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SUPPLEMENTARY LIGHTING CONTROL IN OFFICE
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UZUPEENIAJACE STEROWANIE OSWIETLENIEM
W POMIESZCZENIU BIUROWYM O ZMINIMALIZOWANEJ
POWIERZCHNI PRZESZKLENIA

Abstract

The paper is dedicated to present and compare two methods of controlling supplementary
lighting system in office with limited glazing area. The lighting energy demand was evaluated
taking into account positioning of light sensors and room occupancy. Comparison of daylight
conditions in the rooms with different orientations was carried out. The results shows the effect
of occupancy scenario on lighting control strategy.

Keywords: control, daylighting, artificial lighting, simulation, office room

Streszczenie

W artykule przedstawiono dwie metody sterowania uzupeliajacym systemem oswietlenia
w budynku biurowym o ograniczonej powierzchni przeszklenia. Oszacowano zapotrzebowanie
na energi¢ do o$wietlenia, biorac pod uwage rozmieszczenie czujnikow promieniowania oraz
liczbg 0s6b pracujacych w pomieszczeniu. Dokonano poréwnania pomi¢dzy pomieszczeniami
o réznej orientacji. Na podstawie otrzymanych wynikow stwierdzono wptyw uzytkowania
pomieszczenia na strategi¢ sterowania oswietleniem.
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1. Introduction

New artificial lighting technologies e.g. light emitting diode (LED) solution, give a new
possibilities to control light intensity in offices and other public utility buildings occupied
during a day [1]. Some limitations of artificial light intensity as well as shorter operating
time, can lead to lower energy requirements. These savings are possible to be achieved
through selected control strategies, when daylight is mixed with electrical light [2]. However,
in buildings with minimized size of transparent components the daylight utilization is lower
than for highly glazed facades. On the other hand limited surface of glazing also provides
higher comfort level by avoiding of daylight glare effects and heighten solar heat gains [3].

Another issue related with supplementary lighting control is positioning of light sensors.
Their location must be adjusted to the room geometry. Minimized glazing area imposes
additional limitations. Furthermore, lighting in larger offices often works in groups, what
further complicates sensor positioning [4].

The presented study was devoted to find the appropriate control strategy for supplementary
artificial lighting in office rooms dedicated for work with computer. Additionally, changeable
occupancy and daylight accessibility were taken into account. Finally, the energy which is
necessary to power supplementary lighting system was measured and correlated with a sensor
positioning.

2. Supplementary lighting control

As supplementary lighting the most commonly used are lights with the low power
consumption, because such systems have to operate only periodically. Additionally, to achieve
greater accuracy lighting should be able to work on the different levels of intensity [5].
Artificial light should have an ability to brighten or to dim for several levels. It is necessary to
provide precise response to the continuously changing daylight conditions. Because of these
two characteristics as supplementary lighting LED systems are the most suitable choice, they
are a control subjects of this work.

Electric lights can be controlled according to the availability of natural daylight. When
lighting control is switched on, illuminance levels are calculated to determine how much
the electric lighting can be reduced. The daylight illuminance level in a zone depends
on many factors, including sky condition, sun position, light sensor position, as well as glass
transmittance, location and size of window, window shades and reflectance of interior
surfaces. Reduction of electric lighting depends on daylight illuminance level, illuminance
set point, fraction of zone controlled and type of lighting control [6].

Two control strategies were analysed in this work: linear/off and stepped models. With
linear/off control, the lights dim continuously and linearly from maximum electric power,
maximum light output to minimum electric power, minimum light output as the daylight
illuminance increases. The lights switch off completely with further increase in the daylight
illuminance. Linear/off control provides an idealised lighting control mechanism. Stepped
control allows to switch lighting on/off according to the availability of natural daylight
in discrete steps. Whereas the linear/off control provides precisely controlled illuminance by
dimming the lights, the stepped control models blocks of lights switching on/off according to
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the electric lighting requirement. The electric power input and light output vary in discreet,
equally spaced steps. The number of steps can be set individually [7].

A
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= illuminance o
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Fig. 1. Control a) linear/off, b) stepped model

3. Experimental office room

Forthe purpose of the comparative analysis two office rooms were taken into consideration:
one faced east, other west direction. Its dimensions were assumed as 5.0 m length and 3.0 m
width and height. The rooms are painted with light grey colour. They represent typical offices
for work with computer for up to two persons. These rooms used in the analysis are a models
of real offices located at the Lodz University of Technology.

Rooms have only a single window with a minimized window area (1.2 m width and
1.2 m height) estimated based on the maximum UDI and the proper view of the external
environment. During morning hours the west oriented room was lighted by a diffuse daylight
while during afternoon for specific weather conditions also some direct light were available
inside. Opposite situation appears for east oriented room. Because of small window’s surface
during cloudy days it will not provide a necessary access to the daylight. To deal with that
problem the room was equipped with three LED luminaires. They are operating in two groups:
one closest to the window acts as single lamp, two next are coupled. This solution gives an
opportunity to implement a complex control systems described in the previous section.

Rooms are equipped with two light sensors each. Their height is on 0.8 m (working plane),
first is located in the distance of 1.0 m from window, second 1.5 m deeper. It represents
groups of lamps as well as spaces of office workers.

Furthermore, the analysis includes 3 occupancy variants. Scenarios are based on the three
characteristics: occupancy, minimum illuminance required for work and control by the use of
one or two light sensors. It was assumed, that for a single person only one sensor is required,
while for two persons second sensor will be also introduced. Variants with the minimum
required illuminance are listed in (Table 1). Additionally, assumption was made for scenario
111, that work space closer to window does not require 500 lux to meet requirements for work
with computer due to vicinity of window and additional light emitted by computer screen.



The software used for simulation of lighting conditions in rooms was DesignBuilder, which
is developed on Energy Plus, therefore radiosity method was used to calculate effects of light.

Table 1
Office occupancy variants
Occupancy Minimum illuminance [lux]
Name
[Persons] Sensor 1 Sensor 2
Variant [ 1 500 -
Variant II 2 500 500
Variant I1I 2 250 500

4. Results and discussion

In order to examine presented lighting control method, two types of control algorithm
were taken into consideration. Conducted analysis showed that total lighting energy demand
has different values for linear/off and stepped control. In general, power demand obtained for
stepped control method is higher in each case, regardless of chosen occupancy variant. The
major reason is that linear/off is idealized method, that enable to control lighting with perfect
accuracy with amount of daylight illuminance actuated by sensor. On the other hand, stepped
control is closer to typical office LED controls, which do not offer such precision and require
more power to operate.
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Fig. 2. Total lighting energy demand

Furthermore, it can be noted that lighting energy demand values obtained in
calculation differ depending on the occupancy variant. Introduction of second light sensor
and its implementation into control method allow for significant reduction in lighting energy.
What is more, by lowering minimum required illuminance in the working plane closer
to the window another energy savings can be noted. It is positive for both control methods,
however for stepped control differences are much lower.
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Fig. 3. Lighting energy demand for linear/off control

Final analysis was related to office rooms oriented on the east and west. Results (Fig. 4)
show the daylight illuminances actuated by light sensors. It can be noted that east room
receives slightly more daylight, especially in the summer period. Furthermore, sensor
1 located closer to the window acquire more daylight than one placed deeper, therefore
controlling supplementary lighting only on the basis of one sensor may be unreliable and can
lead to insufficiency of light in the further parts of the room.
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5. Summary

Performed analysis showed that selection of an appropriate control strategy for supplementary
lighting has a great impact on the quality of light in office room. Control method should include
indoor daylight conditions, electric lighting should operate only when it is required to reach
necessary illuminance level. Moreover, room occupancy scenario strongly influence control
method as well as the positioning of sensors. For rooms with limited glazing area location of
sensors should be carefully thought, their insufficient number or too large distance between
them may lead to incorrect operation of electric lighting. Furthermore, the proper window
orientation (even with minimized glazing area) may have positive effect on supplementary
lighting system, decreasing its light intensity, therefore reducing energy costs.

