reservoir filling completion. 
Legend see in Figure 24 

 
a)                                                b)                            c) 

Figure 26. Wall SSS of alternative IC-5 as of the moment of reservoir filling completion. 
Legend see in Figure 24 

 
                                                    a)                b)                               c) 

Figure 27. Wall SSS of alternative IIC-1 as of the moment of reservoir filling completion. 
Legend see in Figure 24 

 
                                                 a)              b)                           c) 

Figure 28. Wall SSS of alternative IIC-3 as of the moment of reservoir filling completion. 
Legend see in Figure 24 
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                                         a)                b)                                     c) 

Figure 29. Wall SSS of alternative IC-5 as of the moment of reservoir filling completion. 
Legend see in Figure 24 

Analysis of SCW SSS modeling shows the following: 

• At perception of horizontal forces not only displacements occur but also the wall bend. At that, 
suspended SCW and resting walls displace and bend in different ways. Foot displacement of 
the walls resting on rock foundation is close to 0, but the wall top displacement is more than 
that of suspended walls. For example, the top displacement of the resting wall in alternative IIA-
1 comprises 59 сm (Fig. 20b), and of the suspended wall in alternative IA-1 it is 76 сm (Fig. 
20b). At that, bend of the suspended wall in alternative IIA-1 (57 сm) is much less than that of 
the resting wall in alternative IA-1 (35 сm). This difference in bends is explained by the fact that 
the resting walls take greater horizontal loads than the suspended ones; 

• At perception of horizontal loads by the wall the vertical compressive forces perceived by it also 
considerably decreased. This is explained not only by the fact that weighing action contributes 
to decrease of pressure transferred to the foundation from the dam weight. Of great importance 
is development of slip processes along the upstream face of SCW (Figs. 17–28a). At the wall 
displacements toward the upstream side the normal stresses in the upstream contact “wall-soil” 
decrease, and consequently, its shear strength decreases also. Due to development of slip 
processes in the upstream contact “wall-soil” the vertical compressive forces transferred to the 
wall sharply decrease. 

• Bend of the suspended wall is complicated. The upper part bends toward the downstream side 
and the lower part bends toward the upstream side. Due to the bend on one of the faces 
compressive stresses y decrease and on the other face they increase. 

• For the walls made of clay-cement concrete there is hardly noticed non-uniformity in stress 
distribution. When the wall is made of reinforced concrete (alternative No. 5) compressive 
stresses pass to tensile stresses. For example, in alternative IA-5 tensile stresses reach 
1.3 МPа (Fig. 19c) and exceed the concrete tensile strength. 

• In the walls on rock foundations due to more displacements the bend deformations are 
expressed stronger. Due to the fact that in alternative IIA-5 the tensile stresses in the wall upper 
part reach 4.3 МPа (Fig. 22c). Besides, the resting wall character of bend deformations is 
complicated in the zone of embedment into the rock foundation. In the embedment zone the 
wall considerably bends toward the upstream side. In alternative IA-5 tensile stresses on the 
upstream face exceed 20 МPа (Fig. 22c). 

• SSS of less deep walls is somewhat better. In alternative IIC-5 tensile stresses in the wall upper 
part do not exceed 0.2 МPа, and in the zone of embedment they amount to 10.7 МPа (Fig. 
28c). Thus, for the walls embedded into a rigid rock foundation the most hazardous are tensile 
stresses in the embedment zone. We may arrive to the conclusion that the interface of SCW 
with rock should be provided not by its embedment into rock, but by arranging a more flexible 
connection. For example, it may be an earlier prepared zone of grouted impervious soil. 

From the point of view of providing the dam compressive strength the wall strength state in the 
second design moment is more favorable than in the first one. This is explained by two reasons. The first 
reason refers to general decrease of compressive longitudinal forces in the wall. The second reason is 
attributed to the fact that at reservoir filling the wall is compressed under water pressure and due to this 
its material compressive strength increases. 

Wall compressive strength is not provided only in use of rigid materials (alternatives Nos. 4–5, 
sometimes alternative No. 3). 

Conclusion 
1. SCW SSS analysis should be performed at least for two moments of time: The first is the 

moment of dam construction completion; the second refers to the moment of reservoir filling completion 
and formation of the seepage regime in the foundation. The first moment is dangerous from the point of 
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view of possible compressive strength failure, the second from the point of view of possible tensile 
strength failure. 

SCW SSS in the foundation of a high embankment dam as of the moment of dam construction 
completion is characterized by concentration of considerable compressive longitudinal stresses. These 
stresses are greater the greater is the ratio between deformation moduli of the wall material and the 
foundation soil. After the reservoir filling the compressive stresses decrease, but this leads to possible 
appearance of tensile stresses in the wall. In the moment of reservoir filling completion the most 
hazardous for the wall are bend deformations. 

2. Rigidity of the wall itself and conditions of interaction with surrounding soil mass have the 
greatest impact on formation of SCW SSS. The degree of developed slip processes at contact “soil-wall” 
plays a great role. 

Besides, SCW SSS is affected by conditions of its rest (suspended or resting), foundation setting, 
the wall depth and thickness. 

3. SSS of walls embedded into a rock foundation (resting walls) is less favorable than that of the 
suspended walls. At perception of vertical forces the resting wall maximum values of stresses turn to be 
slightly higher than those in suspended walls. Walls reaching water-tight stratum are subject to greater 
horizontal water pressure and therefore, greater displacements. They are characterized by greater bend 
deformations, especially in the zone of embedment into rock foundation. The zone of walls embedment 
into rock foundation is the most dangerous and unsafe section. At horizontal displacements of walls in the 
embedment, cracks may appear as a result of tensile strength failure as well as shear. 

4. The empirical dependences proposed by us may be applied at the preliminary design stage for 
determining maximum values of compressive longitudinal stresses in SCW. However, these 
dependences are approximate. More reliable results may be obtained only by numerical modeling, 
because this is the only way of modeling slip processes at the contact of the wall with soil. 

5. Deep walls operate in more complicated conditions than the wall of small deepness. The greater 
is the wall depth the higher are compressive stresses in it and the higher is the probability of compressive 
strength failure. 

6. At assessing compressive strength of the walls made of plastic material, for example clay-
cement concrete, it is necessary to take into account the effect of strength growth when we have lateral 
compression. As SCW are usually in the state of triaxial compression, account of this effect is of great 
importance. 

7. For SCW constructed in a homogenous foundation it may be recommended to use the material 
whose deformation modulus is not more than 2 fold as compared to the deformation modulus of the 
surrounding soil. This meets ICOLD recommendations, but the difference is that it is tougher. 

8. It is not recommended to use concrete and reinforced concrete for SCW arrangement. At 
foundation settlements considerable compressive stresses are concentrated in rigid walls, and at 
perception of horizontal forces the tensile stresses appear. It is especially dangerous to use concrete 
(reinforced concrete) for the walls arranged in soil and embedded into rock foundation. 

However, there are cases when use of reinforced concrete may be allowed and justified. For 
example, reinforced concrete may be used for arranging suspended walls of small deepness. 

9. At designing seepage-control walls there are several ways of their SSS regulation to provide 
strength. The first is using the material by deformability close to the enclosing soil. The second way is 
increasing the wall thickness. The third way is decrease of friction at contact “soil-wall” to decrease forces 
transferred to the wall by foundation soil, however, this way is not possible in practice. Besides, tangible 
effect may be reached by arranging a concrete gallery above the wall top, from which the wall will be 
separated by a gap. This will permit slight decrease of vertical compressive forces transferred to the wall. 
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