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Abstract

A semi-distributed rainfall-runoff Approximate Redistributive Bal-
ance (ARB) model is currently in development as a tool for the assess-
ment and analysis of the water management balance at the level
of micro-basins on the territory of Slovakia. For the winter season, it
is necessary to supplement the model with a sub-model for calcu-
lating the snow water equivalent (SWE) with a comparatively low
amount of the input data necessary. Since SWE models generally
operate in a daily time step, a new sub-model was developed and
tested in monthly and weekly time steps in 30 meteorological sta-
tions in the north of Slovakia. When compared in a weekly time step
with the snow sub-model of the HBV rainfall-runoff model and when
the impact of switching from a monthly to weekly time step on the
quality of the runoff simulation was evaluated, the results showed
that the snow sub-model does react to sudden snowmelt better
when compared to the modified version of the HBV snow sub-model
used. Using a weekly time step for the snow sub-model in a monthly
ARB model runoff simulation showed an increase of accuracy (NSE
change from 0.89 to 0.92) in one case, while maintaining the same
level of accuracy in the second one.

1INTRODUCTION

Within the water management balances of Slovakia, the evalu-
ation in a monthly time step has an established form, not only leg-
islatively, but also regarding the availability of the water consump-
tion data measured (Slovak Hydrometeorological Institute, 2021;
Kandera and Vyleta, 2021). To use rainfall-runoff modeling for the
purpose of expanding an assessment of the water management bal-
ance beyond the profiles of water gauging stations, a compatible
Approximate Redistributive Balance (ARB) model was developed
(Kandera and Vyleta, 2023), regarding the daily time step in rain-
fall-runoff modeling and the monthly time step in an assessment
of the water management balance. This model requires a relatively
small range of input data, works exclusively with hydrological and
water management data, and enables a monthly water management
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assessment to be refined to a weekly time step. The model was built
in Water Evaluation And Planning (WEAP) software for integrat-
ed water resources planning, it provides a comprehensive, flexible
and user-friendly framework for planning and analysis with a wide
range of time step options from daily to annual, including weekly
and monthly options (Sieber and Purkey, 2015). The input data can
also be used in the daily time step, while the software automatically
processes it in the data structure for the time step selected. It is
possible in its user environment to define new variables and their
properties using combinations of a wide range of functions that ful-
fil an essential aspect in the development of the ARB model. Usual
descriptions or analyses of a water balance do not often consider
the impact of snow (Keszeliova et al., 2021; Olofintoye et al., 2022;
Yonus and Hassan, 2022), cither for a temperate/warm climate or
the large scale of a modeled basin. To evaluate the winter season
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as accurately as the summer, it was necessary for the ARB model
to develop and include a snow sub-model that would simulate the
processes of the snow accumulation, melting and runoff processes.

The snow models can be classified into different categories ac-
cording to the spatial distribution characteristics of the models or the
different algorithms used. An historical development and overview
of snow models was provided by Zhou et al. (2021). Initially, the
streamflow of the river was estimated by establishing a statistical
relationship between the variables measured (such as the snow cov-
er area, snow water equivalent) and snowmelt runoff (Dewalle and
Rango, 2008). Over time, empirical equations have been used,; their
main principle is the assumption that there is a linear relationship
between the air temperature and snow regime. This paper focuses
on conceptual snow models, which have a physical meaning and are
mature, with widely used methods. The conceptual snow models
are hydrological models, which establish an empirical relationship
between a snow regime and the temperature. These models can also
be called degree-day models because they are usually based on a
degree-day factor (He et al., 2014). At the present time, it is possible
to modify these models to meet a variety of needs and thus satisfy
the requirements of a large number of researchers. Such classic de-
gree-day models also include the Snow Runoff Model (SRM) and
the Hydrologiska Byrans Vattenbalansavdelning (HBV) model, see
Martinec (1998) and Bergstrom and Singh (1995). These models
have been continually modified and improved due to their ease of
generalisation and broad applicability all over the world (Abudu et
al., 2012; Zhang et al., 2014; Artimani et al., 2019; Hussainzada et
al., 2021; Seibert and Bergstrom, 2022).

The aim of this paper was to develop a new conceptual snow
sub-model, test it at selected meteorological stations in Slovakia,
and incorporate it as a sub-model in the ARB model in the pilot
basin. The snow sub-model of the HBV model was used to compare
the snow regime simulation.

2 METHODS AND MATERIAL

2.1 Methodology

The many studies comparing snow models (Feng et al., 2008;
Rutter et al., 2009) have highlighted the higher reliability of phys-
ically-based approaches such as the energy balance approach in
models simulating snow conditions, which offer more realistic
physical detail of the sub-processes (Wagner et al., 2009), but are
often associated with intensive data requirements and primarily op-
erate on a daily time step. However, the snow sub-model presented
is a conceptual model system operating on a weekly/monthly time
step. The development of the structure of the snow sub-model was
based on the condition that it must be compatible with the ARB
model (i.e., equally semi-distributed), but also with the condition
of keeping within the boundaries of data already used for the ARB
model. In the case of this study, time series of daily precipitation
(P), daily air temperature (T) and the weekly snow water equivalent
(SWE) were used. The last input data is the digital elevation model
(DEM) in an resolution sufficient for the determining altitude.

In the ARB model created using the WEAP software, the whole
modeled basin is divided into sub-basins, where water gauging sta-
tions represent pour points; these sub-basins are then further di-
vided into more detailed micro-basins, which have defined runoff
coefficient values based on several characteristics. Each sub-basin
has its own set of calibration parameters. A similar procedure was

applied to the snow sub-model of the ARB model. Among all the
regional variables that influence the occurrence of snowfall, i.e., lat-
itude, altitude, the distance from major water bodies, and the nature
of the regional air mass circulation (McKay and Gray, 1981), the
altitude was chosen as the most appropriate integrable parameter.
In the initial stages of the integration of the snow sub-model, it al-
ready became apparent that with a multi-day time step, the average
air temperature was insufficient as an indicator of the conditions for
the formation, maintenance and melting of snow. Within the weekly
time step, the last few days are most important in terms of tem-
perature, while the last week is the most important in terms of the
month. The defining of the limits of snow formation and melting as
two calibratable but absolute values also showed incompatibility.
Gyawali and Bardossy (2022) concluded that uncertainty in the rep-
resentation of snow accumulation and melt processes (e.g., in the
HBYV model) can be the result of calibration according to the runoft
from the basin, which exhibits a compensating behavior with other
non-snow-related parameters. Therefore, the new snow sub-model
is calibrated only on snow water equivalent data.

From the point of view of the rainfall-runoff model, the calcu-
lation of the change in the snow water equivalent from one time
step to another is necessary to define its effect on the relationship
between precipitation and runoff (Holko et al., 2021). When calcu-
lating in a multi-day time step, the SWE value at the end of this time
step is essential in order to know how much water in the snow was
preserved for the next time step and how much of the snow melted.
This applies both in the calculation of SWE and in the data mea-
sured to which the snow sub-model is calibrated. In (DeWalle and
Rango, 2008), the change of SWE, defined as the snowpack water
balance, was described by the equation:

ASWE = SWE,, — SWE, (1)

where ASWE is the snowpack water balance; and SWE , - SWE |
is the change in the snow water equivalent (liquid and solid) of the
snowpack over the time interval t, —t,.

In the new snow sub-model, this equation for the calculations in
time step 1 was modified to form:

SWB=SWE_, ~ SWE, 2)

where SWB is the snowpack water balance [mm]; SWE,_ | is the
snow water equivalent in time step i-1 [mm]; and SWE, is the snow
water equivalent in time step i [mm)].

The structure of the snow sub-model was constructed so that
it better reflects the changes at the end of the time step; the tem-
perature at the end of the time step T _, [°C] was also included as
an input variable. In the weekly, but especially in the monthly time
step, using only the last day at the end of the time step would lead
the subsequent calculations to an extreme, since in many cases, the
temperatures on a given day can be significantly outside the average
temperature of the week/month. In the process of developing the
snow sub-model it was found, that based on the analysis of the time
series of daily temperatures, the average temperature for the last
quarter of the time step has a relatively good predictive value con-
cerning the temperature at the end of the time step, while avoiding
extreme fluctuations. Therefore, it was decided that T, would be the
average temperature of the last 2 days for the weekly time step and
the average temperature of the last week for the monthly time step.

Jonas et al. (2009) determined that based on their analysis of
the snow density and depth data of 50 years from 37 sites over
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Tab. 1 Snow sub-model variables and calibration parameters
(T,,, - coefficient of the threshold value of snow regime, X,
- index value, C, - snow formation coefficient, CSP - snow
preservation coefficient, SWE - snow water equivalent, C,
c.C.C o C - calibration parameters, T - average alr
tempemture Tﬂ - average air temperature at the end of the

time step, P - average precipitation).

. Parameters .
Output variables of calibration Input data| Input variables
TCsw CT T Tend B
XCsw Cx T Tend B
CCx
Csw T’ Tcnd XCsw
Cc
(:S\’wY
& P SWE
CSW
SWE - P
TCsw

the entire Swiss Alps, the bulk density of snow is mainly affected
by four factors i.e., the season, snow depth, altitude, and location.
When used in modeling with the ARB model, the altitude (h) of
individual micro-basins serves as a simple tool for redistributing
the total SWE in the sub-basin. In order that its influence is not
too extreme, it is entered into the calculation in the form of In(h),
thanks to which the altitude range in Slovakia (from 94 to 2,654.4
m a.s.l.) is flattened to a range of values of 4.54 - 7.88. In order for
it to be applicable in the calculations o f the individual variables in
which it enters the calculations, it is always multiplied by the given
calibration parameter. The new sub-model consists of 5 variables
calculated with 5 calibration parameters, summarized in tab. 1.

The T, variable in the form of the coefficient of the threshold
value of the snow regime replaces the two threshold values of the
snow formation and melting. Instead of two separate limit values, it
is based on a function that in a 5 °C range goes from the coefficient
values of 1 to 0, while the input is the minimum value between T
and T .. By adding In(h) + C,, it is possible to shift the function
during the calibration in order to better suit the conditions of the
sub-basin modeled.

CSW] =f (min(T,T . )+ In(h)C) 3)

where T, . is the coefficient of the threshold value of the snow-
melt [-]; T, is the average temperature in time step i [°C]; T, and is
the average temperature at the end of time step i [°C]; and C_ is the
calibration parameter [-].

The typical course of the dependence of T, on the changing T,
T, and the calibration parameter C_ is shown in Fig. 1.

The variable X, as an index value (0,1,2) determines whether
the value of T, (1ndex 0) the combination of T, and T_, .(index 1), or
only the T, Value (index 2) is used in the calculatlon of the snow
formation coefﬁment (C,,)- This variable combines several condi-
tions based on the development ofthe T, T, |, T, and T, values and
compares them to each other based on 1nd1v1dual comblnatlons of the
conditions listed below. The conditions are set to look for two spe-
cific cases where T fits the calculations partially or more than T..

The first case (X = 1), T, is extremely low compared to Ten .
T andT,,. Calculatmg only with the T, would result in too higH a
value of the snow formation coefficient.

1.0

0.8 A

0.6 -

TCsw [']

0.0 ———————————
2 1 0 1 2 3 a4 5 6
min(T;,Tepg ) m(h)Cy
Fig. 1 Function of variable T, (modified from U.S. Army
Corps of Engineers, 1998).

In the second case (X, = 2), T, is lower than T, but higher
than T, (T, is in the middle of the process of getting colder). T_.is
lower than T, and the average of T, T, , T, ; at the same time, T
is higher than T, . These conditions do try to detect situations when
at the end of the time step, there in an extreme cooling compared to
the trend, but at the same time the next time step is even colder, so
the cooling continues. Calculating only with the T, would result in a
low value of the snow formation coefficient.

2, Tioy > Ty +In(h) Cx < Tigs N Tengi > Ti 0 Tonai > (Ti + Tiog + Tis1)/3 0 Tonai < Tin
2, Tiey > T; > Tisy O Tengi < Ti N Tenai < (Ti + Tiog + Ti40)/3 0 Tengi > iy

1, Tiey > Ti+ In(R) Cx < Tigy N Tengi > Ti O Tenai > (Ti + Tiog + Ti1)/3

1, Tieg > Ty +In(h) Cx < Tigq N Teng < Tivy ©)
L Tiey > Ti > Tisa 0 Tengi <Ti N Tenai < (T + Tiog + Ti4)/3

1, Tiea > Ti > Tiga N Tenai > Tiva

0, neither condition is met

XCsw,i =

where C_is the calibration parameter [-].

The snow formation coefficient of (C_ ) defines how much of
the precipitation in a given time step is snow and remains in the
form of snow during the time step. It is also included in the calcula-
tion of the snow preservation coefficient. Similar to the case of T,
a function with a wider range from -3 to 3 °C is used for its defini-
tion, while it reaches a value of 1 only at -10 °C. The calculation of
the coefficient of snow formation is defined as:

Tend,i' Kesw = 2
Ti+Ten, ,iC X

Cowi = f(O) In(RW)Cey while x = § “ 242 Xy, =1 ®)
T;, Xesw =0

where CCy and C__are the calibration parameters.

Fig. 2 on the left shows the course of the dependence of C_ on
the input temperature determined by X . One of the key variables
affecting the ability to preserve snow is the height of the existing
layer of the snow cover. It is therefore partially included in the cal-
culation of the snow preservation coefficient (C, ), which is defined
as:

C.. .= Csw,i+f(SWEi—1Csw,i—l)cspx (6)
Spit 1+Cspx

where SWE, | is the snow water equivalent in time step i-1 [mm];

Coni | is the coefficient of snow formation in time step i-1 [-]; and
CSp is the calibration parameter [-].

The function of C, which is on the right side of Fig. 2, is de-
pendent on C_ in time step i-1 multiplied by SWE in the previous
time step i-1. The sudden change in the function of C_ at the value

of 10 mm is based on the assumption that a certam yet hard to
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Fig. 2 Function of variable C  adapted from U.S. Army Corps
of Engineers (1998) (left), and. function of variable C (right).

exactly determine, thickness of the snow cover is necessary to sta-
bilize the formation and maintenance of snow over a long period
of time.

DeWalle and Rango (2008) noted that when the depth of the
snowpack decreases to levels (2025 cm) that allow for the trans-
mission of shortwave radiation to the ground in the late spring,
ground warming and heat conduction become relatively more im-
portant.

The SWE calculations are composed of the snow water equiv-
alent from the previous time step, which is multiplied by the snow
preservation coefficient; and the precipitation multiplied by the
snow formation coefficient is added to it. In the final step, it is mul-
tiplied by the T, while the whole form of the equation is:

SWE,i = (SWE,i—lcsp,i + PiCsw,i)TCsw (7

According to the above-described methodological approach,
the new snow sub-model was created in monthly and weekly steps.
The performance of these sub-models is compared at a weekly time
step with the snow sub-model of the HBV model modified by the
method of Valent (2014) from a daily to a weekly time step, while

the degree-day factor was changed over time (for individual months
of the year). For a statistical evaluation of the results, the Nash-Sut-
cliffe Efficiency Coefficient (NSE) and Mean Absolute Error
(MAE) values are calculated. In addition, the Normalised Mean
Absolute Error (NMAE) is added to the evaluation to better reflect
the accuracy of the model with a wide range of the snow water
equivalent measured between meteorological stations. The NMAE
was used in a modified version of 1 - NMAE to better match the
NSE system (1 = perfect match).

2.2 Data

In the test phase of the snow sub-model, 30 meteorological sta-
tions were selected for modelling SWE throughout Slovakia (Fig.
3) and divided into three groups according to their altitude. The
altitudes in the first group (A) range up to 500 m a.s.1. (h <500 m
a.s.l.); the altitudes in the second group (B) range from 500 to 1500
m a.s.l. (500 ma.s.l. <h <1500 m a.s.l.) and in the last group (C)
range above 1500 m a.s.l. (h > 1500 m a.s.l.), see Tab. 1. We used
the input data, as described in Tab. 2, from the period 5.11.2013 to
29.4.2019, i.e., 25 weeks.

In the application phase, by switching from a monthly to a
weekly time step, the improvement of the runoff simulation for the
ARB model was compared at 2 individual calibration sub-basins
(with two separate validation sub-basins within them) in the lower
Hron basin at Slovakia. The time series of the hydrometeorological
data was chosen to be as similarly long as in the test phase.

Since the ARB model is semi-distributed, a time series of
the average values (precipitation and air temperature) was calcu-
lated for each micro-basin using zonal statistics from raster data
(500 x500) created using interpolation methods (IDW and kriging
methods) from meteorological stations in the study area (45 stations
for the precipitation and 14 stations for the temperature).

Tab. 2 Selected meteorological stations divided into groups A, B and C based on their altitude.

Group [m ;l.s.l.] ID Meteorological station Group [m is.l.] ID Meteorological station

163 826 Piestany 569 878 Liptovsky Mikulas - Ondrasova
174 847 Topol'¢any 570 950 Podolinec
176 993 Kamenica n. Cirochou 640 874 Liptovsky Hradok
188 846 Vel'ké Ripnany 694 934 Poprad
216 976 Tisinec 703 952 Génovce
260 867 Prievidza 758 879 Kremnické Bane
275 900 Ziar nad Hronom B 827 935 Tatranska Lomnica

A. 305 962 Bardejov 901 938 Telgart
305 977 Medzilaborce 972 876 Podbanské
307 955 Presov-vojsko 975 959 Tatranska Polianka
391 992 Osadné 1030 936 Javorina
395 893 Martin 1354 933 Strbské Pleso
402 963 Jakubovany 1778 931 Skalnaté Pleso
462 897 Turcianske Teplice C. 2008 916 Chopok
465 951 Cerveny Klastor 2635 930 Lomnicky Stit

4 DEVELOPMENT OF A CONCEPTUAL SNOW SUB-MODEL: APPLICATION IN METEOROLOGICAL...
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Tab. 3 Input data used for the conceptual snow sub-model and modified snow sub-model of the HBV model developed: Slovak
Hydrometeorological Institute - SHMU, Geodetic and Cartographic Institute Bratislava - GKU, Airborne Laser Scanning —
ALS.

Input data Source  [Measurement |Data use

Daily average temperature [°C] IAverage temperature in time step i [°C]

Total daily precipitation [mm)] SHMU  IStations Total precipitation in time step i [mm]

'Weekly measured snow water equivalent Snow water equivalent at the end of time step i
[mm] [mm]

DEM 1x1 [m] GKU ALS /Average altitude [m a.s.1.]