Based on the obtained results it was possible to justify the effectiveness of lowly glazed
office buildings considering energy efficiency of indoor lighting. Additionally, the most
proper control strategy could be applied and analyzed taking into account irregular presence
in the office.
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APPLICATION OF THE ACTIVE IR THERMOGRAPHY FOR
THE DETECION OF NON-UNIFORMITY OF MATERIALS
IN BUILDING PARTITIONS

ZASTOSOWANIE TERMOGRAFII AKTYWNEJ DO
DETEKCJI NIEJEDNORODNOSCI MATERIALOWYCH
W PRZEGRODACH BUDOWLANYCH

Abstract

The paper describes the problem of building envelope investigation with active thermography.
Mainly emphasized is its application to detect different material of wall inclusions. Examples of
active thermography application and description of experimental investigation has been shown
on a model envelope, with inclusion of significantly different thermal conductivity and heat
capacity materials; XPS polystyrene, steel and granite. Thermograms received for every kind
of inclusion have been compared and analyzed. Finally, the summary and conclusion have
been shown along with the prospects of development and practical application of this kind of
investigation in construction.

Keywords: building partition, material inclusions, active IR thermography

Streszczenie

Artykut porusza problem wykonywania badan przegrod budowlanych za pomoca termografii
aktywnej. Podkreslono w nim mozliwo$¢ detekcji réznych wtragcen materialowych
w przegrodzie. Praca przedstawia wykonane badanie do$wiadczalne na modelu przegrody,
w ktoérym zamodelowano wtracenia z materialdw o znacznie rdznigcym si¢ wspotczynniku
przewodzenia ciepla tj. styropian XPS oraz stal. Otrzymane termogramy poréwnano ze sobg
i poddano analizie. W podsumowaniu przedstawiono wnioski wraz z perspektywami rozwoju
badan i praktycznego zastosowania termografii aktywnej w budownictwie.
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1. Introduction

Thermography is a form of nondestructive testing, which means that such testing does
not affect the properties of the object being tested and does not interfere with its structure.
The thermovision testing is performed noninvasively, with a contactless method. It uses the
electromagnetic radiation within the wave length of 3.0 < A < 100 um [4], called infrared
radiation or, commonly, thermal radiation. The measurements are made using a thermovision
camera, that records thermal radiation emitted by each object being tested. The signal reaching
the camera is processed into a thermogram, that shows the temperature field distribution over the
surface of the element being tested. The thermovision testing is used in various fields of life and
science, e.g., industry, medicine or in building industry [1, 2, 3]. Both passive and active method
can be used when testing the temperature distribution field on the surface of a building partition.
The former consists of performing the testing without interfering with the thermal processes
occurring within the partition, which is a typical thermovision testing process for buildings.
This method is practical in the heating season only, since the testing requires a difference in
the air temperature at a level of circa 15°C [2]. On the other hand, the active IR thermography
method introduces an additional source of heat/cold, as well as intensive heating/cooling of
the building partition, followed by the recording of thermograms during the cooling/heating
of the partition being tested, performed at certain time intervals. Depending on the type of the
temperature source, the active IR thermography can be split into four types: pulse, modulation,
pulse-phase and vibration [4]. This paper takes a closer look at the application of the pulse
active thermopgraphy in building industry. The paper focuses on the presentation of the model
of a building partition, that was subjected to experimental testing, along with the description of
the built test and its method, followed by the quotation of exemplary test results. A particular
problem with the use of active IR thermography is to achieve uniform heating of a large surface
area along with limited penetration of thermal waves in the thick building partitions.

2. Active IR thermography in the thermal analysis of buildings

The active IR thermography is a relatively young field of science, that became globally
acknowledged in the 80s. In Poland this method has been investigated since ca. 2000. Presently,
various research centres throughout the world conduct work on the development of the active
IR thermography in building industry. An interesting trend of the active IR thermography’s
development seeks to find its application for the contactless investigation of the properties of
building materials to determine their heat conductivity. Another application focuses on the
detection of defects in the tested partitions. This investigation can be particularly helpful in
such building facilities, where more invasive tests are impossible to carry out. The detection
of inclusions and their general location by itself does not pose a problem to the operator of
a thermovision camera. On the other hand, an interesting issue to resolve is to determine the
precise dimensions of such inclusions/defects or their depth, especially on a macro scale
of a building partition. The investigation can be conducted both in the reflection mode (the
camera and the source of temperature are located on the same side of the wall) and the
transmission mode (the camera and the source of temperature are located on two different
sides of the partition).
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3. Adopted partition model and test stand

The building partition model was adopted as an construct comprising two major elements.
The first one constitutes a homogenous material, that reflects the major wall building material.
The other element constitutes material inclusions located inside the partition. A OSB-3 board
type was adopted as a homogenous material, having a heat conductivity amounting to 0.13 W/
m-K. The model partition is made up of 4 board layers of varying thicknesses: 22 mm; 10 mm;
10 mm and 22 mm, successively. Such structure is fitted with 20 mm thick inclusions inside
the model partition. Three different material inclusions, with a considerably differentiated
heat transfer conductivities (steel, XPS polystyrene and granite) were used. Each inclusion is
characterized by a different heat conductivity amounting to: 50.0 W/m‘K for steel, 0.033 W/
mK for polystyrene and 2.80 W/m'K for granite. Each of the inclusions has the size of 100 X
200 x 20 mm. They are located both vertically (steel) and horizontally (polystyrene, granite)
over the whole surface of the homogenous material — an OSB board of 1250 x 1250 mm. The
partition model applied will allow good observation of the temperature field variation during
the test conducted with the active IR thermography. Should the building partition of an order of
20 — 40 cm had been applied from the very beginning, it might have been impossible to notice
the impact of the inclusions in the material in the reflection mode in the initial investigation
conducted with active IR thermography. Conclusions were drawn on the basis of the previously
conducted investigation, where a similar partition of 13 mm was applied on the OSB board [3].
The proposed partition model increases the thickness of the front plate up to 22 mm and at the
same time introduces three different inclusions in the same partition.

thermographic

heat thermographic heat camera
O) el source camera source
inclusions b)
thermo— K
couples 0
0SB R
board eroj temperature
W = readout /record
1500
5 ©

Fig. 1. Schematic of the built test stand. Section of the test stand (a) and its horizontal projection (b)

The schematic of the test stand is shown in Fig. 1. Its core element is the partition model
made of an OSB board with inclusions, around which a 50 cm broad frame of 12 c¢cm thick
polystyrene boards was placed. The whole segment was supported by a layer of polystyrene
boards. The above operation was conducted taking into account the convective heat transfer to
the back of the partition. Without a polystyrene band an uncontrolled heat flow and warming-
up of the other side of the OSB board would take place. A thermovision camera made by
the Flir company, model P65, K type thermocouples, an infrared radiator type FOBO EP
102 of 1.0 kW power (to warm up the partition) and the Ahlborn unit for carrying out the
recording of temperatures and relative humidity of air were used. The camera was placed at
the distance of 1.5 m from the partition being warmed up, while the infrared radiator was set
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at the distance of 50 cm from the OSB board. Beside the recording of the thermograms of
the cooling-down partition, the temperature in the vital places of the tested section was also
recorded by thermocouples.

measurement of thermocoupies

| |

e

10 20 30 40 5O 10 20 30 40 SO 10 20 30 40 SO 10 20 30 40 SO 10 20 30 40 50 10 20 30 40 50
3 4 5 [h]

4

warm—up cooling phase (measurement of thermovision)
phase

Fig. 2. Schematic of the graphic schedule of the conducted test

The thermocouples were placed in alignment over the inclusions and 20 cm from the edge
of the inclusion, 4 thermocouples in each section: on the OSB board surface, on both sides
of the inclusion surface and at the rear of the partition model. As the result, the temperature
distribution in time throughout the section can be observed. The thermocouple wires were
placed in the outer cut-out grooves of the partition boards. Measurements started with the
activation of the temperatures recording from all thermocouples placed on the partition, as
well as the temperatures and relative air humidity. After 10 minutes, the switch-on of the heat
radiator occurred, warming up the board for exactly 30 minutes. Afterwards, the heat radiator
was removed from before the board and the recording of thermograms started, lasting for
a minimum of 4 hours, until a uniform temperature over the partition surface was reached.
The recording of thermograms followed periodically every 1 minute, while the recording of
temperature and humidity values followed every 10 seconds (Fig. 2).

4. Selected experimental results

Figs. 3-4 below present the selected experimental measurements made with
a thermovision camera. The white colour areas show the warmest places, whereas the violet
areas show the coolest places. Fig. 3 (top) shows how — after a time period of 30 minutes after
the start time of the element’s cooling — the zone of warmest temperatures moves over the
defect from polystyrene, that “does not allow” the heat flow to the other side of the partition.
A reciprocal situation (Fig.3 at the bottom) takes place with a steel inclusion. After a time
period of around 30 minutes, a zone of lower temperatures in relation to a homogenous
section without an inclusion is visible. It comes from the fact, that steel (having a high
heat conductivity) “allows” easy heat displacement onto the other side of the partition. An
interesting temperature distribution is also visible in Fig. 3 on its extreme right side.

A slightly cooler zone is visible over the polystyrene inclusion, while the partition surface
over an inclusion from steel is slightly warmer than the other area visible on the thermogram.
This happens due to a different volumetric heat capacity of materials. Polystyrene of a low
volumetric heat capacity yields heat more quickly, on the other hand, steel having a high
volumetric heat capacity radiates out heat for a significantly longer time, which is shown in
the thermogram in form of a temperate increase on the graph.
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Fig. 3. Thermovision pictures in crucial moments of the element’s cooling; styrofoam XPS inclusion
(top line), and steel inclusion (bottom line)
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Fig. 4. The temperature difference between the surface of the section with a defect and a homogenous
section for styrofoam XPS inclusion and steel inclusion (absolute contrast)

A conclusion may be drawn, that with the pre-set geometry (a hidden defect under
a homogenous material of a thickness above 20 mm), using the active IR thermography
exclusively, it is possible to simply identify the inclusions’ material. In order to show various
dynamic changes in both sections of the surface of the object being tested, the absolute
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contrast for a steel inclusion and a styrofoam XPS inclusion were compared (Fig. 4). The
absolute contrast defines the difference between the temperature at a freely selected point on
the surface (over an inclusion) and the temperature of the surface over a homogenous area.
The maximum absolute contrast is perceptible circa 25-30 minutes after the initiation of the
element’s cooling. Also at that time, for the assumed partition model, a material inclusion is
best visible in the thermogram.

5. Summary

The investigation conducted emphasizes a special suitability of active themography in the
reflection mode to detect material inclusions in building partitions. A significant advantage of
such investigation is its non-destructive nature, thanks to which it can be used in investigations
of the existing building facilities. In the next step of the experimental investigation a test of
a granite inclusion will take place. The test will also feature the comparison of temperature
contrasts, depending on the degree of the element’s warm-up and an attempt to find a reciprocal
solution of the heat transfer issue [5—7]. To compare the test results, an additional analysis
consisting of warming-up of the whole partition with all inclusions installed simultaneously
will be carried out. Under the research work conducted, the investigation on real objects is
also scheduled.
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1. Description of problem

Overheating problems in buildings are very common and seem to be very important from
occupants’ point of view. Taking into consideration the fact that almost a quarter of Poles
lives in large system panel buildings the issues related to this subject are very important and
common. Occupants can control their thermal environment by means of clothing, operable
windows, fans, heaters, internal and external sun shades.

Unfortunately at the simulation stage it is very difficult to predict the way the individual
flat will be used. Looking globally at the multi-family building probably each flat should
be analyzed separately after considering the requirements and expectations of inhabitants
regarding temperature and humidity conditions. Many analyses were conducted by the
authors and results were described in [ 1—4]. All of them under the assumption that all windows
are closed during the entire day. For those unfavorable conditions there are problems with
overheating of internal spaces even after using of internal and external shading systems. This
assumption is however only theoretical as in practice the inhabitants open the windows when
temperature inside exceeds uncomfortable values. Internal cooling through the windows
makes sense especially during the night when external temperature is lower than internal.
From the safety reasons sometimes opening of the windows during the night is impossible,
especially at the lowest levels.

2. Description of analyzed building

The simulations were conducted for the W70 panel dwelling building, built in 1974. Plan
area 21.5 m x 13.2 m; usage building area — 2279 m?, 25 m high with 11 levels. Basement
below the entire building, flat roof.

The building has natural ventilation and a central heating system with convection heaters.
A communication area is located in the central part of the building. There are four flats at
every single level. Exterior walls made of prefabricated panels in the W70 system, insulated
with 15 cm of styrofoam with plasters at both sides: U = 0.20 [W/m2K]. Triple glazing
windows: U = 1.1 W/m’K to keep current national requirements (Warunki Techniczne),
SHGC (solar heat gain coefficient) equal to 0.63. SHGC is a description of windows used
in United States, refers to the solar energy transmittance of the glass. In Europe the g value
describes the same parameters of the glazing.

The simulations conducted for the Polish climatic conditions (building located in
Cracow). The calculations were carried out in Design Builder v.3. The program has been
specifically developed around Energy Plus, allowing the simulation of the building envelope
and building interiors.

Analysis based on standard PN-EN ISO 7730, ‘Ergonomics of the thermal environment.
Analytical determination and interpretation of thermal comfort using calculation of the PMV
and PPD indices and local thermal comfort criteria’.
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3. Simulation settings

Simulations were conducted for one flat, located at 7" floor with balcony at south elevation

and windows at west side. The flat was analyzed as one thermal zone, an assumption that
all internal doors are open was made. The main aim of simulations was to determine the
temperature and PMV (Predicted Mean Vote) index during the summer months. The period
of time between 15th May and 15th September was taken into consideration because at this
time in Poland, there is a risk of overheating.

—

Fig. 1. Typical zones’ visualization at every building level. Analyzed flat #2

The assumptions to the simulations:

Heating system on from September to March (22°C), 7 days a week, 24 hours a day.
Occupancy density: flats — about 1 person per 15 m?.

Operating schedule: flats — 100% occupancy density between 4 pm and 7 am, 5 days a week;
at the weekends between 6 pm and 9 am; 50% reduced occupancy between 9 am and 6 pm.
Metabolic activity: factor 1.2 met, winter clothing — clo = 1.0, summer clothing clo = 0,5.
Ventilation requirements per Polish national standards PN-83/B—03430, in every flat
70 m3/hour for kitchen and 50 m*/hour for bathroom.

Internal solar shadings (blinds with high reflexivity slats), and external shading panel
(7 panels — louvre blades).

4. Test results

Six different simulation steps were analyzed and compared with one another.
All windows closed.

. All windows closed, internal and external shading systems used.

Night cooling of the flat between 8p.m. and 6 a.m. without shading systems.



4. Night cooling of the flat during the night until the internal temperature drops to 20°C,
without shading systems.

5. Night cooling of the flat between 8p.m. and 6 a.m. with shading systems.

6. Night cooling of the flat during the night until the internal temperature drops to 20°C,
without shading systems.

4.1. Influence of shadings

In the first simulation step there is an assumption that all building windows are closed for
the entire day. It affects the internal temperatures significantly. All simulation results have
shown that during some days in the analyzed period of time the average interior air temperature
exceeds 30°C and the PMV factor is even higher than 2. Those microclimate building conditions
exceed the optimal internal summer temperature of 25°C and recommended value —0.5 <PMV
<+0.5. In the second step, the internal and external shading systems were used at all windows.
Those solutions affected the results significantly however did not eliminate the overheating
temperatures entirely. Figures 3 and 4 present the number of overheating hours in the analyzed
months. The number of discomfort hours, with the temperature above 25°C in the first simulation
step is 2549, usage of shading systems reduces this number by about 35% to 1659.
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Fig. 3. Number of overheating hours, with internal and external shading systems, in different months
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4.2. Influence of night cooling on thermal conditions

Simulation steps #3 through #6 assume night cooling of the flat which, in program, was
modelled as additional ventilation rate. It represents the cooling of the flats by opened windows
and was modelled as 5 air ventilation exchanges of the flat volume for a flat with and without
shading systems. Night cooling itself was also analyzed in two different options. First case when
the windows are opened between 8 p.m. and 6 a.m. (steps 3 and 5), second option — windows are
opened until the internal temperature drops to 20°C, then windows are closed (steps 4 and 6).

Table 1 presents comparison of the number of discomfort hours in all analyzed cases.

Table 1
Number of overheating hours (above 25°C) in different simulation steps.
Simulation step Number of overheating hours Temperatures above 30°C
Step 1 2549 1144
Step 2 1659 296
Step 3 591 71
Step 4 727 79
Step 5 229 0
Step 6 278 0

Night cooling exerts significant influence on the internal thermal conditions. In all cases
(3 thru 6), night cooling affected the number of discomfort hours significantly, decrease up
to 80% can be observed comparing to the assumption when all windows are closed (steps
1 and 2). Temperatures above 30°C were almost entirely eliminated.