0 25 50 75 100 km
| T ]

Altitude range of climate stations

Permaculture 165 1000 2635ma.s.l.

A

Forested areas

Intravillan
Knee timber
Water areas

Validation sub-basins

Calibration sub-basins

Boundaries of lower Hron basin

Water Gauging Stations (WGS)

o JZNNINNEN

y ,\Ri‘ W

\¢

0 5 10 15 20km

Fig. 3 The location of the 30 meteorological stations, represented by colored points based on the altitude range and location of
the two calibration sub-basins with their two subordinate validation sub-basins in the lower Hron basin at Slovakia.

5 RESULTS performing especially well in higher altitudes of groups B and C when
compared to the weekly HBV or monthly ARB snow sub-models.

The results of the snow sub-model calibrations in terms of the Compared to the NSE evaluation at Fig. 4, the -NMAE values

different model performance metrics (the NSE and the 1-NMAE) for
the meteorological stations studied are shown in Figs. 4 and 5. The
ARB snow sub-model at the weekly time step outperforms both the
HBYV at the weekly time step and the ARB at the monthly time step,

at Fig. 5 show a steadier decrease in precision as the elevation rises,
while confirming the best results for group B.

Since the aim of this paper was the development of a conceptual
snow sub-model, Tab. 3 contains the calibration parameters of the
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® ARB-weekly

® ARB-monthly

Fig. 4 Comparison of HBV — weekly, ARB — weekly and ARB
— monthly snow sub-model performance by NSE for 25 weeks

in the years 2013-2019 with meteorological stations sorted by

ascending altitude.
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Fig. 5 Comparison of HBV — weekly, ARB — weekly and ARB
— monthly snow sub-model performance by 1- NMAE for 25
weeks in the years 2013-2019 with meteorological stations
sorted by ascending altitude.

Tab. 4 Meteorological stations divided into altitude groups with a comparison of the results of Nash-Sutcliffe Efficiency (NSE),
Mean absolute error (MAE), 1 — Normalized Mean absolute error (1-NMAE), and calibration parameters of ARB - weekly

h Statistics Calibration parameters
Group ID NSE MAE  1-NMAE
[mas.l] [-1 [mm] -] Cr Ccy  Ln(h).Coy Cgx Copx C,
826 163 0.82 1.5 0.58 0.1 0.26 1.30 0.19 0.27 0.81
847 174 0.44 2.4 -0.01 0.5 0.24 1.25 0.00 0.14 0.50
993 176 0.58 3.0 037 W -6.7 0.18 0.95 0.25 0.00 0.11
846 188 0.72 2.5 0.38 -0.5 0.20 1.07 0.00 0.12 0.10
976 216 0.68 2.9 0.51 -0.4 0.17 0.93 0.72 0.05 0.04
867 260 0.74 2.7 0.39 0.0 0.20 1.13 0.11 0.13 0.20
900 275 0.81 2.9 0.48 -0.4 0.20 1.14 0.00 0.55 0.41
A. 962 305 0.74 3.2 0.58 . -7.5 0.19 1.08 1.70 0.18 0.10
977 305 0.74 6.7 0.54 .—10.0 0.18 1.01 0.00 0.16 0.43
955 307 0.36 3.6 0.38 -0.4 0.19 1.08 0.61 0.00 0.13
992 391 0.61 10.0 0.51 -0.3 0.18 1.08 0.00 0.26 0.12
893 395 0.38 6.1 0.10 0.0 0.16 0.93 0.22 0.28 0.11
963 402 0.73 3.7 0.53 f-23 0.17 1.03 0.75 0.05 0.22
897 462 0.73 4.4 0.39 0.0 0.17 1.04 0.22 0.21 0.46
951 465 0.81 8.7 0.54 !10.0 0.19 1.17 0.21 0.19 0.01
878 569 0.82 32 0.56 0.5 0.19 1.22 0.00 0.13 0.52
950 570 0.83 4.6 0.66 -0.8 0.16 1.04 0.00 0.07 0.21
874 640 0.79 5.8 0.52 -0.2 0.16 1.03 0.28 0.03 0.06
934 694 0.87 3.7 0.61 0.0 0.16 1.07 0.02 0.06 0.22
952 703 0.81 4.1 0.57 -10 0 0.16 1.06 0.25 0.00 0.05
B 879 758 0.51 23.0 0.11 0.0 0.15 0.99 0.06 0.07 0.98
’ 935 827 0.78 7.3 0.58 . -6.6 0.15 1.04 0.00 0.03 0.31
938 901 0.89 9.4 0.69 .-10 0 0.16 1.08 0.00 0.06 0.26
876 972 0.80 13.0 0.63 { 0.0 0.16 1.11 0.44 0.20 0.88
959 975 0.68 11.0 0.51 l -2.0 0.16 1.12 0.37 0.20 0.12
936 1030 0.58 21.0 0.47 | -0.4 0.15 1.03 0.00 0.37 0.61
933 1354 0.85 22.0 0.75 %-5.0 0.16 1.14 0.91 0.53 0.15
931 1778 0.37 69.0 0.47 15.0 0.14 1.05 2.00 0.18 0.03
C. 916 2008 0.58 58.0 0.64 I -4.7 0.13 0.97 0.23 0.00 0.01
930 2635 0.69 58.0 0.61 i 0.9 0.09 0.68 0.11 0.55 0.09
A. 299 0.66 4.3 0.42 i -2.5 0.19 1.08 0.33 0.17 0.25
Avg. B. 833 0.77 10.7 0.56 '-2.9 0.16 1.08 0.19 0.14 0.36
C. 2140 0.55 61.7 0.57 ! -6.2 0.12 0.90 0.78 0.24 0.04
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ARB - weekly snow sub-model and a detailed comparison of the
NSE, MAE, and 1-NMAE results for the meteorological stations
divided into altitude groups. By sorting the calibration parameters
of the individual stations in Tab. 3, it is possible to observe that
among the 5 parameters, only the CCy parameter shows a stable
trend, i.e., decreasing with the increasing altitude. This parameter
multiplied by the altitude logarithm regulates the snow formation
coefficient C_.

In Tab. 3, it is also evaluated in the form Ln(h).C_ with val-
ues in the range of 0.68 - 1.30, showing that in certain cases, the
snow formation coefficient does exceed the value of 1, which in-
dicates more snowfall in a given time step than the total amount of
precipitation, which should not be possible. However, variable C_
also influences the snow preservation coefficient C,,- Upon clos-
er examination of the variables calculated, the occurrence of cases
where C_ > 1 had a negative effect on the calculation of SWE was
relatively in balance with a positive effect on its calculation. There-
fore, limitation of the variable C maximum value of 1 must be
preceded by further analysis.

The C, parameter ranged from -15 to 0.9, while both extremes
were calibrated for the stations in group C. It was assumed that the
C, value would increase with the increasing altitude in order to low-
er the temperature limit for the snowmelt. The results showed that
at stations with a relatively slow melting of snow, a low value of C;
can help to simulate such behavior, and the whole melting process
remains only a gradual decrease of the snow formation coefficient
C,, and the snow preservation coefficient C_. According to the re-
sults, the assumption that the C_, C. and C_ coefficients values
will not indicate any trend and will only serve for the most accurate
calibration without a wider context, is confirmed.

Figs. 6, 7, and 8 show the long-term mean weekly values of the
snow water equivalent (SWE) for the period (2013-2019) calcu-
lated from the data observed, the data from the HBV - weekly and
ARB - weekly snow sub-models, separately for the meteorological
stations with the low (group A), medium (group B), and high ele-
vations (group C). The lines in the graphs indicate the averages for
the meteorological stations. Both weekly snow sub-models simu-
late SWE in the minimum-maximum range of the data observed in
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Fig. 6 Long-term mean weekly SWE [mm] for stations in group A, sorted from top-left to bottom-right according to the

increasing altitude: observed data (red dotted line), simulated data from the HBV - weekly sub-model (green line), and
simulated data from the ARB - weekly sub-model (blue line). The minimum-maximum range of the SWE observed is in red area.
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the meteorological stations within group A and B (see Figs. 6 and  i.e., going from overestimating to underestimating, as the values
7). The HBV — weekly sub-model shows a steadier decrease in the  increased in group C. In the case of the HBV, it steadily bends
SWE values, while the ARB — weekly sub-model is better able to  towards underestimating as the values increase, with a steady de-
adapt to sharp and sudden snowmelt, especially at the high altitudes  crease of 1? as the elevation rises.

of group C at Fig. 8.

The performance of the ARB - weekly and HBV - weekly 4 DISCUSSION
sub-models was visually assessed using the correlations between
the observed and simulated SWE in the meteorological stations di- In the ARB rainfall-runoff model of the pilot basin of the lower
vided into the altitude groups (Fig. 9). The ARB snow sub-model ~ Hron River, the model was modified from a monthly to a weekly
shows better correlations in general, especially in groups A and B,  time step, with a snow sub-model calibrated to SWE in a week-
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Fig. 8 Long-term weekly SWE [mm] for stations in group C, sorted from left to right according to the increasing altitude: data

observed (red dotted line), simulated data from the HBV - weekly sub-model (green line), and simulated data from the ARB -
weekly sub-model (blue line). The minimum-maximum range of the SWE observed is in red area.
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Fig. 9 The correlation between the observed and simulated SWE: ARB — weekly (blue dots) and HBV — weekly (red dots) snow

sub-model in weekly time steps for groups A, B and C.

ly time step. Then the SWE was calculated in a weekly time step
used as the input data back into the monthly model. The monthly
rainfall-runoff model was then calibrated to the streamflow data
from two calibration water gauging stations (WGS 7310 and WGS
7335). A comparison of the difference between the snow sub-mod-
el’s performance within the weekly and monthly time steps was

L5

done based on the results from the two validation water gauging
stations, WGS 7308 subordinate to WGS 7310 and WGS 7318 sub-
ordinate to WGS 7335.

The comparison in Fig. 10 does not show any sudden increase or
decrease in accuracy, when using the weekly, instead of the month-
ly, calculated SWE in the ARB model. Statistically, the sub-basin

® 1.5
ARB - monthly ARB - monthly fe]
® ARB - weekly ® ® ARB - weekly
3 " g
= 1.0 P =10
= ¢ =
72} wn (]
E 3 °
< -
05t ¢ o) =205 | L)
& k= ) ®
'Y/
WGS 7308 .. WGS 7318
0.0 : . 0.0 ! L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Observed SWE [mm]

Observed SWE [mm]

Fig. 10 The correlation between the observed and simulated outflows with the use of SWE calculated in monthly (blue dots)
and weekly (red dots) time steps, validation sub-basin C7308 (left) and validation sub-basin C7318 (right).
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of WGS 7308 had the NSE increased from 0.89 to 0.92 and r* from
0.9 to 0.92. On the other hand, sub-basin WGS 7318 showed no
increase or decrease in the statistical results; it maintained both the
NSE and 1* at a value of 0.58. This proved how much of a smaller
impact the SWE had on this more southernly sub-basin with the
much lower average altitude (a decrease for 220 metres), while also
considering that the WGS 7318 as a validation sub-basin was part
of the much larger WGS 7335 calibration sub-basin. Simultaneous-
ly, WGS 7335 sub-basin had significant inflows from the upstream
area, which had a serious impact on the calibration, and which also
reduced the impact of SWE.

5 CONCLUSIONS

From the snowpack water balance point of view, the results
showed that the ARB snow sub-model was developed to a level
where it proved to simulate snow water content comparable to
models such as the snow sub-model of the HBV model, which was,
on the other hand, at a disadvantage in this comparison, since it had
to be modified from its dedicated daily time step version to a week-
ly time step version to allow for the evaluation of the quality of the
ARB snow sub-model simulation. Based on the results of the eval-
uation, the ability of the ARB snow model during simulation at 30
meteorological stations is considered sufficiently objective for its
use in the redistribution of runoff at Slovakia. When evaluating the
improvement of the impact on runoff by switching from a monthly
to a weekly time step, the use of the sub-basins in the model of
the lower Hron basin serves only as an outline, since a sufficiently
objective assessment definitely requires more than a comparison of
only 2 sub-basins. Regarding the improvement in the results when
using a weekly, instead of a monthly, time step in the calculation of
SWE for the ARB rainfall-runoff model, its effect depends on the
elevation of the sub-basin itself, as well as the independence of its
runoff regime, while with an increasing elevation and decreasing
sub-basin size, we can assume an increasing necessity for a smaller
time step.

Although a large number of sophisticated snow models operat-
ing in a smaller time step have been developed so far, for the pur-
poses of the evaluation of water management balance and analysis
of the water redistribution in the basin using the ARB model, this
weekly/monthly snow sub-model developed represents a tool with
a balanced ratio between the necessary input data, its complexity
and a sufficiently good performance.
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OF RIBBED REINFORCED CONCRETE SLABS OF
SELF-STRESSED COVERING PANELS
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Abstract

Precast reinforced concrete constructions meet the requirements
of industrialization, high manufacturability, and cost-effective-
ness at a reasonably high level. The ribs in constructions perform
load-bearing functions, and the slab part performs enclosing
functions. Often before the installation of such structures at a
construction site, they are mounted from assembly elements. The
overall dimensions of the elements are limited by transportation
requirements. During such an aggregated mounting, the assem-
bly units work according to a calculation scheme that differs from
an operational scheme. The structural nonlinearity of ribbed re-
inforced concrete slabs during transportation, mounting, and in-
stallation, and the operation of a combined spatial covering panel
were investigated in this paper. The effects were identified, and a
rational design of nodes connecting the individual prefabricat-
ed units into a spatial structure was developed. With the help of
these nodes, it is possible to create unloading support moments,
which will reduce the internal forces in the design cross-sections.
The effects of changes in the width of the reinforced concrete slab
shelves on the internal forces of the load-bearing ribs of a wall and
a roof panel were investigated.

1 INTRODUCTION

Precast reinforced concrete meets the requirements of in-
dustrialization, high manufacturability, and cost-effectiveness
at a reasonably high level (Tkachenko et al., 2019; Zielinska
and Grebowski, 2015). Building structures made of reinforced
concrete can perform both load-bearing and enclosing functions
(Shahsavar and Tofighi, 2014). To simplify the installation tech-
nology and reduce the building construction time during the
development of working drawings of prefabricated reinforced
concrete structures, designers strive to combine their load-bear-
ing and enclosing functions (Lam et al., 2009). This explains the
emergence of a whole range of ribbed, prefabricated, reinforced
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concrete structures, in which the ribs perform load-bearing func-
tions (Abdel-Kareem et al., 2015; Sridhar and Prasad, 2019), and
the slab part perform enclosing functions (Bouzid and Demagh
2011). Buildings made of such ribbed, prefabricated reinforced
concrete structures are called “quick-mounted”. The field of
quick-mounted building exploitation is often limited to produc-
tion buildings for agricultural or warehouse purposes. However,
there are problems with providing housing for displaced persons
in the conditions of a war and post-war periods (Lotysz, 2016);
therefore, the adaptation of such buildings to dormitory-type res-
idential buildings is an urgent issue.

© 2023 The Author(s). This is an open access article licensed under the Creative Commons Attribution
4 .0 License (https://creativecommons.org/licenses/by/4.0/)
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1.1 Analysis of existing studies and publications on
the specified problem

Quick-mounted buildings can have a wall or frame construc-
tion scheme. In the first case (wall construction scheme of the
quick-mounted buildings), ribbed reinforced concrete panels for
walls and roofing perform supporting and enclosing functions
(see Fig.1), which significantly reduce the number of mounting
elements (Semko and Hasenko, 2020). In the second case (frame
construction scheme of the quick-mounted buildings), it is first
necessary to install load-bearing rod frame structures and then to
install enclosing planar elements with stiffeners (Holly and Abra-
hoim, 2020; Pershakov, 2007). Such a mounting sequence leads to
an increase in the number of mounting joints on the construction
site, which complicates the building installation process and im-
poses some seasonal restrictions on its implementation.

feinforced-concreta self-stressed reinforced

wall panel ,“‘= concrete covering paneD
i =

Fig. 1 Structural scheme of walls of quickly assembled buildings
using prefabricated reinforced concrete panels

One of the restrictions related to the limit conditions for roof-
ing and ribbed reinforced concrete panels for walls used for quick-
ly-mounted buildings is the strict conditions regarding their overall
dimensions. This is explained by the requirements for transporting
the specified structures from factory warehouses to the construc-
tion site. However, despite these strict requirements for not ex-
ceeding the given dimensions of building structures, the manufac-
turing industry requires buildings to increase spans and expand the
usable space inside a building (Semko et al., 2020). This problem
is partially solved by carrying out the pre-mounting assembly of
the individual elements delivered to the construction site into a
spatial mounting unit (Faur and Mircea, 2011; Xiang et al., 2022).

One practical example of such structures is steel-reinforced
concrete structures. The creation of these structures is based on
the principle that each of the elements used is in its most favour-
able working conditions, namely, concrete in compression and
metal in tension (Venglar et al., 2018). A typical spatial structure
of the coating is a spatial cable-stayed steel-reinforced concrete
structure, which consists of three-dimensional modules composed
of a reinforced concrete slab and steel rods (Gasii, 2014). In ad-
dition to the modules, the structures created include steel rod ele-
ments of a lower belt, which only perceives tensile forces.

1.2 Highlighting the unresolved part of the specified
problem

Prefabricated units of the steel-reinforced spatial concrete struc-
tures of long-span coatings at the stages of transportation, mounting,
installation, and operation work according to various calculation
schemes. This is explained by the imposition or destruction of in-

dividual boundary conditions (connections) or a change in the type
of these connections at each of the specified stages (Semko et al.,
2020; Sococol et al., 2021). Therefore, during the calculation of the
structures considered, it is necessary to consider the so-called con-
structive nonlinearity of their work.

1.3 The purpose and tasks of the work

The purpose of the research is to determine the possibility of
using typical ribbed reinforced concrete covering slabs to create a
combined long-span triangular reinforced concrete covering sys-
tem with a steel brace (see Fig. 2).

To solve the set purpose, based on the results of already con-
ducted studies (Gomon et al., 2022; Semko and Hasenko, 2022;
Sucharda and Konecny, 2018), the research task of this work was
formulated, namely:

—to investigate the constructive nonlinearity of ribbed rein-
forced concrete covering slabs during the transportation,
mounting, installation, and operation of the combined spa-
tial covering panel;

—to identify the effect of and to develop a rational design of
nodes connecting individual prefabricated units into a spa-
tial structure, with the help of which it is possible to create
unloading support moments, which will reduce the internal
forces in the design cross-sections;

— to investigate the effect of the effective width of reinforced
concrete slab shelves on changes in the internal forces in the
load-bearing ribs of wall and roof panels.

1.4 Practical significance of the research results

The development of prefabricated reinforced concrete struc-
tures and their implementation in construction significantly in-
creases the level of the industrialization of buildings and struc-
tures of an industrial or public purpose.

2 MATERIALS AND METHODS

Quick-mounted buildings with a wall construction scheme are
considered (see Fig. 1). The transverse frame of such a building has
a clear span of 18,000 mm between the inner surfaces of the wall
panels. It is proposed to use a prefabricated reinforced concrete pan-
el as a roofing structure with overall dimensions of 2980x18,730
mm (see Fig. 2). The connection point of the roofing constructions
to the wall structures is a hinged fixed support that transmits both
vertical and horizontal forces. The central axis of the supporting
part of the roofing structure is located at a distance 315 mm outward
from the inner surface of the wall panel (from the building’s work-
ing span) and 145 mm from the outer edge of the longitudinal rib
of the wall panel. These two distances explain the excellent value
of the roofing panel dimensions compared to the working width of
the room. The height of the roof panel in the ridge (including the
mounting parts) is 2536 mm (Semko and Hasenko, 2020).

The covering panel consists of two reinforced concrete ribbed
slabs united into a triangular roofing structure with the help of a
steel brace (see Fig. 3). The height of the longitudinal rib of the
symmetrically located covering plates is 450 mm. The covering
plates have built-in parts for reclining on wall panels, a brace fas-

CALCULATION OF THE CONSTRUCTIVE NONLINEARITY OF RIBBED REINFORCED CONCRETE SLABS... 13
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Fig. 3 General view of the covering panel of the prefabricated reinforced concrete

tening, and a ridge node formation to form a single hard disc of
the covering.

The covering panel is transported to the construction site in the
form of a set of two ribbed slabs with dimensions of 2980x9560
mm and four steel brace elements. Fig. 4 shows the scheme of the
enlarging assembly of the spatial panel, the general view of which
is shown in Fig. 3, from two ribbed reinforced concrete slabs and
four steel brace elements. In node A of the eaves, a steel brace is
attached to the ribbed slabs of the covering. In ridge node B, two
ribbed plates are connected. The tightening of the brace before the
installation of the roofing panel is ensured by its acceptance of the
spreading force from the weight of the ribbed reinforced concrete
slab. The stage of enlarging the assembly and the tensioning brace
on the construction site is shown in Fig. 5.

Thus, the ribbed slabs will work according to several different
calculation schemes (Semko et al., 2020), i.e.:

1. alternate installations of two ribbed reinforced concrete
slabs on the mounting conductor;

2. brace tensioning from the self-weight of the ribbed rein-
forced concrete slabs covering and the creation of self-un-
loading bearing moments in the ribbed cover slabs at the
hinged ridge assembly:

2.1 lifting the assembled spatial panel of the cover with a

hinged ridge assembly by the two extreme mounting loops;

2.2 leaning the assembled spatial panel with a hinged ridge

assembly on two extreme supports without any support on
the ridge and the arrangement of a rigid comb node;

3. lifting the assembled spatial panel of the cover by the
mounting loops with a rigid comb node and the brace in-
stalled after the enlarging assembly;

4. the operational position of the covering panel with a rigid
comb node and brace installed on the wall panels.
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b)

Fig. 4 Scheme of the enlarging assembly of the covering panel: a) installation of two ribbed slabs on the conductor; b) tensioning of the
steel brace

Fig. 5 Enlarging assembly of the covering panel and tensioning of the brace on the construction site
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3 RESULTS

3.1 General evaluation of the results obtained

On the basis of the research conducted, firstly, a rational de-
sign of the connection nodes of the precast reinforced concrete
elements into a covering panel was developed, which allows for
the creation of the unloading support moments; secondly, the con-
structively non-linear operation of the ribbed reinforced concrete
slabs during the enlarging assembly of the covering panel was in-
vestigated; thirdly, the effect of the shape and dimensions of the
cross-sections of the reinforced concrete roofing and wall panels
calculated on any changes in their internal forces was investigated.

3.2 Development of a rational design of nodes
connecting the prefabricated elements into a
spatial covering panel

Usually, a ribbed reinforced concrete covering slab operates ac-
cording to a single-span scheme with hinged supports. With such a
calculation scheme, the maximum (calculated) value of the bending
moment occurs in the middle of the span, and the moment at the
supports is zero (see Fig. 7, ¢). As is well known, the span moment
can be reduced by replacing the supports with rigid ones. In this
case, the bending moment’s maximum value will be on the supports
and will be equal to two thirds of the bending moment’s calculated
value with the hinged scheme of supporting the plate and one third
of the bending moment’s calculated value in the middle of the span
(see Fig. 10, c). Using the algorithm of reducing the span moment
by creating support moments, eccentric nodes of the covering pan-
el’s mounting element connection were developed (see Fig. 6). The
essence of creating eccentric connection nodes is to predict the dis-
tance e, between the geometric axis of the ribbed slabs and the brace
axis in the eave nodes of the panel (see Fig. 6, a) and the distance e,

covering slab #1

between the geometric axis of the ribbed plates and the ridge joint of
the combination of the two slabs (see Fig. 6, b).

3.3 Research on the constructive nonlinearity of the
ribbed reinforced concrete floor slabs

Consider the process of the redistribution of the internal forc-
es along the length of the ribbed reinforced concrete slabs.

Stage No.l — installation of one cover plate on the mounting
conductor. During this stage, two plates are installed alternately on
the mounting conductor (see Fig. 7, a) with such calculations that
it would be possible to assemble the ridge hinge and freely tighten
the eave nodes. The reinforced concrete slab works as a statically
determined two-support single-span beam (Fig. 7, b). The panel
supports on the conductor are hinged. The load from the self-weight
of the reinforced concrete slab is 13 kN/m (see Fig. 7, b). The max-
imum value of the bending moment is in the middle of the span; the
fibres under tension are from the bottom of the plate; the bending
moment at the supports is zero (Fig. 7, ¢). The heave of the panel
by four mounting loops for installation on the mounting conductor
is not a calculated case since, in this case, the span moment is re-
duced, and the moment in the places of suspension to the slings due
to the small overhanging parts of the panel is negligible (see Fig. 8).

The preparation for the second stage of the enlarging assem-
bly, i.e., the brace tension, is:

— assembly of the ridge joint of the two slabs;

— insertion of the brace’s reinforcing rod into the eave nodes

of the roofing panel;

— assembly of the two paired brace mounting elements into

one.

After the ridge node is assembled and the brace is applied, the
roof panel is ready to be tensioned by the self-weight of the two
half-panels and the installation of a rigid comb node.

covering slab #2

fE \ \
\

il il
I il i
" i

wall panel

a) Lt

b)

covering

slab #1 \

covering
/ slab #2

S .

|
E

| hinge

ridge

Fig. 6 Eccentric connection of the mounting elements of the covering panel to create unloading support moments in the ribbed slabs: a) eave
unit connecting the plate and the brace; b) ridge connection of two plates
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A 4

Fig. 7 Installation of two slabs on a mounting conductor for their enlarging assembly: a) installation scheme; b) calculation scheme;
¢) bending moment diagram, kNm, d) axial force diagram, kN

Fig. 8 Lifting one slab by the mounting loops: a) calculation scheme,; b) bending moment diagram, kNm, c) axial force diagram, kN
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Stage No.2 — carrying out brace tensioning from the self-
weight of the reinforced concrete slabs and creating self-unload-
ing supporting moments in the slabs at the hinged ridge node.
The roof panel is raised at one end by the two extreme (closer to
the supports) mounting loops ML1 (see Fig. 9, a); the mounting
conductor is pulled out, and the brace is tightened at the hinged
ridge node under the weight of the two plates. The load distributed
along the length from the self-weight of the reinforced concrete
slab is 13 kN/m (see Fig. 9, b and Fig.10, b). This is how the brace
absorbs the reaction of the horizontal support from the weight of
the roofing panels. Then the panel is lowered onto the extreme
supports (see Fig. 10, a) without any support on the ridge. At this
stage, we have a statically determined frame with one closed cir-
cuit and three hinges, i.c., on the ridge and at the two ends of the
brace (in the places where the brace is attached to the reinforced
concrete slabs).

When lifting the assembled panel with the hinged ridge node
by the two extreme (closer to the supports) mounting loops ML1
(see Fig. 9, a), the maximum moment occurs on the mounting
loop ML1 at a distance of 1 m from the support — the fibres under
tension are on the top of the panel (see Fig. 9, c); this moment is
created by the self weight of the plate console and the brace ten-
sion force (see Fig. 9, b).

When resting an assembled panel with a hinged ridge node
on two extreme supports without any support on the ridge (see
Fig. 10, a), the maximum moments occur at the supports of the
slabs below, and the ridge fibres under tension are on the top of
the panel (see Fig. 10, ¢). The moment on the supports is created
by the brace tension force and the moment on the ridge is created

by the compressive force on the upper reinforced concrete belt of
the roofing system applied to the central hinge (see Fig. 10, b).
These two forces (at the supports and on the ridge), which are ap-
plied with eccentricity relative to the geometric central axis of the
reduced cross-section of the slab, create self-unloading support
moments in the reinforced concrete slabs. After the brace tension-
ing, the side plates are welded onto the comb node; i.e., the node
becomes rigid. The roof panel in the form of a triangular roofing
system with the brace is ready for installation on the wall panels.

It should be noted that the effect of the instantaneous concrete
creep from the action of the load on it will be quite insignificant;
therefore, it was ignored during the analysis of the redistribution
of the internal forces in the roofing system. The study of the effect
of the long-term concrete creep on the redistribution of internal
forces in the roofing system was not considered to be a task of
these studies.

Stage No.3 — lifting the assembled panel by the mounting loops
ML?2 with a hinged ridge node and installed brace. During the in-
stallation, the roof panel is lifted by the mounting loops ML2 using
a 4-branch sling or a traverse with two 2-branch slings (Fig. 11, a).
Before the final lowering of the roofing panel onto the wall panel
and the welding of the embedded parts, it is necessary to ensure
the tensioning of the brace so that it accepts the spacer from the
self weight of the reinforced concrete slabs. In this case, we have
a once statically indeterminate frame with one closed circuit and
two mortised hinges at the two ends of the brace (in the places
where the brace is attached to the reinforced concrete half-panels)
(Fig. 11, b). The maximum moment in the half-panels occurs at the
mounting loop ML2, i.e., from above the panel (see Fig. 11, ¢);

ML1

Fig. 9 Lifiing the assembled panel with a hinged ridge node by the two extreme (closer to the supports) mounting loops MLI: a) slinging
scheme; b) calculation scheme, c) bending moment diagram, kNm
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Fig. 10 Dismantling the middle support with the hinged fixed end supports and hinged ridge node: a) layout of supports; b) calculation
scheme; c) bending moment diagram, kNm, d) axial force diagram, kN

Fig. 11 Lifting the assembled panel by the mounting loops ML2 with a hinged ridge node and installed brace: a) slinging scheme;
b) calculation scheme; c) bending moment diagram, kNm, d) axial force diagram, kN
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c) d)

steel brace

TR

Fig. 12 Operational position of the plate: a) schematic drawing; b) calculation scheme; c) bending moment diagram, kNm; d) axial force

diagram, kN (value internal forces — Tab. 2)

this moment is created by the self weight of the overhanging parts
of the plate (see Fig. 11, b). In this case, the tension in the brace
is close to zero.

Stage No.4 — operational position of the plate (with a hinged
ridge node and installed brace), taking into account the operation
of the wall panels. At this stage, we have a twice statically inde-
terminate frame with two closed contours and two hinges in each
contour (at the sites of the brace fastened to the covering slabs for
the closed contour of the triangular roof arch and at the sites of
the abutment of the roofing panel on the wall panels for the lower
contour). The junction of the wall panels to the foundations is
taken as rigid (see Fig. 12, a).

At this stage, taking into account the work of the shelves, the
maximum bending moment occurs: the fibres under tension are on
the bottom of the slab on the span;_the fibres under tension are on
the top of the panel on the supports; without taking into account
the work of the shelves, the moment in the span (the fibres under
tension are on the bottom of the panel) and the moment at the sup-
ports (the fibres under tension are on the top of the panel) are prac-
tically the same (see Fig. 12, ¢). The moment in the span is created

by the evenly distributed self weight of the panel, the weight of the
light roof and any snow (the total evenly distributed vertical load in
this case is equal to 18 kN/m —see Fig. 12. b), and the forces on the
support (the brace tension and vertical support reaction). The mo-
ment on the supports is created by the brace tightening force, and
the vertical support reaction of the panel is created from an evenly
distributed load of 18 kN/m applied with eccentricity (see Fig. 12,
b). The vertical load is applied to the wall panels; it is equal to the
support reaction from a uniformly distributed load (the self-weight
of the slabs, the structure of the light roof, and any snow).

3.4 Study of the effective width of the reinforced
concrete slab shelves on any changes in the
internal forces in the load-bearing ribs of the
wall and roof panels

Since the walls and covering panels can contain holes in the shelves,
for example, for the arrangement of a window or door openings, the
use of the stiffness of two types of reinforced concrete elements is ana-
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lyzed in the calculation schemes discussed above, i.e., rectangular ele-
ments, which are equal to the size of two ribs, and T-section elements,
which include a shelf. The effective width of the shelf was determined
according to the location of the zero bending moment points:
b, =b,+2-(02:5,+0.1-1,), )
where b, is the width of the two edges of the plate from below;
b.is the width of the shelf on each side of the reduced
T-shaped section;
l,is the distance between the points of the zero bending
moments on the diagram.

The combinations of the stiffness set analyzed are shown in
Table 1, where they are used in the corresponding calculations.
The results of the calculations (see Table 2) show that the most
dangerous options for covering reinforced concrete slabs are the
following options:

a) all the frame elements work by considering the inclusion of
shelves (stiffness set #1 — Fig. 13, a). In this case, we have
the most significant supporting moment in the g slabs — the
fibres under tension are on the top of the slab (Fig. 12, c).
It should be noted that the load that causes this moment
is evenly distributed over the roof, without taking into ac-
count possibility of the formation of snow bags behind the
aeration devices along the roof (Fig. 12, b);

b) the slab work with the inclusion of shelves in the work and
wall panels without taking into account the shelves (ribs
only) (stiffness set #9 — see Fig. 13, b). In this case, we
have the largest span moment in the covering plates — the
fibres under tension are on the bottom of the panel (see Fig.
12, ¢). The load that causes the formation of this moment is

Tab. 1 Stiffness sets for the operational calculation scheme (Stage

MNe 4)
Stiffness set| Left wall | Left covering | Right covering | Right wall
Ne panel panel panel panel
Set #1 T-section | T-section T-section T-section
Set #2 T-section | T-section T-section Rectangle
Set #3 T-section | T-section Rectangle T-section
Set #4 T-section | Rectangle T-section T-section
Set#5 |Rectangle| T-section T-section T-section
Set#6 | T-section | T-section Rectangle Rectangle
Set#7 | T-section | Rectangle T-section Rectangle
Set #8 T-section | Rectangle Rectangle T-section
Set#9 |Rectangle| T-section T-section Rectangle
Set#10 |Rectangle| T-section Rectangle T-section
Set#11 |Rectangle| Rectangle T-section T-section
Set#12 |Rectangle| Rectangle Rectangle T-section
Set#13 |Rectangle| Rectangle T-section Rectangle
Set #14 |Rectangle| T-section Rectangle Rectangle
Set #15 | T-section | Rectangle Rectangle Rectangle
Set#16 |Rectangle| Rectangle Rectangle Rectangle

Tab. 2 Internal maximum forces in the roofing slabs and brace for the operational calculation scheme (Stage No.4) (the diagram of the

location of the cross-sections calculated, see Fig. 12, c)

Stiffness Lower support node Span Ridge node Brace

set N, kN M,kNm Q, kN N, kN M,kNm N, kN M,kNm Q, kN N, kN
Set #1 -342 -116 89 -326 144 -308 30 -67 302
Set #2 -354 -104 95 -336 156 -319 34 -60 310
Set #3 -373 -105 90 -354 138 -335 -14 -70 319
Set #4 -372 -105 90 -354 138 -334 -14 =70 319
Set #5 -354 -104 90 -336 156 -320 34 =71 309
Set #6 -364 -94 88 -345 142 -336 -14 -80 328
Set #7 -373 -102 89 -355 140 -336 -12 -80 331
Set #8 -385 -106 82 -357 121 -350 -23 -80 332
Set #9 -356 -105 89 -338 160 -322 34 -68 315
Set #10 -373 -102 89 -356 140 -336 -12 -80 328
Set #11 -375 -94 88 -355 142 -336 -14 -80 328
Set #12 -386 -101 86 -367 125 -352 -25 -68 343
Set #13 -375 -95 88 -357 142 -337 -13 -81 334
Set #14 -375 -94 88 -357 142 -337 -12 -81 335
Set #15 -386 -106 86 -367 122 -352 -22 -68 343
Set #16 -389 -101 85 -371 124 -354 -26 -69 350
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Fig. 13 Schematic representation of the cross sections (stiffnesses) of the wall and covering panels accepted for the calculations: a) set #1;

b) set #9

unevenly distributed, taking into account the possibility of
snow bags behind the aeration devices;
c)rectangular sections of the ribs (stiffness set #16) have the
most minor form of inherent stiffness. We have the most
significant tensile forces in the brace.

4 CONCLUSIONS

The research conducted made it possible to solve important sci-
entific and practical issues in the development of prefabricated re-
inforced concrete structures that increase the level of the industrial-
ization of buildings and structures of an industrial or public purpose.

The novelty of the development of the design of the triangular
reinforced concrete covering system with steel bracing is, first-
ly, a study of the creation of unloading support moments to the
adjacency of the steel brace in the eave nodes of the reinforced
concrete slabs with eccentricity and the arrangement of a combi-
nation of the conical nodes of two reinforced concrete slabs with
eccentricity; secondly, a study of the constructively nonlinear
operation of ribbed reinforced concrete slabs during the enlarg-
ing installation of the spatial panel of the covering; and thirdly,
a study of the effect of the shapes and sizes of the cross-sections
of the reinforced concrete roof and wall panels calculated for any
changes in their internal forces.