Using both shading systems and night cooling eliminated temperatures above 30°C
entirely. From the overheating point of view the most favorable solution is using of night
cooling together with internal and external shading systems (steps 5 and 6). However in those
cases low temperatures even below 20°C can be observed. Figures 5 through 7 present the
number of hours below 25°C and PMV factor in 6" simulation step. Values are even lower
than —2.0 and temperatures drops down to 15°C. Number of hours below 20°C is 433 and
those are very unfavorable conditions for inhabitants.
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5. Conclusions

The results of the conducted analysis show that the overheating problem occurs in large
panel buildings. Windows in the prefabricated panel buildings in most cases are poorly
shaded from solar radiation. Glazing is the source of the excessive heat gains and results in
the overheating of the dwellings. Using of internal and external shading systems reduces
the number of discomfort hours however the most significant results are observed when
internal spaces are cooled by opening the windows during the night. In practice this solution
is commonly used by inhabitants. Modelling of this process is however complicated
and difficult as it depends on the way separate flats are used. Cooling of the flats during
every night would result in too low temperatures which affects the thermal conditions
unfavorably. Simulations of night cooling by ventilation air exchanges is a simplification
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used for analyses purposes. Modelling of different air exchanges is the subject of authors’
future works.
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The performance of hybrid power system used for supplying power to the autonomous road
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Denotations
Gy« — solar radiation under STC conditions 1000 [W/m?]
G — hourly average of solar radiation [W/m?]

— short-circuit current of module under under STC conditions [A]
ww — open-circuit voltage under STC conditions [V]
dV/dT - module voltage temperature coefficient [-]
dI/dT - module current temperature coefficient [-]
— maximum power point current of module under STC conditions [A]
PV module temperature [K]
number of cells connected in series
— module series resistance
— P-N junction quality coefficient [-]
number of modules in PV panel
— velocity of wind, which start the turbine
— aminimum value of wind speed, at which the turbine reaches the rated power
wind speed limit, at which the turbine turns off
— wind turbine nominal power
— Rayleigh distribution shape coefficient 2 [-]
rotor surface [m?]
— typical air density 1.225 [kg/m?]
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1. Introduction

In recent years, autonomic road light systems became much more popular. The power
supply unit uses renewable energy from wind and the Sun. Installation of such systems is not
preceded by a long-term analysis of the location when it comes to renewable energy potential.
For this reason a lot of this applications do not fulfill its function properly, especially when
the configuration was selected incorrectly. Considered supply system comprises: photovoltaic
panel, micro wind turbine and a lead-acid battery. Quasi-static mathematical models of each
component were used to simulate the system. Such an approach requires the input data in
a form of time series average values describing the temperature, wind speed, solar radiation
and system load. For the purposes of this study the data describing typical climatic conditions
(TCC) in Szczecinek (Poland) were used.

2. Method

2.1. Photovoltaic panel

In order to calculate the expected energy yield of the photovoltaic panel it is necessary to
calculate the temperature of its modules for each step in the simulation. For this purpose the
single layer PV thermal models described in [1] were used. In this approach the temperature
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of the module is treated as a linear function of the solar radiation with straight angle of
incidence. The influence of forced convection was neglected in this model, for increased

. . . . . m .
accuracy the simulation step in which the wind speed exceeds 1— were calculated using
S W

2

the other model described in [2]. Values of natural convection coefficient A = 25.3

W
and the forced #, = 6TK have been adopted in accordance with [3]. The influence of
m

module temperature for open circuit voltage was taken into account.

av
Vi =ETPV (1)

The temperature-caused change of module current was calculated as:

dl

I, =
Todr

(TPV - Tsrc ) (2)

To calculate the time series energy produced by a photovoltaic panel, on the basis of [4],
[5] and [6] the quasi-static PV model was created. The method of calculation of the hourly
average generated power is presented below.

The current of module under the given conditions of solar radiation is given by:

o =~ 3)
The average value of the open circuit voltage is given by:

1
I/:)cm = I/ocmr + ((;_\T/ (T - 7-:S'TC )anVTlog(ﬂ] (4)

The average value of module MPP current, under given conditions is calculated as:

I G

mppSTC ¢

J =D c 5
" GSTC+[T ( )

The average value of module voltage corresponding to the same conditions is given by:

1-l-Iscm _Impp
Vi = nN Vi log| ———— |-1 R (6)
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The average value of generated power is calculated as:

Pg = Vmpp ImPP lm (7)

Additionally the conversion loses (contacts and wires resistance) are about 5 percent

of produced energy [4]. Module parameter values have been adopted in accordance with
the note sheet of BP-Solar-380. The relations have been analyzed in Mat-lab. Exemplary
calculations results carried out for the PV panel which rated power is 240 W are presented

below.
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Fig. 1. The hourly average value of power generated by PV module with angle of elevation 30°
and south orientation

The results show that the total daily value of generated power depends mostly on ratio
of the length of day and night. Occurring in the course of the year, changes of this ratio are
most important for the autonomic road light systems, where load increases relatively to the

length of nights.

2.2. Estimate of the energy yield of micro wind turbine

In a considered system the micro-wind turbine is mounted directly on the lamppost.
For this reason the axis of the rotor is usually located at an altitude between 7 to 11 m above
the ground. It is very important for the amount of energy supplied to the turbine by the
air stream. According to [7] the measurements were performed at similar heights above the
ground. According to [8] wind velocity distribution as a function of time, a density function
can be approximated by Weibull or Rayleigh. The practical possibilities of using wind energy
are limited by the construction of turbine and this can be estimated with a method given in

[8] as follows:
The amount of energy produced by the turbine into the wind speed range from V, to V,

was calculated as:
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For the wind speed range from ¥ to Ve
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The total energy produced by micro-turbine in a given period of time:
E =E+E, (10)
To the future calculations the Rayleigh distribution was used, where = 1.1258 coefficient
is taken as an example according to [7]. On this basis, values of annual energy yield were

estimated for a turbine with rated power 400 W. The calculations were conducted for different
values of turbine starting speed (V).
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Fig. 2. Annual yield of turbine as a function of average wind speed, for different values of V,

The results show that the values of V, affect the annual yield of turbine, especially for low
wind speeds. The most frequently value of this parameter, reported by the manufacturers, is

m . . . .
about 2 1— . For the purpose of this study the experimental verification of parameter V,
s

has not been made. For this reason, for further calculations ¥, = 3 m/s were adopted. The
parameters of considered turbine are as follows:
— turbine has a three-bladed rotor
— rotor blade design provides a maximum value of power coefficient Cp =04
— rotor diameter is 1.5 m
For those parameters the minimum value of V is approximately given by:
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N,
V, = 5| —=
; S/pACp an

m
For a rated power N, = 400 W the value of V = 7.73 1? is assumed to the further

calculations. For the purpose of energy flows, simulations of the hourly energy yield of turbine
were calculated using the method presented above for each average value of wind speed.

The hourly average value of generated power was calculated by dividing it by corresponding
time unit.

2.3. Energy storage

For the purpose of power flow simulation in systems with energy storage the kinetic
model of battery was developed in National Renewable Energy Laboratory (USA). The
model has been described in details in [4]. This model considers the limitations of available
power stored in the battery, in the case of rapid unloading and access to free capacity of the
battery during charging. The dependences was implemented in Mat-lab in accordance with
[4]. Additionally the charging and discharging loses were treated as constant and equal. The
value of these processes: efficiency coefficient was assumed as 0.8. The parameters of the
model were adopted for a lead-acid battery in accordance with Homer software database.