The possibility of manufacturing roofing slabs of a given span
in a standard spread formwork intended for the production of se-
rial ribbed reinforced concrete slabs with overall dimensions in a
plan of 3x12 m is shown.

The structural and technological scheme of the triangular rein-
forced concrete roofing system with a steel brace described allows
for the creation of preliminary self-stresses (stresses from its own
weight) in it, namely:

1) supporting moments in the eave nodes of the reinforced
concrete slabs due to an increase in the shoulder of the
force pair from the brace to the neutral axis of the com-
pressed concrete zone;

2) a zero bending moment in the ridge node due to the ar-
rangement of the ridge hinge below the neutral axis of the
compressed concrete zone and the optimal angle of the
roof’s slope;

3) preliminary tension of the steel brace and a significant part
of its elongation even before the operational position of the
structure due to the appearance of a horizontal bearing re-
action in the triangular roofing system from the self weight
of the reinforced concrete roofing slabs, which allows for
reducing the amount of the horizontal bearing reaction
from the operational load on the wall structures.
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RAISING OF EMBANKMENT OF AN ORE TAILINGS POND
AND AN ANALYSIS OF ITS STABILITY
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Abstract

The article presents a method for the intensification of a tailings
pond. A tailings pond serves for the hydraulic storage of silt-sand
waste arising during a flotation treatment and the processing of
polymetallic ores. The intensification of the tailings pond consist-
ed of raising its dam system to increase its accumulation space.
The total proposed height of the tailings pond dam system after
its elevation will be 60 m. The structural and shape arrangement
of the dam in the dam system of the tailings pond was the result
of a stability analysis of the state of the tailings pond before and
after the dam system was raised. The article presents the results
of experimental verifications of the geomaterial properties that
form quasi-homogeneous units of the tailings pond (subsoil, dam
system, and sediment) that serve as the inputs for stability analy-
ses. New limiting and critical water levels are modelled based on
the stability analysis for the intensified dam system of the tailings
pond, taking into account the standard requirements for its over-
all stability.

1 INTRODUCTION

From structural and material points of view, a tailings pond is a
significantly nonhomogeneous engineering structure. The non-ho-
mogeneity can be understood not only from the point of view of the
different properties of the dam system materials and the sediment in
the accumulation space of the tailings pond, but also from the point
of view of the change in the properties of the sediment in the accu-
mulation space of the tailings pond caused by gradual sedimenta-
tion. Taking into account the above, analysing tailing dam stability
is a challenging engineering task. The credibility of the stability
analysis results is contingent on the conciseness of the computa-
tional model of the tailings pond, which realistically describes not
only the structural arrangement, but also the properties of the geo-
materials of the tailings pond or the surrounding rock environment.
The results of regular and systematic monitoring of the properties
of the geomaterials of the tailings pond are decisive information
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for the creation of a calculation model that takes into account the
structural and material composition of the tailings pond.

2 DESCRIPTION OF THE TAILINGS POND

The tailings pond analysed serves for the storage of silt sand
waste generated from the flotation treatment and processing of
polymetallic ores and the subsequent treatment of sewage by the
sedimentation of waste sands. The tailings pond is of the valley
type, with a basic loose earth dam, that is flowing but partially
overflowing from the surface water. The storage of ore waste is
currently permanent. The pond has been in operation since 1978
(Masarovicova et al., 2004). The tailings pond dam system con-
sists of a base dam and elevation dams. An aerial view of the
tailings pond is shown in Fig. 1, and a view of the dam system of
the tailings pond is shown in Fig. 2.

© 2023 The Author(s). This is an open access article licensed under the Creative Commons Attribution
4 .0 License (https://creativecommons.org/licenses/by/4.0/)
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Fig. 1 The aerial view of the tailings pond

Fig. 3 Frontal view of the base dam of the tailings pond with a gabion wall
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Fig. 5 Deposition of ore waste by the hydrocyclone

The base dam was built by filling with local soil. Embankments
are built by the upstream raising method from flotation waste (Vick,
1990). The elevation of the original ground surface at the toe of the
base dam was ~ 303.0 m above sea level, and the elevation of the
crest of the base dam was originally ~ 313.0 m above sea level;
it later increased due to fill to an elevation of ~ 315.20 m above
sea level. Currently, the base dam is filled with mine tailings at an
elevation of ~ 322.00 m above sea level. The embankments were
built by a hydrocyclone from sandy sediment, and their surface is
covered by mine tailings. The elevation of the crest of the last em-
bankment is ~ 355.20 m above sea level, and the elevation of the
free water level in the tailings pond lake is ~ 353.90 m above sea
level. At the toe of the tailings pond dam system, a gabion wall and
a backfill with mine tailings were constructed to increase the overall
stability of the dam system of the tailings pond. The deformations
of the gabion wall are not measured but only visually monitored.
The frontal view of the base dam of the tailings pond with the gabi-
on wall is shown in Fig. 3, a view of the beach of the tailings pond
at the location of the last embankment is shown in Fig. 4.

The ore waste is deposited hydraulically on the tailings pond
using the hydrocyclones in Fig. 5. The drainage of the desedimented
waters in the tailings pond lake is ensured by the entry openings of

the collector pipe. Regulation of the water level in the tailing pond
lake is performed by closing of the inlet holes. The water collected
by the water intake structure and the internal drainage system is con-
centrated in the stilling basin located at the toe of the dam system of
the tailings pond. The surface water is drained away by catchment
gutters located on the left and right sides of the tailings pond.

3 PROPERTIES OF THE SUBSOIL, DAM SYSTEM
AND TAILINGS SEDIMENT

The properties of the geomaterials of the subsoil, the dam sys-
tem, and the sediment of the tailings pond were determined based
on the results of regular survey work carried out on the tailings
pond between 2000 and 2019 (Masarovicova et. al., 2000; Masa-
rovicova et. al, 2012; Slavik et. al., 2019).

3.1 The subsoil of the tailings pond

In the immediate subsoil of the tailings pond, deluvial sed-
iments are formed by clay of medium (CI — 4 samples) to high
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Fig. 6 The grain size distribution of the tailing pond subsoil
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Tab. 1 The properties of the fine-grained soil in the tailings pond
subsoil

The properties of the fine-grained soil
in the tailings pond subsoil
Parameter Average Range of values
Y, [kNm] 19.9 (18.8;20.7)
w [%] 21.8 (6.3;31.9)
w, [%] 22.0 (17.8;32.1)
w, [%] 45.0 (35.1;60.2)
I, [%] 22.4 (15.5;32.5)
I.[-] 1.02 (0.56 ; 1.90)
o, [°] 24.5 (21.9;33.2)
¢, [kPa] 214 (0.0; 26.5)

plasticity (CH — 1 sample), or clay and sandy silt (CS — 11 sam-
ples / MS — 1 smaple) of a thickness of 2.5 m. Under the clayey
layer, clayey gravel (GC — 2 samples) was documented with an-
desite boulders, respectively, and with fragments of disintegrated
granodiorite. The basal layer of the subsoil of the tailings pond is
formed by pyroxenic-amphibolic andesites with intense weath-
ering. The grain size distribution of the tailing pond subsoil is
shown in Fig. 6. The properties of the fine-grained soils in the tail-
ings pond subsoil are presented in the Tab. 1. The shear strength
of the fine-grained soils of the tailings pond subsoil is expressed
separately for the soil group (MS/CS), the soil group (CI/CH) and
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Fig. 7 Shear strength of the fine-grained soil of the tailings pond
subsoil

gravel (GW — 2 samples / G-F — 2 samples) was implemented on
top of stabilization backfill 1. The grain size distribution of the soil
of the individual layers of the dam system of the tailings pond in
that part of the base dam is presented in Fig. 8. The properties of
the fine-grained soils of the base dam of the tailings pond are pre-
sented in Tab. 2. The shear strength of the soil of the base dam, and
the stabilization backfills 1 and 2 are presented in Fig. 9.

Tab. 2 The properties of the fine-grained soil of the tailings pond of
the base dam

for all the experimental measurements realized in Fig. 7. The properties of the fine-grained soil
of the tailings pond of the base dam
- Parameter Average Range of values
3.2 Dam system of the tailings pond
v, [KNm?] 19.5 (19.0; 19.8)
The tailings pond dam system consists of a base dam with w [%] 25.8 (19.8;33.5)
shells and two stabilization backfills (1 and 2). The body of the S 234 1992
base dam is mainly composed of sandy clay (CS — 3 samples) and, W, [%] 3 (199:29.3)
to a lesser extent clayey gravel (GC — 1 sample). The shells of the w, [%] 52.6 (36.5; 74.8)
base dam are built from gravel soil (GW — 1 sample / G-F — 1 sam- I, [%] 29.3 (16.6 ; 45.5)
ple). Stabilization backfill 1, which is implemented directly on the ‘
downstream slope and the crest of the base dam, is made of grav- I [-] 0.93 (083 ; 1.01)
el-clay soil (GC — 2 samples / GM — 1 samples / CS — 1 sample). In o, [°] 20.9 (17.9;25.9)
order to increase the stability of the dam system at the location of -
the base dam, stabilization backfill 2 composed of coarse-grained G [kPa] 200 ©.7;237)
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Fig. 8 The grain size distribution of the soil of the base dam of the tailings pond
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Fig. 10 The grain size distribution of the tailings sediment

3.3 The tailing sediment

The dam system above the base dam was built using a hy-
drocyclone from the coarse-grained separated part of the ore tail-
ings that drifted. The finer part of the ore tailings, which were
separated by a hydrocyclone, is floated into the storage area of
the tailings pond. In terms of grain size, the sediment of the ore
tailings can be characterized as silt (ML — 1 sample / MS — 8
samples) or sand (SM — 11 samples / S-F — 21 sample / SP — 4
sample). The grain size distribution of the tailings is shown in Fig.
10. The properties of the tailings sediment are presented in Tab.
3. The shear strength of the tailings sediment is expressed sepa-

Tab. 3 The properties of the tailings sediment

The properties of the tailings sediment
Parameter Average Range of values
Y, [KNm?] 20.5 (18.6;21.8)

w [%] 17.4 (4.6 ; 28.5)
w, [%] 18.8 (14.2;26.8)
w, [%] 23.0 (20.1; 36.4)
I, [%] 42 (1.6 ;9.6)

I.[-] 1.04 (0.42 ; 1.80)
o, [°] 34.1 (27.2;38.4)
¢, [kPa] 2.9 (0.0;16.3)

rately for the group of silt-type sediments (ML/MS), separately
for the group of sand-type sediments (SM/S-F/SP) and separately
for all the experimental measurements realized in Fig. 11. The pa-
rameters of shear strength of tailing sediment were determined by
the direct shear tests (each test on 4 testing samples, dimensions
60/60/25 mm), at actuation of a normal stress 20-650 kPa and
speed of direct shear testing 0,00975mm.min"".

4 STABILITY ANALYSIS OF THE TAILINGS
POND BEFORE INTENSIFICATION

The tailings pond is of the valley type. For this reason, the most
unfavourable valley profile of the tailings pond was selected for the
stability analysis. The valley profile of the tailings pond is presented
in Fig. 12. The shear strength parameters of the geomaterials are
decisive for the stability analysis of the tailings pond. These param-
eters were determined by experimental measurements (direct shear
tests, each test on 4 testing samples, dimensions 60/60/25 mm) and
expressed as average shear strength parameters by a regression
analysis for the fine-grained soil of the subsoil, the soil of the base
dam, the soil of the stabilization backfills 1, 2 of the base dam, and
the tailings sediment (Slavik et. al, 2019). For the coarse soil of the
subsoil and the soil of the base dam shell, the shear strength param-
eters were expressed at the level of an expert estimation based on
their grain size composition and the results of the experimental test-
ing mentioned in (Stacho, J. — Sulovskd, M., 2022). The resulting
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Fig. 12 Schematic valley profile of the tailings pond before its intensification
Tab. 4 The parameters of the geomaterials considered in the stability analysis
SUBSOIL SUBSOIL | BASIC | SHELL | STABILIZATION| STABILIZATION | TAILINGS TAILINGS
Geomaterial coarse-grained| fine-grained | DAM BACKEFILL 1 BACKEFILL 1 coarse grained
soil soil
parametres
Yn [kN.m'3] 19.5 20.0 19.5 20.0 20.0 20.0 20.5 20.0
Ysat [kN.m 2] 20.5 21.0 20.5 | 21.0 21.0 21.0 21.5 21.0
o [°] 32.0 24.0 20.0 35.0 28.0 40.0 33.0 35.0
c [kPa] 10.0 21.0 20.0 0,0 10.0 0.0 0.0 0.0

parameters of the geomaterials considered in the stability analysis
of the tailings pond are presented in Tab. 4.

Another important parameter that significantly affects the sta-
bility of a tailings pond is the position of the water level in its
body. The stability analysis of the tailings pond was carried out
assuming the maximum water level measured in the observation
probes of the valley profile as a part of the regular monitoring, the
simultaneously valid limiting level, and the simultaneously valid
critical water level in the body of the tailings pond (Chropenova,
2022). The limiting water level is the expected limit water level
and the critical water level is level whose occurrence causes con-
cern about the safety of the tailings pond (Vyhlaska ¢. 119/2016
Z.z.). The limiting and critical water levels are determined by sta-
bility analysis. The three water levels considered are presented
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in the valley profile of the tailings pond in Fig. 12. According to
EN 16907-7 all material parameters, partial factors, and stability
shall be compliant with good practice and meet standard national
and international criteria. Assessment of the overall stability of
tailings pond comply with STN EN 1997-1, it is recommended
that this is undertaken using Design Approach 3. In the stability
analysis of the tailings pond, the effect of the seismic load cor-
responding to the normative seismic load of the given locality is
also considered (STN EN 1998-1 Eurocode 8). According to a
map of the seismic loading areas on the territory of Slovakia, the
tailings pond region belongs to an area of seismic acceleration
with a value of a_, = 0.63 m.s?. The seismic effects are accepted
in the calculations by means of the horizontal acceleration factor
K, =0.07.
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Tab. 5 Safety factors (F,) — pre-intensification state
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Safety factors (F,) — pre-intensification state
Case considered (c]igrl:llclsos[l)i’pssl:ler?:ce;s) (poligggz’slsiges?lcrgces) .
Current measured water level without seismicity (1.65;2.19) (1.55;2.12) 1.5
Current measured water level with seismicity (1.39; 1.88) (1.33;1.77) 1.1
Current limiting water level without seismicity (1.61;2.04) (1.54;1.95) 1.5
Current limiting water level with seismicity (1.30; 1.76) (1.25; 1.63) 1.1
Current critical water level without seismicity (1.52;1.95) (1.45; 1.80) 1.3
Current critical water level with seismicity (1.23;1.69) (1.19; 1.51) 1.1

Note : *Required safety factor (F,) according to standards (STN 75 3310, 1991)

The stability analysis was carried out in two phases (Slavik et
al., 2019). In the first phase, the condition of the tailings pond be-
fore intensification was assessed with the level of the last embank-
ment at 355.20 m above sea level. In the second phase, the method
of intensification of the tailings pond was proposed to rise to a level
0f363.00 m above sea level. For the stability analysis, the software
system GEO (2021), which uses the limit equilibrium methods of
(Bishop, 1959; Spencer, 1967) (circle slip surfaces) and methods
of (Sarma,1973; Spencer,1967) (polygonal slip surfaces), was ap-
plied. The stability analysis of the entire tailings pond is performed
per its parts, i.e., the toe and centre of the dam system and the
entire dam system. For the most unfavourable valley profile of the
tailings pond and its individual parts as defined, a set of circular
and polygonal slip surfaces was optimized, the most unfavourable
of which (the critical slip surfaces) are depicted in the profile of
the tailings pond in Fig. 13 (the critical circle slip surfaces) and
Fig. 14 (the critical polygonal slip surfaces). An overview of the
results of the stability analysis of the tailings pond dam system, as
expressed in intervals of safety factors (F) together with standard
requirements (STN 75 3310, 1991), is presented in Tab. 5.

5 THE METHOD OF INTENSIFICATION OF THE
TAILINGS POND

The intensification of the tailings pond consisted of a propos-
al to elevate the tailings pond dam system to a level of 363.00 m
above sea level. Modelling the shape of the embankment from the

current crest level of the dam system, i.e., 355.20 m above sea level
to the level of 363.00 m above sea level, was gradually implement-
ed in several steps. The condition was to preserve the current gen-
eral slope of the dam system (~ 1:3) and, at the same time, to meet
the standard requirements for the stability of the dam system of the
tailings pond (STN 75 3310, 1991). The final shape of the proposed
elevation of the dam system of the tailings pond is shown in Fig.
15. The dimensional parameters of the embankment of the tailings
pond are clear from its cross section in Fig. 16. With a cross-sec-
tional area of the embankment of 330 m? and a total length of 310
m, 102,300 m® of material will be needed to build the embankment.
Coarse-grained sand obtained from the hydromix during the float-
ing of the tailings to the hydrocyclone tailings pond was proposed
for the construction of the embankment. The results of the shear
strength parameters of the coarse-grained sand washed by hydrocy-
clones as determined by the shear box test are presented in Fig. 17.

6 STABILITY ANALYSIS OF THE TAILINGS
POND AFTER INTENSIFICATION

The proposed elevation of the tailings pond dam system was
analysed using a procedure identical to the stability assessment of
the tailings pond before intensification. For the proposed eleva-
tion of the dam system, a new limiting and critical water level was
modelled in the tailings pond by the stability analysis to ensure
that the levels meet the standard requirements for the stability of
the tailings pond. The new limiting and critical water levels in the
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Fig. 15 Schematic valley profile of the tailings pond after its intensification
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Fig. 17 Shear strength of the coarse-grained tailings washed by
hydrocyclones

Tab. 6 Safety factors (F,) — state after intensification

body of the tailings pond are shown in Figs. 18 and 19. An over-
view of the results of the stability analysis of the proposed eleva-
tion of the tailings pond dam system, as expressed in intervals of
the safety factors (F,) together with the standard requirements
(STN 75 3310, 1991), is presented in Tab. 6. The shapes of
the optimized circle slip surfaces are presented in Fig. 18
and the polygonal slip surfaces in Fig. 19.

7 CONCLUSION

Referring to the design and material composition of the tail-
ings pond, the stability analysis of the tailings pond presented,
demonstrated its sufficient safety, not only before, but also after
its intensification. The summaries of the results of the stability
analysis of the tailings pond, which are presented in Tab. 4
and Tab. 6, showed that the safety factors (F,) meet the stan-
dard requirements (STN 75 3310, 1991).

Safety factors (F) — state after intensification

Case considered Bishop, Spencer (circle slip surfaces) | Sarma, Spencer (polygonal slip surfaces) s’min*
new limiting water level without seismicity (1.60 ; 1.81) (1.50; 1.82) 1.5
new limiting water level with seismicity (1.28 ;1.52) (1.21;1.52) 1.1
new critical water level without seismicity (1.45;1.65) (1.36; 1.64) 1.3
new critical water level with seismicity (1.17 ;1.39) (1.11 ; 1.36) 1.1

Note : *Required safety factor (F,) according to standards (STN 75 3310, 1991)
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1/ The state of the tailings pond before intensification:

v" in the case of the maximum measured water level consid-
ered in the tailings pond
F=(1.55;2.19) F, . >1.5/seismicity Foov=(1.33;
1.89) Fsym].ns""s >1.1
in the case of the limiting water level considered in the
tailings pond
F =(1.54; 2.04) Fy = 1.5/ seismicity Foos=(1.25;
1.76) Fon 211
in the case of the critical water level considered in the
tailings pond
F =(145; 1.95) Fo =13 / seismicity F o8 =(1.19 ;
1.69) Fy =11

2/ The state of the tailings pond after intensification:

v in the case of the new limiting water level modelled in
the tailings pond
F =(1.50;1.82) F . >1.5/secismicity Foos=(1.21;
1.52) Fg v >1.1

v in the case of the new critical water level modelled in
the tailings pond
F=(1.36; 1.65) Fg . >1.3/seismicity F3**=(1.11;
1.39) Fy =11

150

200 250 [m]
[ BASIC DAM [ sHELL
[ TaiLiNGS [ TAILINGS ~ COARSE-GRAINED
HV-2. PIEZOMETER  5,8,7,8— — — — CRITICAL POLYGONAL SLIP SURFACES

Tailings ponds are engineering structures, the shape and ma-
terial parameters of which change over time and in space. They
represent an environmental burden for both the present and the
future; the solution to their issues must be gradual and systematic
in order to reduce the possibility of accidents to a minimum. The
safety of a tailings pond is expressed on the basis of its stability
analysis. Assessing the stability of a tailings pond is a difficult
task due to its non-homogeneity. The quality of a stability analy-
sis is conditioned by the accuracy of the computational model of
the tailings pond, which must not only realistically describe the
structural arrangement, but also the properties of the geomateri-
als of the tailings pond’s construction and the surrounding rock
massif. The properties of a tailings pond’s geomaterials forming
quasi-homogeneous units (subsoil, dam system, and tailings pond
sediment) and expressed on the basis of experimental verifica-
tions are the basic input for creating a computational model of
a tailings pond.
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Abstract

The level of ground settlement under the effect of certain factors is one
of the markers indicating the adequacy of adopted design solutions.
By comprehending settlement values, it is possible to infer the degree
of risk associated with a project and, if necessary, introduce changes
to the design. The concept of reliability management here manifests
itself in the timely adjustment of the decisions made, while it is nec-
essary to use the procedure of the quantitative assessment of the
probability of the occurrence of a particular limit state. A qualitative
assessment indicates only the limits of an area, which approximate-
ly characterizes the effects of changes in the geotechnical situation.
In this article, a method for determining the probability of exceeding
the limit deformation of a building-base massif using the Monte Carlo
statistical method is developed, and an algorithm and computer pro-
gram implementing the proposed calculation method are created.

1 INTRODUCTION

1.1 Statement of the problem in general terms

The Eurocode design concept (EN 1990) is adopted as the
Partial Factor Design concept. This approach takes into account
the variability of the initial parameters of loads and impacts on
a building (structure). All the input data for a design scheme are
definitely stochastic; however, in the existing approach they are
replaced by deterministic averaged values. However, the coeffi-
cient approach is not always able to take into account the random
nature of the many factors affecting a final assessment, as deter-
ministic calculations are only a special case of probabilistic-statis-
tical calculations. A deterministic calculation can only provide a
single value, whereas a probabilistic calculation provides a holis-
tic view of the possible values of the random variables.

It is obvious that a “building — base” system should be consid-
ered when taking into account the stochastic nature of the physical
and geometric parameters of a whole system, as well as the random
character of external influences. To calculate and design such sys-
tems, methods of probability theory, random functions and fields,
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as well as reliability theory should be applied; they make it possible
to more adequately reflect the stochastic nature of the main design
parameters, the relationship between external influences, and the
strength of a structure in order to assess its safety and durability.

Therefore, the goal of this work is to develop a method for
determining the probability of exceeding the limit deformation
of the foundation settlement of a “building — base” system, tak-
ing into account the stochastic character of the loads, impacts and
properties of soils.

1.2 Existing methods for assessing the reliability of
technical systems and building structures. Monte
Carlo method

A systematic description of the basic concepts of structural reli-
ability can be found in the EN 1990 Eurocode and the international
standard ISO 2394. The results of the work of a group of scientists
working under the auspices of the Joint Committee on Structural
Safety (JCSS) include: 1) the fundamental theoretical study “Prob-
abilistic Model Code”, which recommends the use of probabilistic

© 2023 The Author(s). This is an open access article licensed under the Creative Commons Attribution
4 .0 License (https://creativecommons.org/licenses/by/4.0/)
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methods of the assessment of structural reliability and describes
models of basic variables and probabilistic assessment methods, and
2) the document ISO 2394-1998 “General principles on reliability
for structures”.

ISO 2394 defines “reliability” as follows: “reliability” is the
ability of a structure to meet specified requirements under specified
conditions during its intended service life. Extending the term “re-
liability” to the “building — base” system, we note that this system
must perform the functions of providing (any) needs of the popu-
lation during its estimated service life and maintaining structural
indicators in the specified modes of operation in the conditions of
operation, maintenance and repair. The concept of the reliability of
the complex system considered includes the stability of the quality
indicators and the efficiency of its functioning, which depend on the
reliability of the structures and systems, in our case, the preservation
of the strength of any dangerous section under any possible influenc-
es (and their combination), as well as the absence of exceeding the
normative values of the deformations of the building.

A defined limit state function is used to solve limit state risk prob-
lems. This function is derived from the existing (most often norma-
tive) method of solving a particular deterministic problem within the
limit state methodology. In solving the problems of reliability theory,
it is particularly difficult to determine the value of the risk of reaching
a limit state on the basis of solving the corresponding statistical dy-
namics task. To solve such a problem today, the following methods
are used: numerical integration techniques, Monte Carlo simulations,
and First and Second Order Reliability Methods (FORM/SORM).
The Monte Carlo statistical testing method (Monte Carlo Simulation)
is a numerical method for solving mathematical problems based on
modelling random variables and performing a significant number of
statistical tests using random variables according to known distribu-
tion laws. The statistical test method is quite universal and is used
to assess the reliability and safety of building structures and bases
when solving reliability theory problems based on modelling random
variables and constructing statistical estimates, as well as to develop
possible (probable) processes or results using various random num-
ber generation methods, which are then applied to a real model.

A prerequisite for the application of the probabilistic-statistical
approach in calculating the reliability of complex technical systems
is the functional description and comparison of resistance and load-
ing processes, which results in the definition of an integral func-
tion of serviceability. Loads and impacts are considered in this case
through the nature of stochastic processes. In other words, proba-
bilistic-statistical calculations of the reliability of a system are not
based on partial (deterministic) values of loads, but on discrete or
continuous functions of the distribution of random quantities. Ac-
cording to ENO, the value of the probability of reaching the limit
state (the probability of structural failure) P, can be obtained from
the formula:

Pr = ®(—p). (M
where

@ — is the cumulative distribution function of the standardised

normal distribution,

p —reliability index (or safety characteristic), which may be

determined by:
UR—HE
P et 2)
where yi,, 1, 0,, o, — the first moments of the distribution (respec-
tively, the mathematical expectations and standards of the gener-
alised carrying capacity of the element R and the generalised force
impact E).

A reliability assessment using the FORM methodology re-
quires probabilistic calculations when formulating the safety con-
dition in the form of g = R - E. This approach is based on the
integral probability of the failure of the variables R and E; given
that the functions R and £ have a normal distribution and are not
mutually correlated, the function g performance function or “safe-
ty reserve” will also have a normal distribution.

Table 1 illustrates the relationship between the safety and reliability
characteristics according to ISO 2394 and EN 1990:2002 (Table C1).

Tab. 1 Correlation between the reliability index and reliability
according to 1SO 2394 and EN 1990:2002

P, 0| 1021102 | 10*|10°|10° | 107
p 1.3 232 | 3.09 | 3.72 | 427 | 475 | 5.20

For existing structures with an expected service life of 50
years, EN 1990:2002 establishes minimum values for the reliabil-
ity index for various limit states (Annex B, C) (Table B2, C2).

According to J.-A. Calgaro and H. Gulvanessian (2001), the
probability of failure and its corresponding /8 index are only no-
tional values that do not necessarily represent actual failure rates
and that are used as operational values for code calibration pur-
poses and comparisons of the reliability levels of structures.

The Monte Carlo method is also widely used in geotechni-
cal engineering when considering completely different problems
(Fenton and Griffiths, 2002, 2003; Chalermyanont and Benson
2004; Vu, 2018; Pereia, 2011; Misra, 2009; Roberts, 2007, etc.).
Fishman (1995) and Harr (1996) decided that since no closed-
form probabilistic solutions could be obtained from the elastic
settlement equation, only a Monte Carlo simulation method seems
to be possible. One type of failure of the building-base system can
be related to exceeding the absolute or uneven base settlement
(SLS) values, the assessment of which probability is proposed in
this article.

Tab. 2 Reliability classes and recommended minimum values for reliability index

Minimum values for
Reliability Ultimate limit states Fatigue Serviceability
Class 1 year reference 50 year reference 1 year reference 50 year reference 1 year reference 50 year reference
period period period period period period
RCl1 5.2 43
RC2 4.7 3.8 1.5t03.8 29 1.5
RC1 42 33

ASSESSMENT OF THE PROBABILITY OF EXCEEDING THE LIMITING DEFORMATIONS OF... 35



Slovak Journal of Civil Engineering

Vol. 31,2023, No. 3,34 - 42

2 GENERAL PROVISIONS FOR THE
CALCULATION OF SETTLEMENTS
ACCORDING TO THE NORMATIVE METHOD

To ensure operational suitability (serviceability limit states
(SLYS)), it is necessary to perform calculations to determine the
deformations of the bases, the main condition of which is to limit
the level of deformations enforced by regulatory documents.

In accordance with Austrian norm ONORM B 1997-1-2:2021-
08 “Eurocode 7: Geotechnical design — Part 1-2: Spread founda-
tions — Analysis of bearing capacity and of settlement — National
specifications concerning ONORM EN 1997-17, the vertical de-
formation of foundations can be determined in two ways, where-
by the formulae for determining stress are based on equations for
an elastic-isotropic semi-space: 1) the addition (integration) of the
stressed surface, which varies with the depth (Fig. 1); 2) calcula-
tion of any deformations using Young’s modulus.

The formula for calculating deformations by the first method
is as follows:

.
Zs O Zgo 1'C
S=/, oo dz N o dz

% = Xils;; 3)
here
S — base settlement, which is determined, m;
E_—modulus of elasticity, kN/m?;
o, — additional stress, kPa;
i —effect of coefficients for determining stress at a certain
depth (Steinbrenner curves);

z, — ultimate depth of compressible stratum, m;

o,’ — vertical stresses in the soil, which are determined: o, —
v-d, kPa;
4S8, — settlement of soil layers located below, mm;
o, —pressure under the foundation slab due to the loads ap-
plied, kPa;
d — the depth of the pit, m;
y — specific gravity of the soil, kN/m?.

In this case o_— are the normal stresses at distance z from the
surface of the ground, which are determined by the formula:

b bz 1 1 .
o, =2 farctan 2+ (o) =00l @
Here
[ — length of foundation, m;
b — width of foundation, m;
z — vertical coordinate, m,
R=VETB T 2% 5)
Moreover,
6o =Fu/(b'l), (6)
where

F —vertical load at the level of the base of the foundation, kN.

Figure 1 shows a schematic representation of the definition
of a compressible thickness consisting of several different layers
of soil.
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Fig. 1 Schematic for determining the depth of the compressible thickness of a multi-layer foundation according to the standard ONORM B
1997-1-2. In the figure the following designations are: oG — stresses from the self weight of the soil (Pa), oz — normal stresses at depth z from
the surface of the soil (Pa), cA — normal stresses from the self weight of soil removed from an excavation (Pa), oB — total normal stresses in
the soil from the weight of the soil removed from an excavation and the load on foundation footing (Pa), Ac — change in the value of normal
stress due to the excavation (Pa), d — depth of the foundation (m), oV — stress caused by the weight of the soil removed from the excavation
(Pa), 00 — normal stress at the foundation base (Pa), tG — compressible thickness of the soil, z — vertical coordinate (m), WL - groundwater
level, y — specific gravity of the 1st layer above the groundwater table (kN/m3), y1°, y2°, y3’ — specific gravity of the 1st, 2nd, and 3rd layers
below the groundwater table respectively (kN/m3), Ai — area of the figure; Ae — value of the corresponding settlement values
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Tab. 3 Limit values for deformations of foundations and foundations of structures in new constructions (selective)

Limit deformations of the base
Structure ] .
(ASL), slope, i, | medium (max) settlement S e S
1. Industrial and civil single-storey and multi-storey buildings with full frames:
—reinforced concrete, steel-reinforced concrete; 0.002 - (10)
— the same, with the construction of reinforced concrete belts or monolithic
slabs, as well as monolithic building constructions; 0.003 . (15)
— steel; 0.004 - (15)
the same with reinforced concrete belts or monolithic slabs; 0.005 . (15)
2. Buildings with structures that do not experience forces from uneven
settlements 0.006 - 12
3. Multi-storey frame-less buildings with load-bearing walls made of:
— large panels; 0.0016 0.005 12
— large blocks or masonry without any reinforcement; 0.002 0.005 12
— the same with a reinforcement, including reinforced concrete belts or
monolithic slabs, as well as monolithic buildings 0.0024 0.005 18

The total settlement is determined by a layer-by-layer summa-
tion of the values of the settlement of the soil layers within the com-
pressible thickness:

S=XS =XA,. (7

When determining the suitability of any structural system for
normal operations (the service limit state), the question arises as
to the limits of the admissibility of the determined values of the
deformations.

Obviously, a limit value must be set for deformations, shears,
deflections, etc. Such a limit should be enforced by regulatory
documents or obtained from expert assessments resulting from
the analysis of numerous monitoring data for various buildings
and structures.

In the case of assessing the level of deformations, the opera-
tional reliability of a building or system can be considered secure
if the following condition is met:

S < su, ®)
where
S — the strain value calculated;
s — limiting value of the joint deformation of the base and the
building (here, it should be understood as u - ultimate).

The following approach has been adopted in the regulations
of some countries and unions. In accordance with Annex H of
EN 1997-1, the acceptable settlement In the European Union for
conventional foundations may be no more than s = 50 mm.

In post-Soviet countries the limit deformations of buildings
(structures) are regulated by special tables. They are divided into

Tab. 4 The limiting values of displacement for buildings

relative deformations (AyZ) , medium s (maximum s ) and
slope i . The regulated values of the limit deformations are given
both for new constructions and for the reconstruction of struc-
tures with different structural designs. Below are some values for
allowable deformations of designed residential buildings from
DBN V.2.1-10:2018 (the Ukrainian Building Code) (Table 3).

Objectively, the value of “safe” settlements for a building is,
of course, dependent on the structural design of the building, its
foundations, and the geotechnical conditions, which vary over
time and in space. The question of the acceptable limit of a set-
tlement value is as much a matter of principle as it is a matter
of discussion, and it requires an analysis of numerous databases
involving the monitoring of buildings and structures of various
types over many years to understand the whole range of possible
displacements. Each construction site has its own unique ground
conditions, loads and impacts, so forces, stresses and displace-
ments of “building — base” systems are also unique.

According to (Skempton and McDonald, 1956), allowable set-
tlements for a free-standing foundation can be taken as 60 mm for
non-cohesive soil. Table 4 gives the displacement limits for build-
ings, according to (Bogusz and Godlewski, 2017). Obviously, the
values of limiting deformations must be justified and clearly marked
for each type of building (structure). It must also be taken into ac-
count that the long-term settlement of a substrate can increase due to
various factors (e.g., rising groundwater, suffusion processes, etc.).

As can be seen, there is a big difference between the settle-
ment limits given by European norms and Ukrainian norms (as
an example of a post-Soviet country standard). Therefore, let us
calculate the probability of exceeding precipitation for a range of
values from 20 mm to 70 mm and analyse the values obtained.

Types of buildings and their load-bearing elements Vg s, MM Ve MM
Masonry buildings without roof and floor bands, with wooden or steel-framing floors 5-17 15-18
Masonry buildings with suspended beam-and-slab or reinforced concrete floors, or buildings constructed | 7 - 9 20-25
with precast concrete elements

Cast-in-place concrete or steel buildings 9-11 25-35
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3 PROPOSED METHODOLOGY

3.1 Initial data

All the components of the equations (3-8), directly or indirect-
ly included, are random variables; however, some quantities can
be taken as deterministic. In this paper, the geometric character-
istics of the foundations are considered deterministic, i.e., b, [, d.
All other characteristics of the constraint equation are considered
random variables. These options include:

1) specific weight of soil y;

2) vertical load on the foundation F;

3) stresses under the base of the foundation o,;

4) vertical stresses in the soil massif from the load on the foun-

dation 0 ;

5) deformation characteristics of the foundation soil (modulus

Ey;
6) deformations S.

The following laws of the distribution of random input param-

eters are adopted in the work:

1. Distribution P, = P (y) of the random value of the specific
weight of the soil, which is assumed to be normal with the
mathematical expectation 7 and standard deviation o, The
values of this parameter are determined by the results of
testing soil samples.

2. Distributions P, = P (F) of random variables — a vertical
load, which are assumed to be normal with mathematical
expectations m,, respectively, and standard deviations o,.
The values of these parameters can be determined on the
basis of the adopted structural solution of the building, tak-
ing into account the design standards.

3. Distributions and of the random variables — vertical load
and vertical stresses in the soil massif, which are assumed
to be normal with mathematical expectations and , and
standard deviations and respectively. The values of these
parameters can be determined on the basis of the prelimi-
nary calculations.