2.4. System load

The LED lamps with rated voltage of 12 V, are most frequently used as a load of autonomic
road light systems. Load power between 20 to 120 W is usually used in such installations, 80 W
was adopted to the further calculations. In order to simulate the system energy flows, the hourly
time series of energy consumption was created with following assumptions:

— the light source operates from dusk to dawn
— the load power is constant during simulation step (the influence of temperature is neglected)
Distribution of daily averages load power has been calculated.
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Fig. 3. Daily averages of load power [W]
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3. Results

The simulation was performed with a quasi-static approach which means that all of
variables are constant during the simulation step. The simulation process is based on energy
conservation law, the system energy balance is calculated for each step and on this basis
the battery state of charge is determined. According to [4] such calculations can provide
acceptable accuracy at time step 1 h. For this reason the hourly averages of generated and
consumed power were used. The considered system configuration is:
photo-voltaic panel is composed of three modules with a total capacity 240 W
— micro wind turbine rated power is 400 W
nominal load power is 80 W
battery capacity is 2400 Wh
In order to compare the performance of each energy sources during the year, the daily
averages of their power generation were calculated.
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Fig. 4. Daily averages of photovoltaic collector output (left) and micro wind turbine output (right)
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Fig. 5. Battery state of charge — daily averages (left), and without wind turbine support (right)

The results show that the differences between the collector performance in winter and
summer period are significant. It is particularly important in view of annual load profile of
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considered system. The daily averages of power generated by micro-wind turbine practically
do not exceed 70 W, with rated power 400 W. The calculated annual average of turbine output
power is only 29.43 [W]. For reference, the average output power of photovoltaic panel is
more than three times higher, and equals 89.62 W. In order to assess whether the system is
able to work autonomously, the battery state of charge was calculated.

4. Conclusions

The considered configuration of standalone road light system could be able to work
autonomously, but the influence of ambient temperature for a total battery capacity was
neglected in this study. The battery state of charge does not fall below 0.4. It is important
in the view of battery service life [9]. In accordance with the expectations the wind turbine
has a greater share in energetic balance of system in a winter period and during the nights.
The contribution of wind turbine yield, in total energy balance of the system is slight
and unpredictable. For this reason it is doubtful to consider it in optimization calculations of
battery capacity. This leads to the conclusion that there is no economic justification to support
such systems by a micro wind turbine.
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Abstract

In this paper, the analysis of the influence of the changes in shaping steel hall pillars of its dynamic characteristics, in
particular of the value of the natural frequency, has been subjected. The moment of inertia about the axis of the transverse
profile of a typical arrangement of the pile and its mass influence on the dynamic characteristics of the steel pillars hall.
These factors are different for different types of steel poles profile. The article presents the results of the analysis of the
influence of the shape of the three selected types of profiles on the dynamic characteristics of the steel hall. Steel hall
selected for the analysis is a workshop, a single nave hall with a frame structure covered with a gable roof. Profile sections
of load bearing pillars used for the analysis are: IPE 450, 280 HEB, HEM 220. These profiles were selected due to
similarities between stress levels. The evaluation shall assess the influence of such dimensional manipulation on change of
the construction costs of the steel hall selected for analysis. Static design and modal analysis was made in Robot Structural
Analysis which is FEM engineering program.

Keywords: modal analysis, natural frequencies of the structure, dynamic, numerical model

Streszczenie

W artykule analizie poddano wpltyw zmiany ksztaltowania stupow hali stalowej na jej charakterystyki dynamiczne,
a w szczegolnosci na wartosci czgstotliwoscei drgan wilasnych. Na charakterystyki dynamiczne stupow hali stalowej
maja wptyw moment bezwladnosci wzglgdem osi poprzecznej profilu przy typowym ukladzie stupa oraz jego masa.
Czynniki te sa rozne dla réznych typow profili stupow stalowych. W artykule przedstawiono wyniki analizy wplywu
ksztaltu trzech wybranych typow profili na charakterystyki dynamiczne hali stalowej. Wybrana do analizy hala stalowa
to hala warsztatowa, jednonawowa o ramowej konstrukcji przykryta dwuspadowym dachem. Profile ksztattownikow
stupow nosnych uzyte do analizy to: IPE 450, HEB 280, HEM 220. Profile te zostaty wybrane ze wzgledu na podobny
stopiefl wytgzenia. Ocenie podlegat takze wptyw takiej manipulacji wymiarowej na zmiang kosztow budowy wybranej do
analizy hali stalowej. Wymiarowanie statyczne oraz analiz¢ modalng konstrukcji hali stalowej wykonano w inzynierskim
programie Robot Structural Analysis.
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1. Introduction

Dynamic forces and dynamic characteristics of a building determine the dynamic
response of structures [1]. It is widely known a relationship between the natural frequency
and stiffness of the building — the higher is value of the frequency f, the greater is stiffness of
the structure. The influence of parameters such as the height or width of the hall on the value
of natural frequency is the subject of many studies include [2]. Also under consideration is
sometimes influence of static scheme on the dynamic characteristics of halls for example [2].

r—p——»

Yy -
z
Wymiar Wymiary do projektowania
g::zetnn: Dm):ensio:u Dimensions ffx detailing
Oznateni Rozméry Konstrukéni rozméry
G h b te t r A h d [} Pon Pose
kg/m mm mm mm mm mm mm’ mm mm mm mm
x10°
IPE 450 776 450 190 24 146 210 2988 4208 3788 M24 100 102
Wiasnosdi statyczne / Section properties / Statické viastnosti
Oznaczenie F
Designation ofy-y c‘v(s s
Oznateni strong axis y-y weak axis -z
silnd osa y-y slaba osa z-2
G \ We, W i Ao L W Wt b N h b
kgfm mm* mm mm' mm mm mm mm® mm* mm mm mm' mm*
X100 x10* x10° x10 x10° x10* x10* x10* x10 x10*  x10°
PE 450 776 133740 1500 1702 185 509 1676 176 276 412 632 669 79
Oznaczenie Wymiary Wymiary do projektowania
Designation Dimensions Dimensions for detailing
Oznateni Rozméry KonstrukZni rozméry
G h b te % 13 A h d ] P Pore
kg/m mm mm mm mm mm mm’ mm mm mm mm
x10°
HE 2808 103 280 280 105 18 24 1314 244 196 M27 14 178
Wiasnosci statyczne / Section properties / Statické viastnosti
Oznaczenie =
Designation ol y-y ofz-z
Oznadeni strong axis y-y weak axis z-2
siind osa y-y slabd osa z-2
G I, Wy, W iy As L W, Wee 9 s L M
kg/m  mm* mmM mm mm mw mm* mm' mm' mm mm mm*  mm*
x10* 0 x10* x10 x1¢  x10* x10* x10° x10 x10*  x10°
HE 2808 103 19270 1376 1534 1211 4109 6595 4710 7176 7,09 7462 1437 1130

Fig. 1. adopted steel profiles
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The aim of the study is to analyze the influence of the selection of steel profiles of hall
pillars on its dynamic characteristics. The scope of work includes: developing a model
of the hall using the Robot Structural Analysis, checking the structure under static loads,
calculation of the dynamic characteristics of the chosen steel hall for three variants of
pillars profiles: IPE 450, 280 HEB, HEM 220 - chosen due to the similar similarities between
stress levels as well as analysis of the cost of each profiles. The characteristics of the profiles
shown in Fig. 1 by [3]. The scope of work includes analysis of the cost of individual
profiles.

The concept of dynamic characteristics are defined as: natural frequencies, mode shapes
and damping coefficients. In this study, because of numerical calculation, it was possible to
achieve natural frequencies and mode shapes of chosen steel hall. Values of damping ratio of
such a structure are possible to obtain only during in-sifu measurements [4].

2. Description of chosen steel hall

Chosen steel hall is a workshop, a single nave hall with a frame structure covered with
a gable roof. Height of the hall is equal 6,06 m in the roof ridge and the cross-section is
18.3 x 54 m in the axes of pillars.

Elements of the steel hall are as fallows:

— bidding rafters — I-section profile IPE 180,

— roof transom — [-section profile IPE 400,

— frame pillars — I-section profile IPE 450 (in the begining),
— steel bracing — cilcular bar ¢ 10 mm,

— roof encaseing — laminar panels 140/100 mm.

Steel used for the structure is S 355.

Connection between the structure of steel hall with the foundation is fixed. Foundation
are reinforced concrete feet with the dimensions as fallows: B/L/h: 1,5m/2m/0,56m Length
of the span of frame structures is equal 54m, and the frame spacing is 6m. Bidding rafters are
placed on roof transoms in spacing equal 3,05m.

3. Numerical model

Chosen steel hall was examined as 2d frame. Numerical model was carried out in FEM
program named Robot Structural Analysis [5]. The model assumes the following material
coefficients:

— for concrete C20/25 acc. [6]:
* f,,=20 MPa - characteristic strength of cylindrical concrete compressive strength after
28 days

* /., =28 MPa — the average value of the strength of cylindrical concrete compressive,

* /.= 2.2 MPa — the average value of the concrete tensile axial,

* E =30 GPa—Young modulus,

* v=0.2 —Poissons ratio.
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— For steel S355, acc [7]:

* f,=355 MPa —yield strength
/. =510 MPa — tensile strength,
E_ =200 GPa —Young modulus,
e G =80 GPa — Kirchoff modulus,
e v=0,27 — Poissons ratio

Soil — structure interaction was taken into account with using elastic foundation (Fig. 2).
Elastic foundation takes into account possibility of settlement occuring and makes model of
foundation more realible. After including soil conditions (types of soil in different stratum)
the Robot soil-calculator gives as a result value of substitute modulus of elasticity of soil in
z-direction called Kz. Values of substitute modulus of elasticity of soil in x and y-direction
were calculated according to rules enclosed in [8].
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Fig. 2. The definition of the elastic support in Robot

Modal analysis was chosen to obtain natural frequencies and mode shapes of the selected
structure [9]. Calculations of these dynamic characteristics of the chosen steel hall were
made for three variants of pillars profiles: IPE 450, 280 HEB, HEM 220 as mentioned
previously. Mode shapes for all three variants of the structure look almost the same, they
differ insignificantly in amplitudes. The two first mode shapes of variant I (profile IPE 450)

are presented on Fig. 3 and 4.
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Fig. 3. First mode shape of variant |

Fig. 4. Second mode shape of variant |

4. Results of modal analysis
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Pillar profiles were selected due to similarities between stress levels from I-section type
profiles such as IPE, HEB and HEM. The results of analysis shows that changing in pillar
profiles influence on dynamic characteristic of whole structure. Values of natural frequencies

of selected variants of numerical model are listed in Table 1.

Table 1
Values of natural frequencies for 3 variants
Natural frequencies
No variant | Section Degree of d
effort 1 2 3 4 5
type of mode shape - antisym. | sym antisym. sym. antisym.
Vi IPE 450 0,62 4,16 4,19 | 11,27 | 17,76 | 28,14
V2 HEB 280 0,66 3,46 3,86 | 10,55 | 17,15 | 27,52
V3 HEM 220 0,69 3,15 3,67 | 10,17 | 16,85 | 27,19

The highest values of frequencies were obtained for basic variant: IPE 450, and the
lowest values were obtained for third variant: HEM 220. This results from the fact that
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factors which determine the values of frequencies are the moment of inertia Iy (according to
the axis of local systems as shown in Figure 3) and mass section according to the following
formula (ex. [10]):

EI
m
where:
E  —Young’s modulus,
1 — moment of inertia with respect to the corresponding axis,
m  —mass.

Fig. 5. The local systems of bearing frame elements

Table 2 shows the percent differences in values of natural frequency for three different
variants.

Table 2

Differences in values of natural frequencies for the first mode shape

Variant I | Variant II | Variant III

Frequency for the first mode shape 4,16 3,46 3,15

Difference to the variant I 16,8 % 24,3 %

The difference in natural frequencies of over 24% between I and III variant demonstrates
the significant influence of shaping steel pillars on dynamic characteristics of steel hall.

Changing the sections of pillars also effects on costs of the whole building. Prices per kg
for each section (acc. [11]) are close to each other for all three variants but when we consider
the mass of each section, differences in cost between I and III is almost equal 120 zlotys per
section (see Tab. 3).
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Table 3

Costs per section

section Price per kg [zl] | Mass [kg/m] | Price per meter of section [zl]
IPE 450 2,7 77,6 209,52
HEB 280 2,6 103 267,80
HEM 220 2,8 117 327,60

5. Conclusion

This paper was intended to analyze the influence of shaping steel hall pillars on its
dynamic characteristics. Selected steel hall has been designed and verified in Robot FEM
program in terms of statics. Soil Structure interaction was taken into account through the
use of elastic support using for this purpose soil calculator included in Robot and the rules
specified by standards.

In order to test the influence of shaping steel hall pillars in its dynamic characteristics, the
three variants of the cross section steel pillars were taken for analysis: IPE 450, 280 HEB,
HEM 220.

Based on the analysis of the three model variants it can be concluded that the various
shaping steel hall pillars has a significant influence on the natural frequency. The differences
in results reach approx. 24%. Variant I- section profile IPE 450 showed the highest frequency
in the longitudinal direction of the profile (direction of z, cf. Fig. 3). Variants II and III - H
sections, which due to a much larger mass and a much lower moment of inertia “Iy”” show a
lower stiffness in the longitudinal direction z.

The article also performed a cost analysis of individual profiles and found that the profile
IPE 450 is the cheapest, or the most optimal for the pillars for this steel hall.
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Abstract

For over a decade there has been a rapid development of technology in the construction of 3D
scanners, resulting in increased precision, speed and reliability. The scope of their application
has also been continuously extending. This paper describes possible applications for 3D
scanners in construction measurement and evaluation. The uses described include measuring
concrete surface roughness and surveying architectural details.

Keywords: scanner 3D, optical triangulation, time-of-light, surface topography

Streszczenie
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zwigksza si¢ tez zakres ich stosowania. W artykule om6wiono przyktady mozliwych zastosowan
skanerow 3D w pomiarach i diagnostyce budowlanej. Przedstawiono pomiar chropowato$ci
powierzchni betonu oraz inwentaryzacj¢ detali architektonicznych.
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1. Optical methods of coordinate measuring

3D scanners allow non-contact measurement of the geometry of spatial elements. For over
adecade there has been a rapid development of technology in the construction of these devices.
This is possibly thanks to the fast development of electronics, especially optoelectronics and
the progress in microprocessor technology (increase in computing power). 3D scanners use
light as information carrier for measured sizes. They are based on measuring the reflection
or scattering of light from the surface of the examined object. Optical measurement methods
used in 3D scanners can be divided into passive and active ones [1]. Passive methods (e.g.
photogrametry) do not require any additional, artificial source of light. However, these are
the methods of giving small measurement resolution. Active methods are based on the use
of an additional, artificial light source (projectors, lasers) by means of which different kind
of structure points, lines, patterns (Fig. 1) or coded patterns [2] are displayed on the surface
of the tested element. The most commonly used active methods are: the method of time-of-
flight (TOF), structured light projection, laser triangulation method, a laser tracker system or
moiré projection.

Fig. 1. Projection of stripes on the scanned object. Scanner: Smarttech Surface Scan3D

TOF and laser triangulation methods use the light emitted by the laser so they can be
used to measure large and distant objects — ranging up to 2 km. The TOF method uses
precise measurement of time between the emission of light impulse and its return, which
allows to record the distance between the measured point and the measuring device. The
laser triangulation method uses a picture (points, stripes) which is displayed by the laser
on the surface of the measuring element. The methods based on structured light allow the
measurement of smaller objects due to low energy efficiency of light sources used.

1.1. The principle of measurement methods based on the structural light

Scanners using structured light are characterized by a simple structure and high accuracy.
The device consists of two basic components: a projector and a camera. The projector displays
the characteristic raster pattern (stripes, waves, circles) [3], which distorts the uneven surface
of the measured object (Fig. 2).
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Fig. 2. The measuring principle based on the structured light [4]

In the image registered by the light-sensitive matrix of the camera, a thrown pattern is
discovered. On this basis angles in a triangle formed by the camera, projector and scanned
point of the object shall be calculated. Knowing the distance between the camera and the
projector the location of a given point in space can be determined.

1.2. Description of 3D scanner selected for testing

In measurements of small objects, scanners, whose operation is based on structural light
can be used. Currently, manufacturers use in their devices the LED light of different colors
(white, blue, green). Regardless of the type of the light used, scanned objects cannot be
exposed to other strong light sources. It is one of the drawbacks of this type of equipment.
In further studies a scanner Smarttech Surface Scan3D of white light technology has been
used. The resolution of used matrix is 10 megapixels which enables the measurement, in one
cycle, of about 10 million points. The scanner has an uncertainty of measurement at the level
0of 0.015 mm. Scan resolution is 0.05 mm. The constant measurement volume (X, y, z) is 200
mm X 150 mm x 120 mm. The use of constant measurement volume and closing projector
and the camera in a compact, rigid casing allows a single calibration. There is no need to
calibrate the scanner before each measurement. The certificate issued by an accredited
laboratory confirms the scanner parameters.
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2. The use of 3D scanners in the studies

The primary use of 3D scanners is in reverse engineering and quality control of products.
However, they were widely applied in many other areas. In the construction industry they
are most commonly used in the inventory and digitization of objects and architectural details
(Fig. 3). This allows to control the movements of the objects and the evaluation of destructive
changes in materials exposed to aggressive environment. In the future, it will be possible to
restore damaged objects with high accuracy.

a) b) c) d)

Fig. 3. Stages of the inventory of architectural details: a) the effect of the stripes

on the object, b) point cloud, ¢) render, d) triangle mesh

In laboratory studies, in the field of construction, 3D scanners have been used among other
things in the measurement of material defects due to destruction during destructive testing
(fire resistance, frost resistance, durability), in assessing the scratch of concrete elements, in
the measurement of deformation of the structure and its elements subjected to load and in 3D
thermography. The author proposes the use of 3D scanners for measurement of the surface
topography of concrete surfaces that require fixation with a new concrete.