4. Distribution — the random value of the calculated soil mod-
ulus, taken as logarithmically normal with the mathematical
expectation and standard deviation . The values of this pa-
rameter are determined by analysing the results of soil tests.

The specified distributions for loads and materials are mainly
taken from the Probabilistic Model Code, draft Eurocode 7 prEN
1997-1:2022 (E), and from some other sources of scientific lit-
erature (G.A. Fenton, 1997; A.J. Bond, 2011; K. Phoon, 1999;
Roberts, L.A., Mistra, A., 2007; etc.).

All the calculations are made for the estimated service life
T. All the calculations have been carried out using the Mathcad
Prime software package, and 10 tests have been carried out.

3.2 Calculation procedure

Thus, to determine the probability of exceeding the limiting
deformations of the “building — base” system, it is advisable to
use the method of statistical tests (Monte Carlo) using the standard
methodology for calculating the settlements set out in paragraph 1.

The expression for the limit state function for solving this
problem can be written as follows:

Y=su—S,Es b,1,d,F, ) >0. (7)

According to this method, N statistical trials are performed.

For each test, calculations are made according to the algorithm.

1. We set out a random probability of the following parame-

ters uniformly distributed in the range from 0 to 1: specific
weight of the soil P vertical load intensity P,; stresses
under the base of the foundation g,; vertical stresses in the
soil massif from the load on the foundation ¢ ; deformation
characteristics of the foundation soil (modulus E).

2. Quantiles are found from the probability values, i.e., the
values of the corresponding parameters according to the
known distribution functions: P, P, .

. Random values o, are determined by formula (4).

4. The random values of stresses from the self-weight of the
soil o, are determined by the formula g, =y, - ¢, where
7, is the specific gravity of the /" soil layer, and ¢ is the
thickness of the /" soil layer.

5. Random values of the stresses in the soil massif from the
load on the foundation are determined ().

6. Random stress values (.20 are determined.

7. The compressible thickness of the soil 7, is determined.

8. The random values of deformations S are determined by
formula (3) in each layer and the total value of the defor-
mations.

9. In each case, condition (8) is checked.

10. After performing all Ntests, the probability of exceeding the
limiting deformations over the estimated service life of the
P_is calculated as the ratio of the number of tests V, in which
Y =5 -8 <0, to the number of all the tests.

[98)

It should be noted that based on this approach, a methodology for
assessing the excess of the uneven settlements of the building base
As/L can also be developed, taking into account the factors that most
affect the current geotechnical situation. An analysis of the results
of the probabilistic calculations will permit choosing such a techni-
cal solution for correcting the state of the “building — base” system,
which will provide the necessary level of reliability, as enforced by
the regulatory documents.

To illustrate the application of the proposed methodology, we
performed calculations to determine the probability of exceeding
the limiting deformations of an ordinary five-story masonry build-
ing, consequences class of building — CC2 (Table B1 EN 1990
Annex B). Table 5 shows the deterministic values, and Table 6
shows the probabilistic characteristics of the normal distribution
functions of the random variables.

Tab. 5 Deterministic quantities

NN | Parameter name | Designation Units Meaning
1 | Foundation width b m 1.0
2 | Foundation length / m 1.0
3 | Foundation depth d m 1.5

Figure 2 illustrates the probability density function (a) and the
distribution function of a random variable (b) of the ground defor-
mation modulus (for a variation coefficient of 15%).

Some clarification is required here about the limits of the vari-
ation coefficient of the strain modulus E, the value of which di-
rectly affects the vertical deformation value. In the course of this
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Tab. 6 Random variables properties

o Probabilistic characteristics
NN Parameter name Designation Units D}itrrlzt;?é;on mathematical standard deviation
expectation, m o

1 Specific gravity of the soil Y kN/m? Normal 20.0 0.6
2 Vertical load F kN Normal 250.0 30.0
3 Estimated soil modulus E kPa Lognormal 9.43 1.41
4 Pressure under the foundation a, kPa Normal 250.0 30.0
5 Q}g‘gﬁ‘:ﬁeﬁsﬁi reduced by dredging o, kPa Normal 220.0 26.4

Tab.7 Statistical parameters of the distribution of the joint value of
the ultimate deformation of the base (for an E value of 15%,)

Tab. 8 Results of probabilistic calculations of exceeding ultimate
deformation of the base s (1 year reference period)

Meaning | Meaning The name of the values 20 mm | 35 mm |50 mm | 70 mm
Parameters 1 50
(Iyear) (50 year) The probability of exceeding the . .
- - . i I |5x10'1x10 0
Mean value (mathematical expectation), m 0.035 0.044 limit deformation of the base
Standard deviation 0.004 0.002 Recommended minimum values
(EN 1990:2002), ISO 2394:2015 3.2x10°
Variation coefficient, % 8.8 4.5 (normal level)
Maximum value, m 0.049 | 0.052 Reliability index p less than 1.28 | 3.72 | 5.2
Minimum value, m 0.019 0.045 Recommended minimum values
(EN 1990:2002), ISO 2394:2015 29
(normal level)
a) 7.10°
491077 Tab. 9 Results of probabilistic calculations of exceeding ultimate
deformation of the base s, (50-year reference period)
2.8-10°
The name of the values 20mm | 35mm | 50 mm | 70 mm
710% The probability of
o _ Es kPa exceeding the limit 1 1 1.2x102 0
1 10 110° 110° 110° 110° deformation of the base
DI L Recommended minimum
= values (EN 1990:2002), ISO 8.1x10?
o1 2394:2015 (normal level)
Reliability index B less than 1.28 | 215 | 52
0.01
Recommended minimum
0.001 values (EN 1990:2002), ISO 1.5
E., kPa 2394:2015 (normal level)
110%
0 110 5.10° 1-10* 1.5:10* 2:10* 2.5-10

Fig. 2 Probability density function (a) and the distribution function
of a random variable (b) of the ground deformation modulus
(for a variation coefficient of 15%), lognormal distribution

700

frequency

490
280

70
0

1

0.01 0.02 0.03 0.04

0.05 0.06

Fig. 3 Histogram of vertical deformations obtained using the
proposed methodology with a variation coefficient of 15 % for E

a
=
0.8 s
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Fig. 4 Cumulative distribution function of random variables s and
s,— calculated ground settlements: blue curve: probability of
exceeding standard settlements for a year, red curve: probability of
exceeding settlements for 50 years
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study, a numerical experiment was carried out and the values of
failure the probability — the probability of exceeding permissible
settlements for the range of the coefficient of variation £ within
5 - 35% (as allowed in scientific and normative literature: Ermo-
laev, N.N. Mikheev, V.V., 1976; Bugrov, A.K., 2003; Phoon K.K.,
2008 etc.), where investigated. The results of the numerical exper-
iment are shown in Figure 3. It can be seen that as the coefficient
of variation increases and the limit value of strain s, decreases, the
value of the probability of failure, i.e., the probability of exceed-
ing the limit settlements, also increases.

Using the methodology developed, calculations were carried

out to determine the probability of exceeding the ultimate expect-
ed deformation of the base. The calculated results are shown in
Fig. 3 - 5 and in Tables 7 - 9 (for an E value of 15%).

4 CALCULATIONS ACCORDING TO THE FORM
METHODOLOGY

As mentioned earlier, according to this method, the reliability

of a building (structure) is achieved by checking the value of the
reliability index (safety characteristic) S according to formula (2)
in the ULS and SLS limit states. Figure 5 shows the reliability
index curves for various permissible settlement values (in brack-
ets) plotted after the FORM reliability has been determined for
various values of the variation coefficient of the strain modulus
E , which varies from 0 to 35%.

the

It was also interesting to compare the probability of exceeding

sludge limit value calculated by the method proposed by the

authors with the results obtained by the FORM method. When
comparing the results, it can be seen that the nature of the curves
is certainly the same, but the differences are due to the peculiari-
ties of the calculation of the two methods.

5 CONCLUSIONS

1. A methodology has been developed to determine the probabil-
ity of exceeding the vertical deformation limits of the “build-
ing — base” system. In developing the methodology, we used a
statistical Monte Carlo approach, the use of which allowed us
to take into account the stochastic nature of the physical and
mechanical properties of the soil mass. Also, this approach
shows the possibility of taking into account and integrating the
different functions of distributions, using numerical methods
of probabilistic-statistical modelling.

2. Using a simple and clear approach dictated by the EU

building codes (standards), the proposed method also im-
plements the principles of controlled reliability and dura-
bility. The level of the reliability of the “building — base”
system at any stage can be checked by a designer (in the
process of designing a new structure) or an expert (during
the examination of the current facility) and can be changed
as required by the customer or a technical inspection.

3. The most important role in probabilistic statistical calcula-

tions is played by the initial parameters. As this study has
shown, this is especially true for the physical and mechan-
ical characteristics of the soil, the variation coefficients of
which are quite large. There is no doubt that this factor can-
not be ignored because it has a direct influence on the set-
tlement value and consequently on the establishment of the

reliability index, B

displacement values, mm

o B N W A 0O O N

20 25 30 35 40 45 50 55 60

——0 —e—5 —e—10 15 —e—20 —e—25 —e—30 —e—35

Fig. 5 Reliability index graphs p for different permissible
settlement values and for different values of the variation

a)

0.8

0.6

0.4

0.2

0

coefficient of strain modulus E.

-5

10

15

—=20

——25

Failure probability Ps

displacement values, mm

20 25 30 35 40 45 50 55 60 65

b) !

0.8

failure probability P;

displacement values, mm

20 25 30 35 40 45 50 55 60 65

Fig. 6 Probability of failure according to the criterion of excessive
settlement obtained by: a) calculations according to the proposed
method (using the Monte Carlo method); b) calculations according
to the FORM method

reliability of the “building — base” system. A numerical ex-
periment was carried out to establish the dependence prob-
ability of the failure of the “building — base” system on the
coefficient of variation (COV) of the soil deformation mod-
ulus in the context of the expected level of settlement. It has
been shown that with increasing the COV (over 25%) and
decreasing the subsidence level threshold, the probability of
failure sharply approaches 1 (Fig. 6a). Taking into account
the notion that the probability of failure for a 1-year period
should not exceed P =3.2:10° (8, =2.9), and P, = 8.1x10?
(B,, = 1.5) for a 50-year period, the reliability values should
be within P = 0.919...0.9968. Ideally the COV E should
not exceed 15-20% to obtain the correct settling values. If
s, =50 mm and a COV E range of 15-20% is assumed, the
probability of failure values will be in the range P, = 1-10* ...
4-1073, and the reliability of the systems will be in the range
P=10,996 ... 0,9999, which complies with the requirements
of the standards and also corresponds with the results of re-
search by other scientists involved in the topic (for instance,
Ermolaev, N.N. Mikheev, V.V., 1976; Probabilistic Model
Code, 2001).

4. Using the Monte Carlo approach, the calculation of the

proposed methodology, is suitable for those cases where
packages of input data with different distribution laws
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(e.g. normal and lognormal, normal and Weibull, etc.) are
stacked in a “black box”. The FORM method approximates
the different distributions by a Gaussian function, which,
as sussested in our example, causes some underestimation
of the probability of failure and has variations with a rather
abrupt character, which often do not correspond to the real
situation.

REFERENCES

Ahmed, A. — Soubra, A.-H. (2014). Probabilistic analysis at the ser-
viceability limit state of two neighbouring strip footing resting
on a spatially random soil. Structural safety, Vol. 49, pp.2-9.
DOI: 10.1016/j.strusafe.2013.08.001

Beacher, G.B. — Cristian, J.T. (2003) Reliability and statistics in
geotechnical Engineering. New York, John Wiley. 619 pp. ISBN
0-471-49833-5

Bogusz, W. (2019) Risk management for tunnelling-induced defor-
mations in relation to the Eurocodes. Tunnels and Underground
Cities: Engineering and Innovation Meet Archaeology, Architec-
ture and Art, pp. 5390-5398. ISBN 978-1-138-38865-9

Bogusz, W. — Godlewski, T. (2017). Geotechnical interaction in
underground space — theory and practice. Proc. Of the 13" In-
tern. Conf. on Undergr. Infr. of Urban Areas, pp. 19-31, Wroctaw:
CRC Press.

Bond, A.J. (2011). 4 procedure for determining the characteristic
value of a geotechnical parameter. Proc. of the 3% Intern. Sym-
posium on Geotechnical Safety and Risk (ISGSR2011). Munich,
Germany. pp. 419-426.

Bugrov, A.K. — Shilin, V.G. (2003). Determination of probabilistic
characteristics of active soil pressure by Monte-Carlo method. Re-
construction of Cities and Geotechnical Construction, No. 5. pp.
92-94. http://www.georeconstruction.net/journals/05/12/12.htm

Calgaro, J.-A. — Gulvanessian, H. (2001). Management of reliabil-
ity and risk in the Eurocode System. IABSE International Confer-
ence on “Safety, Risk and Reliability — Trends in Engineering”,
Malta. pp. 1-6.

Calgaro, J.-A. (2011). Safety philosophy of Eurocodes. ISGSR 2011.
Vogt, Schuppener, Straub & Bréu (eds.). Bundesanstalt fiir Wass-
erbau. pp. 29-36. ISBN 978-3-939230-01-4

Chalermyanont, T. — Benson, C.H. (2004). Reliability-based design
for internal stability of mechanically stabilized earth walls. Jour-
nal of Geotechnical and Geoenvironmental Engineering, 128(5),
pp- 381-390 DOI: 10.1061/(ASCE)1090-0241(2004)130:2(163)

Cherubini, C. (2007). Shallow Foundation Reliability Design. Proc.
of the 1% Intern. Symposium on Geotechnical Safety and Risk.
China, Shanghai, pp. 71-90.

CEN (2003) EN 1990:2002 Eurocode. Basis of structural design.
European Committee for Standartization, Brussels. 87 pp.

CEN (2018) Eurocode: Basis of structural and geotechnical de-
sign (fin. draft, 2018-05-09).

5. Using the proposed method, the probability of failure of the
“building — base” system can be determined using the cri-
terion of uneven building foundation settlement 4s/L (the
difference between two values of the settlement of neigh-
bouring foundations).

CEN (2018) Eurocode 7: Geotechnical design — Part 1: General
rules (fin. draft, 2018-05-04).

CEN (2022) prEN 1997-1 Eurocode 7: Geotechnical design - Part 1:
General rules. 105 pp.

DBN V.2.1-10:2018. State building regulation “Bases and foun-
dation of buildings and structures” (in Ukrainian), Kyiv, 2018,

36 pp.

Ermolaev, N.N. — Mikheev, V.V. Reliability of Structural Bases
(1976). Publishing House of Civil Engineering. 151 pp.

Faber, M.N. — Serensen, J.D. (2003). Reliability based code cali-
bration: The JCSS approach. In A. D. Kiureghian, S. Madanat,
& J. M. Pestana (Eds.). Proceedings of ICASP9, 9th Interna-
tional Conference on Applications of Statistics and Probability
in Civil Engineering, Vol. 2, San Francisco, USA, pp. 927-935.
https://vbn.aau.dk/en/publications/reliability-based-code-calibra-
tion-the-jcss-approach

Fenton, G.A. (1997) Probabilistic Methods in Geotechnical Engi-
neering. Utah. 96 pp.

Fenton, G. A. — Griffits, D. V. (2002) Probabilistic foundation settle-
ment on spatially random soil. Journal of Geotechnical and Geo-
environmental Engineering, 128(5), pp. 381-390

Fenton, G. A. — Griffits, D. V. (2003) Bearing-capacity prediction of
spatially random c-soils. Canadian Geotechnical Journal, 40(1),
pp. 54-65

Fenton, G. A. — Griffits, D. V. (2008) Risk Assessment in Geotechni-
cal Engineering. John Wiley & Sons, Inc., 455 pp.

Fishman, G.S. (1995) Monte Carlo.: Concepts, Algorithms, Applica-
tion. Springer-Verlag, New York. 722 pp. ISBN 0-387-94527-X.

Harr, ML.E. (1996) Reliability-Based Design in Civil Engineering.
Dover Publications, Inc., Mineola, New York. 291 pp. ISBN 10:
0486694291, ISBN 13: 9780486694290

Harvey, E. — Wahls, F. (1981) Tolerable Settlement of Buildings.
Journal of the Geotechnical Engineering Division. Vol.
107, No. 11. DOI: 10.1061/AJGEB6.0001204

Honjo, Y. (2011) Challenges in Geotechnical Reliability Based De-
sign Proc. of the 3" Intern. Symposium on Geotechnical Safety
and Risk (ISGSR2011). Munich, Germany. pp. 11-27. ISBN 978-
3-939230-01-4

ISO 2394:2015 General principles on reliability for structures.
(2015) Geneva, Switzerland. 111 pp.

ASSESSMENT OF THE PROBABILITY OF EXCEEDING THE LIMITING DEFORMATIONS OF... 41



Slovak Journal of Civil Engineering

Vol. 31,2023, No. 3,34 - 42

Misra, A. — Roberts, L.A. — Levorson, S.M. (2007) Reliability anal-
ysis of drilled shaft behaviour using finite difference method and
Monte Carlo simulation. Geotechnical and Geological Engineer-
ing, 25 (1), pp. 65-77. DOI:10.1007/s10706-006-0007-2

Misra, A. — Roberts, L.A. (2009) Service limit state resistance fac-
tors for drilled shafts. Géotechnique 59, No.1, pp. 53-61 DOI:
10.1680/geot.2008.3605

Pereia, C. — Caldeira, L. (2011) Shallow Foundation Design through
Probabilistic and Deterministic. Proc. of the 3" Intern. Sympo-
sium on Geotechnical Safety and Risk (ISGSR2011). Munich,
Germany. pp. 199-207. ISBN 978-3-939230-01-4

Phoon, K. — Kulhawy, F. (1999) Characterization of geotechnical
variability. Canadian Geotechnical Journal, Vol. 36, No. 4,
pp. 612-624. DOI: 10.1139/t99-038

Phoon, K. (2017) Role of reliability calculations in geotechnical
design. Georisk: Assessment and Management of Risk for En-
gineered Systems and Geohazards, Vol. 11, No. 1, pp. 4-21
DOI: 10.1080/17499518.2016.1265653

Roberts, L.A. — Mistra, A. (2007) Reliability-Based Design of
Shallow Foundations Based on Elastic Settlement. Proc. of the
1** Intern. Symposium on Geotechnical Safety and Risk. China,
Shanghai, pp. 471-483.