2.1. Measurement of the surface topography of concrete

The strength and durability of anastomosis of two concretes at different age groups
depends on many factors. One of them is the preparation of the old concrete surface which
can be achieved by various methods (sand blasting, shot blasting, chiseling etc.). This results
in the different surface topography, which influences the strength of anastomosis [5]. The
parameters describing the surface topography are discussed in standard ISO 25178:2 [6]. The
list of these parameters is presented in Table 1.

For initial assessment of the potential use of a 3D scanner on white structural light for
measurement the surface, a topography test was carried out on a small concrete element of
which one surface was prepared by chiseling (Fig. 4). The point cloud obtained as a result
of measurement was converted in Geomagic software so as to obtain the orientation of the
coordinate system required by the standard [6]. At the same time a part of the cloud of points
representing an area of 50 mm x 50 mm was isolated. The isolated part of the point cloud was
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imported to the CPP software, a custom program enabling the analysis of surface topography
according to the ISO 2517:2 standard. The calculations obtained with the CPP software were
compared with MountainsMap [7], a commercial software with similar application. The
calculation results are shown in Table 1. Fig. 4b shows the graphical representation of the
measured surface obtained in the MountainsMap.

a)

Fig. 4. a) a photography of a concrete sample testing, b) a graphical presentation
of the surface obtained in the program MountainsMap

Table 1

Parameters of the surface topography according to ISO 25178: 2 derived from the measurement

by 3D scanner

Symbol Parameter Value MM Value CPP Unit | Diff. [%)]
Sq Root Mean Square Roughness 1.25 1.23 [mm] 1.34
Ssk Skewness 0.157 0.154 - 1.76
Sku Kurtosis 3.29 3.22 - 2.21
Sp Maximum Peak Height 3.77 3.77 [mm] 0.00
Sv Maximum Valley Depth 4.09 4.09 [mm] 0.00
Sz Maximum Height of Surface 7.86 7.86 [mm] 0.00
Sal Autocorrelation Length 6.73 6.63 [mm] 1.45
Str Texture Aspect Ratio 0.282 0.279 - 1.22
Sdq Root Mean Square Surface Slope 0.492 - -
Sdr Developed Interfacial Area Ratio 10.8 - [%] -
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3. Conclusion

A dynamic development of technology in terms of optoelectronics and microprocessors

enables wide application of 3D scanners, also in research in the construction sector. The
measurement results in the form of a cloud of points, obtained with a scanner using white,
structural light, are correctly processed by custom and dedicated software for determining
surface topography parameters according to ISO 25178:2. The results obtained in both
programs are comparable, and the difference in results does not exceed 3%. Therefore, it is
possible to use 3D scanners to test the surface of concrete prepared for reinforcement with new
concrete, and the application of custom software makes it possible to obtain reliable results.
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Abstract

A dynamic response of structures determine its dynamic characteristics, i.e. the natural frequency, the corresponding
figures of vibration and damping coefficient. Designing of a building in terms of dynamics lets us interfere in its stiffness
and mass which allows the derivation of the structure of the resonance zone early in the design stage. It is known that
the larger the value of the natural frequency the greater the stiffness of the whole structure. The article examined how the
natural frequencies of the objectchange under the influence of adjustments in the development of the floor model. The main
purpose of the analysis carried out in the article was to determine the relationship between stiffness and mass matrices and
the results of the modal analysis of the chosen structure. The article hypothesized that the natural frequency is inversely
proportional to the mass of the floor raised to a suitable exponent. A formula derived from this relationship has been
verified on a number of variants of the building model made in the program for numerical calculation Dlubal.

Keywords: modal analysis, natural frequencies of the structure, dynamic, numerical model.

Streszczenie

Odpowiedz dynamiczna budowli determinuja jej charakterystyki dynamiczne tj.: czgstotliwosci drgan whasnych, odpowiadajace
im postacie drgan i wspdlczynnik okreslajacy tlhumienie drgan. Projektujac budowle pod wzgledem dynamicznym
mozna ingerowa¢ w jej sztywno$¢ i mas¢ co pozwala na wyprowadzenie konstrukcji ze strefy rezonansowej juz na etapie
projektu. Wiadomym jest, ze im wigksze wartosci czgstotliwo$ci drgan wiasnych tym wigksza sztywnos¢ catej konstrukcji.
W artykule sprawdzono w jaki sposob zmieniaja si¢ wlasnie czgstotliwosci drgan wiasnych obiektu pod wptywem zmian
w ksztaltowaniu modelu stropu konstrukeji. Glownym celem przeprowadzonych w artykule analiz byto ustalenie zalezno$ci
pomiedzy macierzami sztywnosci i mas a wynikami analizy modalnej wybranej konstrukcji. W artykule wysunigto hipoteze,
wg ktorej czestotliwosci drgan wiasnych sa odwrotnie proporcjonalne do masy stropu podniesionej do odpowiedniej potegi.
Wyprowadzony z tej zaleznosci wzor zostal zweryfikowany na wielu wariantach modelu budynku wykonanym w programie do
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1. Introduction

Nowadays a civilization progress causes a series of new problems in modern civil
engineering. Among them, without any doubts, very relevant is a matter of building dynamics,
connected with designing higher buildings (where the most important factor in design is the
dynamic influence of the wind) or with occurring new sources of vibration, like underground,
railways, mining activities and earthquakes.

One of the dynamic characteristic of the structure is natural frequency, which is also
known as resonance frequency. In case of designing buildings subjected to dynamic influence
we try to control natural frequencies of the building in a way where we can avoid resonances
of a structure. Appropriate control of natural frequencies of the building is possible through
the selection of proper values of stiffness and mass matrixes, because those two parameters
have large influence on natural frequency of the structure (acc. [1]).

In these article the influence of beam-and-slab floor forming on the dynamic characteristic of
a building is taken into consideration, which means finding dependence between forming stiffness
or mass matrix on building resonance frequencies. Because of that frequencies which occur, in the
real structure the resonance area can be avoided only by changing the forming of the floor.

2. Description of the structure and model variants

The structure analyzed is a reinforced concrete frame structure which has six floors
without basement, designed as open-space office building. All reinforced concrete elements
were made of concrete C30/37, reinforced with steel A-IIIN, RB-500W. The dimensions
of the building in axes are 37.50 % 30.00 m. Beam-and-slab floor is composed of 5 five-
span binders with span length 7.50 m, sixteen four-span ribs with span length 7.50 m and
unidirectionally reinforced plates with dimensions in rib axes equal to 2.50 m. Floors are
supported by internal columns with dimensions of cross section 350 x 350 mm and external
columns with dimensions of cross section 350 x 450 mm. The whole structure is completed
by internal and external walls, allowing the use of the internal open-space plan. These walls
also stiffen the building in both horizontal directions.

The building chosen was modeled in Dlubal RFEM, in thirty-six variants of beam-and-
slab floors formation. The cross section of chosen three elements (binder, rib and slab)
was modified between each variant. Firstly the limits for the height of binder h, and rib
h_depending on the elements length were determined (acc. [2]).

h, = ,-(L+L]=7.50m~(i+Lj:(420mm+625mm) (1)
18 12 18 12

hy =1, |+t ]=7.50m [ Lot = (500 mm +750 mm )

e eg 1) 15 10 ' @)

In the next step several heights of the elements were determined, all of them had to be
included inside determined intervals earlier. The width of each rib and binder were determined
according to the formula (acc. [2]):
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1 1
by, =hy, (E _Ej 3)

Using the above described method, six cross sections of binders were determined
numbered from 1 to 6 and four cross sections of ribs were also named from A to D. Determined
cross sections were combined into pairs: binder — rib, assuming, that each next two variants
have only different cross section of a binder or of a rib. All 9 variants were tested with four
versions of slab thickness: 120, 160, 200, 240 mm as presented in Table 1.