Probabilistic Model Code (2001) Part [ — Basic of Design. ISBN
978-3-909386-79-6. 62 pp.

Schuppener, B. (2011) Reliability Theory and Safety in German
Geotechnical Design. Paper presented at the third international
symposium on Geotechnical Safety & Risk, Federal Waterways
Engineering and Research Institute, Germany, pp. 527-536.

Shahin, M.A. — Cheung E.M. (2011) Probabilistic Analysis of Bear-
ing Capacity of Strip Footings. Proc. of the 3" Intern. Sympo-
sium on Geotechnical Safety and Risk (ISGSR2011). Munich,
Germany. pp. 225-230. ISBN 978-3-939230-01-4

Skempton, A.W. — McDonald, D. H. (1956) The Allowable Settle-
ments of Buildings. Proceeding of the Institution of Civil Engi-
neers, Vol. 5, No. 6, Part 1, pp. 727-768.

Vu, T. — Loehr, E. — Smith D. (2018) Probabilistic analysis and
resistance factor calibration for deep foundation design using
Monte Carlo simulation. Helion, Elsevier. Vol. 4, No. 8, pp.
1-18. DOI: 10.1016/j.heliyon.2018.¢00727

Won J.Y. (2009). 4 probabilistic approach to estimate one-dimen-
sional consolidation settlements. Proc. of the 17th Intern. Conf.
on Soil Mechanics and Geotechnical Engineering. — Alexandria,
Egypt. pp. 2012-2015. DOI: 10.3233/978-1-60750-031-5-2012

Zhang, L.M. — Ng, M.Y.A (2005) Probabilistic limiting tolerable dis-
placements for serviceability limit state design of foundations. Géo-
technique 55(2), pp. 151-162. DOIL: 10.1680/geot.2005.55.2-151

Zhang, L.M. — Ng, M.Y.A (2007) Limiting tolerable displacements
and angular distortion for building foundations. Geotechnical
Special Publication, No. 170. DOI: 10.1061/40914(233)18

42 ASSESSMENT OF THE PROBABILITY OF EXCEEDING THE LIMITING DEFORMATIONS OF...



§ sciendo

Slovak Journal
of Civil Engineering

Vol. 31,2023, No. 3,43 - 48
DOI: 10.2478/sjce-2023-0019

EXPERIMENTAL STUDY ON CONCRETE BY ADDING

POLYESTER FIBRES

Nirmala D. B", Akshay Angadi’

Abstract

There are increased innovations in the field of concrete because
there are endless opportunities for innovative materials, techniques,
applications, and design. Today’s construction industry is looking
for cost-effective materials to improve the strength of concrete
structures. As a result, an attempt has been made in the current
research to investigate the impact of adding polyester fibres (Re-
cron 3s) to concrete. Fibres improve concrete's tensile and flexural
strength, fatigue properties, durability, shrinkage properties, impact
and erosion resistance, and serviceability. Polyester fibres (Recron
3s) are micro fibres; they contribute to enhancing the resistance of
concrete to shrinkage and cracking and also help to improve me-
chanical properties such as the flexural / split tensile and transverse
strength of concrete along with improvements in abrasion and im-
pact strength. An experimental study was done using a M30 mix
design. Polyester fibres (Recron 3s) were used in the concrete with
varying dosage rates of 0.50 kgs / cu.m - 2.00 kgs / cu.m. This study
describes the enhancement in the strength of the M30 grade mix
concrete by the addition of polyester fibres (Recron 3s) in the pro-
portions of 0.5, 1, 1.5, 2.0kg/cu.m, and M30 concrete with varying
dosages of the polyester fibres (Recron 3s) were mixed and cast.

1 INTRODUCTION

The Industrial Revolution, industrial growth, and rapid popu-
lation growth have all contributed to increases in the demand for
construction materials in recent decades. Because of its economy,
durability, strength, and flexibility in moulding to any desired shape
and size, concrete plays an essential role as a construction material
primarily for building, and its demand as a basic building material
in construction is increasing. In all types of civil engineering proj-
ects, concrete is one of the most important building materials. Since
concrete’s adoption as a building material, numerous studies and
research have been conducted to improve its quality, strength, and
durability. Simultaneously, efforts are being made to reduce the cost
of concrete construction when compared to other materials.
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Concrete is a material made up of cement, water and fine
and coarse aggregates; it has a high compressive strength but a
low tensile strength. There are two methods for dealing with low
tensile strength, i.e., reinforcing and pre-stressing. Because of
its many valuable properties, such as high compressive strength,
stiffness, low thermal and electrical conductivity, and low com-
bustibility and toxicity, concrete is used in a variety of innovative
designs. Secondary reinforcement in concrete has recently gained
popularity in a variety of fields, providing a solid technical foun-
dation for addressing these flaws. Polyester fibre has been one of
the most successful commercial applications. Recron 3s is a new
generation secondary reinforcement for the construction industry.
Recron 3s polyester fibre improves the homogeneity of concrete
by reducing aggregate segregation. It reduces shrinkage cracks/
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micro cracks and increases the ductility and the compressive,
tensile and flexural strength by reducing water permeability. The
addition of small, closely spaced, uniformly dispersed fibres to
concrete has long been recognised as a way to improve its static
and dynamic properties while also providing crack resistance.

Fibre-reinforced concrete (FRC) is defined as “concrete that
contains fibrous material to improve structural integrity.” It is
made up of short discrete fibres that are uniformly distributed and
randomly oriented. Furthermore, the character of fibre-reinforced
concrete varies, depending on the concrete, fibre materials, geom-
etries, distribution, orientation, and densities used. Steel, glass,
synthetic and natural fibres are among the various types of fibres
used in concrete, each of which lends varying properties to the
concrete.

This study describes enhancement in the strength of a M30
grade mix concrete by the addition of polyester fibres (Recron
3s) in the proportions of 0.5, 1, 1.5, 2.0kg/cu.m and M30 concrete
with varying dosages of polyester fibres (Recron 3s), which were
mixed and cast. The total mix proportion for this investigation
involves five mix proportion samples: Mix proportion one is a
normal M30 concrete mix without any polyester fibre (Recron
3s). The second mix proportion is an M30 concrete mix with a
dosage of 0.5kgs/cu.m polyester fibre (Recron 3s). The third mix
proportion is an M30 concrete mix with a dosage of 1.0 kgs/cu.
polyester fibre (Recron 3s). The fourth mix proportion is an M30
concrete mix with a dosage of 1.5kgs/cu.m polyester fibre (Re-
cron 3s). The last mix proportion is an M30 concrete mix with a
dosage of 2.0kgs/cu.m polyester fibre (Recron 3s). The aim of the
present investigation is to study the workability parameters of an
M30 grade of fresh concrete using the slump cone, compaction
factor, and Vee-bee time tests. The moulds were cast for 7, 28 and
56 day strength parameters from each mix proportion. The fresh
and mechanical properties of the concrete with polyester fibres
(Recron 3s) are compared with normal concrete properties.

2 EXPERIMENTAL PROGRAM

2.1 Material Properties

A. Cement — The cement used was OPC 53 grade cement.
There should be no lumps in the cement. Ordinary Portland ce-
ment of grade 53, which complies with IS 12269 (1987), was
used, and it had a fresh, uniform consistency. If there is any for-
eign matter or lumps, it should not be used. The cement should be
kept as dry as possible.

Tab. 1 Physical properties of cement

Sl no Physical properties Results
1 Specific gravity 3.13
2 Standard consistency 29.5%
3 Initial setting time 60 min
4 Final setting time 270 min

B. Fine aggregate - M-sand conforming to zone II and pass-
ing through a 4.75mm IS sieve was used as a fine aggregate. The
physical properties of the fine aggregates were tested as per IS:
383-2016.

Tab. 2 Physical properties of fine aggregate

Sl no Properties Results
1 Specific gravity 2.67
2 Water absorption 2.14%
3 Fineness modulus 3.47
4 Sieve zone Zone 11

C. Coarse aggregate - The size of the coarse aggregates was
20 mm passing and 4.75 mm IS sieve - retained coarse aggregates.
IS: 383-2016 code is referred to for the coarse aggregate.

Tab. 3 Physical properties of coarse aggregates

Sl no Properties Result
1 Specific gravity 2.79
2 Water absorption 0.4%
3 Fineness modulus 6.9
4 Aggregate impact value 26.2%
5 Aggregate crushing value 26.8%

D. Polyester fibre (Recron 3s) — Triangular virgin polyester
fibre, which is manufactured by Reliance Industries Limited, is
called Recron 3S polyester fibre. For use in concrete, Recron 3S
fibres are manufactured in an ISO 9001:2000 facility. ASTM C
1116 was met by the fibres.

Tab. 4 Properties of polyester fibre (Recron 3S)

Sl no Properties Specification
1 Shape Triangular
2 Cut length 12mm
3 Effective diameter 20-40 microns
4 Specific gravity 1.34-1.39
5 Elongation 60-90%
6 Melting point 250-265 deg.C
7 Tensile strength 4-6 Gpd
8 Young’s modulus >5000 Mpa

E. Water - The water used for the mixing was clean and free
of any organic matter or harmful solutions that could cause the
mortar to deteriorate and lose its properties. It is not a good idea
to use salt water. The water used for both mixing and curing the
specimens should be the same.

F. SP-430 dis — Conplast SP 430 dis super plasticizer was used
as the chemical admixture.

2.2 Mix Design and Mix Calculations

The process of choosing the right concrete materials and fig-
uring out their ideal proportions in order to manufacture con-
crete that meets certain compressive strength requirements and
has a desirable degree of workability as economically as possible
is known as concrete mix design. As per IS: 10262-2009, the
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mix design of the concrete was performed. M30 grade concrete Slump test comparison graph
was adopted for the mix proportion. The water / cement ratio 80
adopted was 0.45. The mix proportion of the M30 grade concrete 70
1:2.1:3.7 was calculated as per IS: 10262-2009. Conplast SP-430 60

dis plasticizer was used as the chemical admixture. The total mix g ¢,
proportion for this investigation involved five mix proportion 20
samples: Mix proportion one was a normal M30 concrete mix

. . 30
without any polyester fibre (Recron 3s). The second mix pro- 20
portion was an M30 concrete mix with a dosage of 0.5kgs/cu.m 10
polyester fibre (Recron 3s). The third mix proportion was an M30 o

0 0.5 1 1.5 2

concrete mix with a dosage of 1.0 kgs/cu. polyester fibre (Recron
3s). The fourth mix proportion was an M30 concrete mix with a
dosage of 1.5 kgs/cu.m polyester fibre (Recron 3s). The last mix Mix design (M)

proportion was an M30 concrete mix with a dosage of 2.0kgs/ Fig. 1 Comparison of the slump with the different concrete mixes
cu.m polyester fibre (Recron 3s). For each mix, nine cubes (150
x 150 x 150 mm size), nine cylinders, (150 x 300 mm size), and
nine prisms (100 x 100 x 500mm size) were cast to determine the

Slump valu in mm

Tab. 7 Slump test results

compressive, split tensile and flexural strength of the concrete Concrete Slump Degree of workability
for each mix. mix (mm) as per IS 456:2000
M-0 73 Medium
Tab. 5 Mix design M-05 63 Medium
Particulars Quantity M-1.0 59 Medium
W/C ratio 0.45 M-1.5 51 Medium
Cement 340kg/m? M-2.0 44 Low
Fine aggregate 728kg/m?
Coarse aggregate 1272kg/m? .
3.2 Compaction factor test
Water 1541tr
Chemical Admixture SP430 dis The compaction factor value for conventional concrete mix is 0.88,

and the degree of workability is medium. The compaction factor value
decreases as the fibres added to the concrete mix increase. A compar-

Tab. 6 Di t mix desi, . . .
N ifferent mix designs ison of the compaction factor values are shown in the graph below.

Designation Description Tab. 8 Compaction factor test results
M-0 Conventional concrete mix Conerete mix Compaction factor Degree of
M-0.5 Concrete mix containing 0.5kg/m3 of polyester fibres value workability
M-1.0  |Concrete mix containing 0.5kg/m3 of polyester fibres M-0 0.88 Medium
M-1.5  |Concrete mix containing 0.5kg/m3 of polyester fibres M-1 0.87 Medium
M-2.0  |Concrete mix containing 0.5kg/m3 of polyester fibres M-2 0.85 Medium
M-3 0.83 Medium
M-4 0.82 Low

3 RESULTS AND DISCUSSION

Compaction factor test comparsion graph

3.1 Slump test
0.89

. . . 0.88
The designed slump value for conventional concrete is 75 mm

as per IS 10262:2009. The slump value obtained for conventional

0.87
0.86
concrete is 73 mm; it was acceptable as per the design. The de- 8:22
gree of workability of conventional concrete is medium as per IS 5 0.83
456:2000. As polyester fibres were added to the conventional con- g-gi
crete mix in 0.5, 1.0, 1.5 and 2.0 kg/m? proportions, the slump val- 08
ues were 68, 59, 51 and 44 mm simultaneously. With the increase 8.33 l
0 0.5 1 1.5 2

in the percentage of polyester fibres, the slump value decreased as

shown in Table 7. The concrete mix with 2.0kg/m? polyester fibres

as the lowest slump value and the degree of workability of the mix Mix design (M)

was also low as per the code. Fig. 2 Comparison of the compaction factor with the different
concrete mixes

Compaction factor
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3.3 Compressive strength test of the concrete

The M30 mix design was adopted. The compressive strength
of conventional concrete at 28 days of curing is 34.96 N/mm?>.
Concrete containing 0.5, 1.0, 1.5 and 2.0 kg/m® of polyester fibres
possesses 36.54, 40.06, 35.03 and 35.67 N/mm? of compressive
strength at 28 days respectively. A concrete mix containing 1kg/
m® of polyester fibres has more compressive strength than oth-
er mixes. It has 14.58% more compressive strength than a con-
ventional mix at 28 days’ strength. Beyond that, the compressive
strength is reduced as the amount of polyester fibre increases. The
M-2.0 concrete mix has a lower compressive strength than the
conventional mix at 28 days. It decreased 13.13% from the con-
ventional concrete.

Tab. 9 Compressive strength test results

Split tensile strength of concrete at 28 days
3.7
3.6
35
3.4
33

3.2
3.1
3
2.9
2.8
0 0.5 1 15 2

Concrete mix (M)

Split tensile strength
(N/mm?2)

Compressive strength of concrete (N/mm2)
Conerete Fig. 4 Comparison of split tensile strength with different
Mix 7 days 28 days 56 days ig. 4 Comparison of split tensile strength with differen
concrete mixes
M-0 24.07 34.96 35.31
M-0.5 24.44 36.54 37.02
VL0 2770 40.06 4067 Tab. 10 Split tensile strength test results
M-1.5 24.74 35.48 36.14 Concrete Mix Split tensile strength of concrete (N/mm?)
M-2.0 23.11 30.37 31.33 No. of days 7 days 28 days 56 days
M-0 2.69 3.13 3.27
Compressive strength of concrete at 28 days M-0.5 2.98 3.27 3.47
4 M-1.0 3.13 3.60 372
40
M-1.5 2.92 3.30 3.41
M-2.0 291 3.23 333

Compressive strength (N/mm?2)

o wu

35
30
25
20
15
10
0 0.5 1 1.5 2

Concrete mix (M)
Fig. 3 Comparison of compressive strength with different
concrete mixes

3.4 Split tensile strength test of concrete

The split tensile strength of conventional (M-0 mix) concrete
at 28 days is 3.13 N/mm?. The M-0.5, M-1.0, M-1.5 and M-2.0
concrete mixes possess 3.27, 3.60, 3.30 and 3.23 N/mm? of split
tensile strength at 28 days respectively. The M-1.0 concrete mix
has 15.02% more split tensile strength compared to the conven-
tional mix. The M-1.5 and M-2.0 concrete mixes show that as
the fibre content increases, the tensile strength decreases, but the
tensile strength does not decrease below the conventional mix
strength.

3.5 Flexural strength test of concrete

The flexural strength of the five concrete mixes at 28 days was
491, 5.15, 6.08, 5.35 and 4.60 N/mm? respectively. The M-1.0
concrete mix had 23.9% more strength than the conventional
concrete. The flexural strength increased as the fiber content in-
creased up to the M-1.0 mix; beyond the M-1.0 concrete mix,
as the fibre content increased, the flexural strength reduced. The
M-2.0 concrete mix had 6.3% less flexural strength than the con-
ventional mix at 28 days.

Tab. 11 Flexural strength test results

Concrete Mix Flexural strength of concrete (N/mm?)
No. of days 7 days 28 days 56 days
M-0 3.57 491 5.33
M-0.5 3.94 5.15 6.19
M-1.0 4.70 6.08 6.74
M-1.5 3.84 5.35 5.65
M-2.0 3.40 4.60 5.30
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Flexural strength of concrete mixes at 28 days

7
6
5
4
3
2
1
0
0 0.5 1 15 2

Concrete mix(M)

Flexural strength (N/mm?2)

Fig. 5 Comparison of flexural strength with different concrete
mixes

4 CONCLUSION

After analysing the results, it was possible to draw some in-
sightful conclusions about the strength properties of the fibre add-
ed to the concrete for the M30 concrete mix. The investigation of
the strength characteristics of the properties of the fibre added to
the concrete leads to the following conclusions:

As the polyester fibre content increased in the concrete mix,
the slump value decreased. The workability of concrete is mea-
sured from the slump value. Hence, it can be concluded that with
the increase in fibre content in the concrete mix, the workability
of the concrete decreases.

The workability of concrete is also measured from the com-
paction factor test: as the compaction factor value declines, the
workability of the concrete reduces. Here, the compaction factor
values decline as the polyester fibre content increases in the con-
crete mix; therefore, the workability of the concrete declines as
the polyester fibre content increases in the concrete mix.

As can be seen from the experimental results, the optimum
polyester fibre content of 1.0 kg/m? is recommended for achieving
the maximum benefits. A 1.0 kg/m? concrete mix containing poly-
ester fibre possesses more compressive, split tensile and flexural
strength compared to the other fibre - containing concrete mixes
and the conventional mix. The 1.0 kg/m? polyester fibre - added
concrete mix has a lower slump value and compaction factor val-
ue than the conventional mix; however, this lies within the range
of the design, so the addition of 1.0 kg/m* polyester fibre to the
concrete mix is an optimum value compared to the other mixes.

The compressive strength of the M30 at 28 days increased
with the addition of the polyester fibre compared to the conven-
tional concrete. The 0.5, 1.0 and 1.5kg/m? fibre - containing con-
crete mixes have 4.52%, 14.58% and 1.5% increased compressive
strength compared to the conventional concrete, but the 2.0kg/
m?® fibre-containing concrete mix has 13.13% less compressive
strength compared to the conventional concrete. The 1.0kg/m?
polyester fibre - containing concrete has the highest compressive
strength; beyond that, as the fibre content increases, the compres-
sive strength is reduced.

The split tensile strength of the concrete containing 1.0kg/m?
of polyester fibre shows 15.02% more strength than the conven-
tional concrete. Beyond that, the additional fibre reduces the split
tensile strength, but not below that of the conventional tensile

strength. The 1.0kg/m? polyester fibre - containing concrete has
optimum strength values compared to the other concrete mixes.
Our study of a conventional concrete mix with polyester fibre
added to the mix has revealed the superiority of the 1.0kg/ m* of
polyester fibre - added concrete by showing an increase of 23.9%
flexural strength at 28 days. As the addition of fibre increases
beyond 1.0kg/m?, the flexural strength is reduced. The 1.0kg/m?
polyester fibre- containing concrete has the maximum flexural
strength compared to the other mixes, and it is recommended as
the optimum value to be added to concrete for maximum benefits.
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Abstract

The production of plastics and the associated increasing amount of
plastic waste is currently a serious environmental problem that has a
negative impact on the environment. It is necessary to develop new
methods of recycling and also solutions for the further use of already
recycled plastics. Thus far, a lot of research has been devoted to this
issue, which focuses on the effective recycling and reuse of recycled
plastic in the construction sector. One of the possibilities is the appli-
cation of a filler substitute in concrete, which is an economically and
ecologically advantageous solution that ensures optimal thermal
insulation and acoustic properties. The aim of this study was to ana-
lyze the potential replacement of conventional aggregates in light-
weight concrete, with a filler made of recycled plastic with a lower
bulk density. In the research, wood chips were used in combination
with recycled waste fillers including polystyrene (SE), polyethene (SP),
and polyurethane foam (SU) in ratios of 1:3, 1:1, and 3:1 as an alter-
native to conventional filler. Concrete composites from these mate-
rials were prepared and characterized by their bulk density, thermal
conductivity and compressive strength parameters.

1 INTRODUCTION

The production of vast amounts of waste worldwide is a grow-
ing problem for the environment, and issues involving its disposal
and storage need to be effectively addressed. One of the significant
problems related to waste generation is the excessive production of
plastic, which causes an enormous amount of waste (about 6,5 bil-
lion tonnes worldwide). Its primary raw material is fossil fuels (ap-
proximately 10% of fossil fuels), which causes pollution associat-
ed with oil extraction. Plastic waste is currently recycled, burned
in various incinerators, and disposed of in landfills. Recycling is a
complex process that has certain limits and is not sustainable, so
the disposal and incineration of waste is still the preferred process.
Available statistical data show that around 51% of plastic waste is
buried; 27% is incinerated; and 22% is recycled (N. Saikia & J.
De Brito, 2012). The ill-conceived disposal and storage of plas-
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tic waste now require more innovative and efficient solutions that
consider the consequences of excessive environmental pollution
due to the long-term degradation of plastics. The greatest threats
we are experiencing today are damaged ecosystems, polluted seas
and oceans, and endangered coral reefs, along with the pollution of
the atmosphere, groundwater, and the overall environment.

In construction, concrete is one of the most used materials, main-
ly due to its simplicity, strength, durability, and adaptability. As one
of the main components of concrete, cement production produces a
large number of greenhouse gases, which also contribute a large part
to climate change. The search for environmentally friendly alterna-
tive solutions that can replace natural resources with other recycled
materials has been the subject of much research (C. Jacob-Vaillan-
court & L. Sorelli, 2018; M. Batayneh et al., 2007). The application
of recycled plastics is valuable, for example, in lightweight build-
ing materials, where they can replace the aggregates in concrete.
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Concrete containing different types of plastic granules differs from
ordinary concrete in that they reduce concrete’s bulk density and im-
prove its thermal insulation properties. This idea has more positives,
e.g., protecting natural resources, reducing greenhouse gas produc-
tion, reducing energy costs, reducing the amount of plastic waste
in landfills, and improving the sustainability of natural resources.
Some research reports that the use of plastic waste in concrete has
an impact on its energy absorption and concrete’s impact strength
(I. Almeshal et al., 2020; S. Bahij et al., 2020; L. Gu & T. Ozbak-
kaloglu, 2016; N.Saikia & J. de Brito, 2012). The main challenge
is to improve the physico-mechanical properties of such kinds of
concrete, where resistance and compressive strength are still a major
problem. Fire resistance, durability, and time-dependent properties
are also monitored. Currently, various types of recycled materials
are used for thermal insulation and acoustic purposes, including, for
example, recycled glass foam, cotton, textile fibers, etc. As for plas-
tic waste, polyester fibers made from recycled PET bottles are an
adequate component for the thermal insulation of buildings. (Fran-
cesco Asdrubali et al., 2015; N.Saika & J. De Brito, 2012).

This research is mainly aimed at finding the most straightfor-
ward possible alternatives to lightweight concrete using recycled
plastics and wood chips as fillers. The mixtures studied contained
recycled waste polystyrene, polyethylene and polyurethane foam;
they were mixed with wood chips in individual proportions (Ta-
ble 1). Test samples of lightweight concrete were made from the
above-mentioned materials; after 28 days, their bulk density, co-
efficient of thermal conductivity, and dependence on compressive
strength were analyzed. The primary purpose of combining wood
chips and recycled plastic waste in a cement composite was to find
the variant with the lowest bulk density with respect to mechanical
and thermal-technical properties. The principle of the experiment
consisted in the use of plastic waste as a filler for lightweight con-
crete in order to achieve an ecologically and economically avail-
able material.

2 METHODOLOGY

The measurements took place in a laboratory environ-
ment, where standardized procedures for sample produc-
tion and corresponding measurements were maintained (EN
206:2013+A2:2021). The percentage and volume values of the
individual proportions of the materials used were determined in
advance. Three types of recycled pastes were used as filler in
combination with wood chips. The samples were made specifical-
ly from recycled polyethylene, recycled polyurethane waste, and
recycled expanded polystyrene (Fig. 1).

2.1 Materials

Wood chips are an easily available and processable material that
contributes to the woodworking industry. Materials of a plant or-
igin are able to regulate the surrounding climate and have a good
synergy with the external environment. The positive properties of
wood chips include their low bulk density (ranging from 100 to 300
kg/m?® depending on the moisture content and type of wood), good
thermal insulation properties (the thermal conductivity of wood
chips is 0.038 W.m!. K), a good ratio of compressive strength
to tensile strength after bending, and a good sound absorption co-
efficient. The negative properties of wood chips are large volume
changes due to humidity, low compressive strength, large shrinkage,
and creep (Zdenck Pastorek et al., 2004). Polyethylene is a thermo-
plastic polymer, the production of which varies, depending on the
required physical and mechanical properties of the final product. It
is characterized by thermal stability, high strength and low density.
Depending on the type of polyethylene, its density varies, mostly
in the range of 900 - 980 kg.m (Alejandro Meza de Luna and Faiz
Uddin Ahmed Shaikh, 2020). Expanded polystyrene belongs to the
group of foam plastics with a closed surface, and its density ranges

Fig. 1 a) Recycled polyethene fraction 4/8 mm, b) Recyclate from waste polyurethane fraction 4/8 mm, c) Recycled from expanded polystyrene

fraction 4/8 mm, d) Wood chip fraction 4/16

50 PREPARATION AND MODIFICATION OF CHIP-CEMENT WOODEN COMPOSITES BASED ON...



Slovak Journal of Civil Engineering

Vol. 31,2023, No. 3,49 - 54

from 11 - 32 kg.m?. It is produced by polymerization of the chem-
ical substance styrene and is obtained industrially from petroleum
(Wensu Chen et al., 2015). A universally usable material is polyure-
thane foam, which has a low coefficient of thermal conductivity and
represents good thermal insulation properties. It does not burden a
building during insulation due to its low density (soft foams from 15
to 70 kg.m?, hard foams from 10 up to 600 kg.m~) and bulk density;
it also has good mechanical strength. It is characterized by excellent
sound insulation and fire resistance and keeps its properties constant
and unchanging. The recycling of this material takes place by crush-
ing it into smaller parts and subsequently processing it (Gama V.
Nuno et al., 2018). The experiment was supplemented with 100%
of the mixing value from previous research with the same amount
of cement and water to the water and cement ratio (M. Ledererova
et al., 2018). The recipe of the individual mixes is shown in Table
1. In the experiment, Portland cement CEM II/B-M (S-LL) 32.5 R
with the characteristics declared by the manufacturer was used for
the production of the test samples (EN 197-1:2011). Samples of the
lightweight concrete with a constant water-to-cement ratio of w/
¢=0.5 and a constant dose of cement of 175 kg.m™ were produced.

Tab. 1 Composition of individual mixtures with a water coefficient
of 0.5

Filler ratio
A component of concrete Amount during production in kg/l
1:0 31 1| 13 | o4
Cement 0,75 kg
H20 (w/c=0,5) 0,351
Wood chips + SE 41 31 21 11
Polystyrene (EPS) 11 21 31 41
Wood chips + sp 41 31 21 11
Polyethylene (PE) 11 21 31 41
Wood Chips + 41 31 21 11
Polyurethane foam SU
(PUR) 11 21 31 41

2.2 Preparation of samples

Cube-shaped samples (100 mm x 100 mm x 100 mm) were fab-
ricated under laboratory conditions with the appropriate equipment.
Before the actual production, the preparation of the moulds, nec-

essary materials, and tools was carried out. According to the pre-
scribed amount, an exact amount of filler, cement and mixed water
was measured; they were first mixed in a dry state, and then wa-
ter was added. After thorough mixing was conducted, the mixture,
which was filled in three layers into moulds, was prepared (Fig.2).
Each layer was separately compacted according to the standard (EN
206:2013+A1:2018). This procedure was repeated during the prepa-
ration of each mixture. The three filled moulds were subsequently
stored in a humid environment for 48 hours. The samples were then
demoulded, marked with appropriate marks, and stored in a place
with relative humidity (¢ > 95 %) for 28 days.

2.3 Properties and methods tested

One of the properties observed was the bulk density given by
the ratio of the mass of the material without voids and pores to
the total volume of the material. It was evaluated on the test sam-
ples of each mixture after 28 days by measuring the necessary
parameters and then calculating the bulk density. The decisive
factor in the resulting bulk density was the weight of the cement
binder and, above all, the weight of the filler, where the ratio of
the number of wood chips with a given granulate of recycled plas-
tic changed. Generally, the values of the bulk density decreased
as the proportion of recycled plastics and fillers increased. In the
case of the expanded polystyrene combination (SE), the volumes
and the mass gradually decreased from 420 kg.m™ to the lowest
value of 260 kg.m?. When combining the wood chips with the

mSE mSP mSU mWood chips
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& 500
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~ 40 31 11 13| 04|31 11 13 04 31 11 13 04
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wood
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WCH WCH+EPS WCH +PE WCH +PUR

Fig. 3 Dependence of the bulk density on the type and ratio of filler

used.

Fig. 2 The mixture of fresh concrete and moulds filled with the manufactured samples
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polyethene (SP) and polyurethane foam (SU), the increase in vol-
ume was assessed at different ratios (1:1 versus ratios of 3:1 and
1:3), where their bulk density were recorded. This fact may also
be attributed to the processing of the mixture.

Another parameter studied was the basic thermal character-
istics, which were evaluated on the test samples at the age of 28
days using the Isomet 2114 instrument with a surface probe with
a measuring range of 0.04 - 0.3 W.m'.K"!. The main parameter
observed was the thermal conductivity coefficient. The measure-
ment was carried out in a laboratory environment with a tempera-
ture of about 20 °C and relative humidity of ¢ = 60 %. The re-
sults showed that as the proportion of plastic recyclate increased,
the coefficient of the thermal conductivity values gradually de-
creased. Regardless of the filler used, the resulting values ranged
from 0.066 to 0.129 W.m"'.K"!, and their course corresponded
with the results of the bulk density calculations (Fig.4).
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Fig. 4 Dependence of the coefficient of thermal conductivity on the
type and ratio of the fillers used.

The last aspect observed was the tension at the specified defor-
mation, which determines the ability of the material to withstand
pressure loads. The test samples were centrically placed between
the printed plates of the hydraulic press and perpendicular to the di-
rection of the concrete compaction (Fig.5). By pushing the plates,
a smooth sample load was gradually developed, where at specified
deformations of 2.5; 5; 7.5 and 10%, the magnitude of the force
load applied was recorded. The resulting value of the voltage mag-
nitude was obtained using a formula based on the recorded values.

Fig. 5 Test sample stored in a hydraulic press: a) before loading; b)
after loading.

The amount of the deformation of the individual samples
mainly depended on the changing proportions of the amount of
filler used and on its properties. The results of the strength char-
acteristics are shown in Fig. 6. The compressive strength or the
stress during deformation gradually increased with the increasing
content of the plastic filler. The values of the maximum stresses,
regardless of the filler used, ranged from 0.18 to 0.67 MPa, while
the test samples with a 100% chip dosage reached a maximum
stress of 0.76 MPa. The composites with filler based on polyure-
thane foam took a different course, i.¢., the highest values of com-
pressive strength at a specific strain were manifested at a filler
dose of 1:1, namely 0.67 MPa. With the other doses (1:3 and 3:1),
the compressive strength was almost identical.

3 RESULTS AND DISCUSSION

The concrete composites prepared were characterized by their
bulk density, thermal conductivity coefficient, and compressive
strength at a specific deformation. The purpose of using recycled
plastic aggregate in combination with wood chips was to reduce
the bulk density of the lightweight concrete, where the characteris-
tics of the samples were monitored at different filler ratios. The pri-
mary goal of the experimental research was to find a combination
of plastic recyclate with wood chips in a specific ratio, the resulting
bulk density of which reaches the lowest values when taking into
account the thermo-physical properties. The results showed that
the amount of plastic material used significantly affects the moni-
tored properties of the light chip-cement composites. As their pro-
portion increased, the specific gravity of the composites decreased,
which means that the lowest volume values were achieved by sam-
ples with 100% filler content made from recycled plastic. This was
due to the significant weight and the difference in proportion be-
tween the recycled plastic waste and wood chips. Also, the varying
compactibility, absorbency, porosity and volume changes of the
materials had an impact on the resulting parameters of the samples.
The lowest value was achieved with sample SES with the EPS
used, namely, 260 kg.m>. Conversely, samples with 100% filler
content from chips had the highest value, where the value reached
500 kg.m?. This fact can be attributed to the method of processing
the mixture, where it concerned the method of placing the mix-
ture in the mold and the structure of the filler used. The coefficient
of thermal conductivity took a similar course as the bulk density.
It also turned out that the most optimal values were achieved by
the samples with a filler content from recycled EPS, 0.066 W.m.
K!. The resulting thermal characteristics were affected by the ther-
mo-physical properties of the individual materials, which changed
the overall character, depending on the amount used. In contrast
to the bulk density, the combination of wood chips and polyure-
thane foam in a ratio of 1:1 with a value of 0.1293 W.m™!. K was
the most unfavorable. The compressive strength at a specific strain
reached the lowest value for the pure polyurethane foam, where it
was 0.18 MPa at a 10% deformation. Conversely, the highest val-
ues were for the composites with a combination of filler based on
polyurethane foam in combination with wood chips in a 1:1 ratio,
where the resulting value was 0.67 MPa at a 5% deformation and
also at a 100% wood chip content with a value of 0.76 MPa at a
2.5% deformation. This parameter was dependent on the elasticity,
resistance, strength, and the structure of the material. The higher
the elasticity of the material, the greater the ability of the sample to
return to its original shape and resist the pressure applied.
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u2,50%

u5%

Stress during deformation [MPa]

7,50%

10%

WCH+EPS
WCH+polyethylene SU4  sus
WCH+polyurethane
foam
WCH WCH+EPS WCH+polyethylene WCH+polyurethane foam
100% SE2 SE3 SE4 SE5 SP2 SP3 SP4 SP5 SU2 SU3 SU4 SU5
4.0 3:1 1:1 1:3 0:4 3:1 11 1:3 0:4 3:1 11 1:3 0:4
m250% 0,76 048 059 057 022 027 04 036 025 041 066 037 0,19
u5% 0,72 048 059 058 026 028 041 038 025 043 067 041 0,18
750% 069 047 059 058 028 028 042 041 026 041 061 04 0,18
10% 0,67 046 06 06 029 028 042 042 027 04 058 0,39 0,18

Fig. 6 Dependence of the compressive strength at a specified strain on the type and ratio of filler used.

4 CONCLUSION

The construction industry is one of the most developed in-
dustries that is constantly advancing and looking for innovative
technologies to minimize the energy load and decrease environ-
mental pollution. This is an excellent prerequisite for the appli-
cation of recycled plastics to building elements from economic
and ecological points of view. However, the disadvantage is the
deterioration of the quality of plastics during recycling. For this
reason, improving the physical-mechanical and thermal-technical
properties of other composites is necessary for their full use in
construction. This article deals with the usability of three types
of recycled plastic waste (EPS, PE, PU) as an alternative substi-
tute for coarse aggregate, which was combined with wood chips
in specific proportions. It can be concluded from the experiment
that a larger proportion of plastic aggregates in the sample had an
effect on reducing its bulk density. The lightest alternative was the

sample with a filler containing only recycled EPS; on the contrary,
the component with a pure dose of wood chips achieved the high-
est bulk density. This resulted from the weight and physical prop-
erties of the individual materials, where all three types of plastic
aggregates used had a lower bulk density than the wood chips in
100% doses. The use of such materials in load-bearing construc-
tions has a good future in terms of reducing their bulk density
and improving their thermal insulation properties. The problem
could be lower compressive, tensile, and bending strengths and
resistance to environmental influences, regardless of the type of
recycled plastic used. Therefore, further research is needed in this
area. However, it can be concluded that classic solid wood can be
partially replaced with recycled plastic in combination with wood
chips, which would mean less plastic waste in the environment. In
practice, this combination of materials could be used, for exam-
ple, in anti-noise walls, load-bearing structural elements, thermal
insulation materials, etc.
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