Table 1
Different variants of the floor
Rib Binder
Number: 1 2 3 4 5 6
Symbol: | ections fmm] | 2507 | 250> | 300 | 300x | 350x | 350
500 550 600 650 700 750
A 200 x 450 1A 2A
B 250 x 550 2B 3B 4B
C 250 x 550 4C 5C
D 300 x 600 5D 6D

3. Description of foundation, dynamic soil coefficient and computer modeling

Three soil layers were taken:
— humus soil, layer thickness 0.30 m,
— loamy sand with /, <0, layer thickness 2.20 m,
— half-compact loam with /, = 0, as the deeppest layer.

Building foundations were divided into groups, due to their dimensions. For each group
the dynamic soil coefficient was calculated, according to [3] and [4]. It was proven, that
the dynamic soil coefficient calculated from relations created by Sawinow for multilayer
ground are directly proportional to the square root of the tension on the border of soil — the
foundation. This assumption allowed to calculate precisely dynamic soil coefficient for each
variant.

The mash consists of 3D square elements with side dimension equal to 0.5 m. Binders
were modeled as reinforced concrete beams, cooperated with reinforced concrete slab on
width equal to L/6.
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4. Analysis of the results

Analyses of calculation results show that with increasing mass of floors, values of natural
frequencies are decreasing (com. Fig. 1.)

Free vibration frequences

——12 cm

30 {—g=—¢

¢ \0 s *——e. 16 cm
2,8 +— ’\’ |
26 -—A=AN e - _*20 cm

P AT A —A—a—_ T

24 —" X_X__X b 24 M
2,2 T T T T T T T T \

1A 2A 2B 3B 4B 4C 5C 5D 6D
Variants

Fig. 1. Changes of the values of first natural frequency depending on the model variant

Inversely proportional character of the dependence between natural frequencies and the
mass of the floor was a base to make a hypothesis, according to which natural frequency is
inversely proportional to floor mass, raised to the pu power (com.eq. 4).

MY =k 4)
where:

f — natural frequency of the structure,

M~ —floor mass,

i — power of floor mass,

k — proportionality constant.

With known values of coefficient p and &, we are able to control floors masses in
a way which allows us to obtain desirable natural frequencies of the building. To prove the
hypothesis, a series of calculations were made, which proved that for each vibration mode
a constant coefficient p exists, for whose proportional coefficient , for each variant, is also
constant.

Masses of each floor are shown in Table 2 and first natural frequencies for each variant
were shown in Table 3. Values of coefficient k were calculated using formula (4) with control
of value of coefficient p in such a way to get the smallest differences between all variants.
Finally after transforming formula (4), new values of first natural frequencies for different
variants of the model were determined, based on M, u and average value of k coefficient.
Results of this analysis are shown in Table 5.
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Table 2
Floor mass for each variant of the model (in tons)
Slab Variant
thickness | 1A 2A 2B 3B 4B 4C 5C 5D 6D
12 cm 48539 | 491.57 | 527.72 | 545.77 | 553.19 | 568.77 | 590.53 | 636.03 | 644.68
16 cm 589.18 | 595.36 | 629.01 | 646.08 | 653.50 | 669.08 | 689.85 | 732.86 | 741.51
20 cm 692.97 | 699.15 | 730.31 | 746.39 | 753.81 | 769.39 | 789.17 | 829.68 | 838.34
24 cm 796.76 | 802.94 | 831.61 | 846.70 | 854.12 | 869.70 | 888.49 | 926.51 | 935.17
Table 3
First natural frequency of each model variants
Slab Variant
thickness | 1A 2A 2B 3B 4B 4C 5C 5D 6D
12 cm 2.969 2.962 2.886 | 2.860 | 2.852 | 2.827 | 2.799 2.723 2.716
16 cm 2.780 | 2.775 2.714 | 2.691 2.687 | 2.668 2.641 2.577 | 2.570
20 cm 2.626 | 2.622 2.571 2.552 2.549 | 2.532 | 2.514 | 2460 | 2.455
24 cm 2497 | 2.495 2451 2.435 2.433 2418 2.401 2356 | 2.352
Table 4
Value of coefficient & for each model variant
Slab Variant
thickness | 1A 2A 2B 3B 4B 4C 5C 5D 6D
12 cm 27.86 27.92 2791 28.00 | 28.06 | 28.09 | 28.20 | 28.18 28.24
16 cm 27.98 | 28.04 | 27.97 | 28.01 28.08 28.12 | 28.14 | 28.07 28.11
20 cm 28.03 28.08 2797 | 27.98 28.05 28.07 | 28.13 28.03 28.08
24 cm 28.03 28.09 27.95 27.95 28.01 28.02 | 28.04 | 27.94 | 27.98
Table 5
New values of first natural frequency
Slab Variant
thickness | 1A 2A 2B 3B 4B 4C 5C 5D 6D
12 cm 2.988 2.975 2.899 | 2.864 | 2.850 | 2.822 | 2.783 2.710 | 2.696
16 cm 2.786 | 2.775 2.721 2.694 | 2.683 2.660 | 2.631 2.574 | 2.563
20 cm 2.627 | 2.618 2.577 | 2.557 2.548 2.529 | 2.506 2.461 2.452
24 cm 2497 | 2490 | 2459 | 2.443 2.435 2419 | 2401 2.365 2.357
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Calculation is made for first three natural frequencies of the structure, results are shown
in Table 6.

Table 6
Results of natural frequency calculation
S average k Average standard Average value of
Free vibration shape K value deviation of & value error of f'value
First mode (longitudinal) 0.362 28.04 0.08 0.23%
Second mode (transverse) 0.345 26.08 0.07 0.20%
Third mode (torsion) 0.330 34.19 0.10 0.21%

5. Summary

The purpose of this paper was to analyze the influence of beam-and-slab floor model on
natural frequencies of the building which are the part of dynamic characteristic (ex. [5]). It
has been shown that the change in slab forming causes changes in mentioned frequencies and
it was shown that these dependences can be presented as exponential equation. This opens
new possibilities in designing of the structure subjected to dynamic influence. This gives the
possibility of controlling resonance zone only by proper design of the structure instead of
installing expensive and difficult to design devices (such as dampers ex.[6—8]) that reduce the
influence of vibration on the structure.

In the next step of calculation there are predicted calculation of k and p for any case. The
influence of floor stiffness on natural frequencies of the building will also be considered in
future.
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Symbols

(EJ), — approximate value of flexural rigidity per structure width unit of the building
structure concerned, [MN'm]

(ED), — approximate value of flexural rigidity per structure width unit of the foundation raft
and the structure directly bound with it, [MN'm]

E - deformation modulus of the ground, [MPa]

b,l — dimensions of the foundation, b</, [m]

K, — relative stiffness of the structure acc. EN 1992-1-1:2004, [-]

K - stiffness index acc. DIN 4018:1974-09, [-]

h,  — replacement thickness of the raft foundation (taking into account rheology), [m]

E = — secant elasticity modulus for foundation concrete and superstructure, [MPa]

I, — moment of inertia of the foundation cross section and the structure directly bound
with it (e.g. foundation walls), [m*]

M, — compression modulus of the ground (value reduced for layered ground), [MPa]

E - elasticity modulus of concrete in the foundation and superstructure, [MPa]

M_ — bending moments in the raft foundation, [kNm/m|]

=
=

1. Changes in standard requirements

The requirement to take into account the effect of the superstructure stiffness when
determining the value and distribution of internal forces in raft foundation, has until recently,
not been included in any Polish standard concerning structural design. The withdrawn standard,
PN-81/B03020 [1] concerning the design of direct foundation of buildings assumed the ground
as a homogeneous elastic half-space, and the structure as perfectly elastic, without considerating
the overall stiffness of the superstructure—foundation—ground system. Both of these sub-systems
(superstructure as the first and foundation—ground as the second) were treated separately, and
the active element was the deformable soil. The building, or actually only its foundation is, in
this approach, merely a passive receiver of forces transmitted from the ground [2]. As a result,
the significant influence of the building’s actual stiffness on the behaviour of its elements is
omitted, especially in the form of settlement and internal forces generated in direct foundations.
Unfortunately, the standard applicable at the same time, PN-B-03264 [3], does not contain any
provisions regarding the discussed issue.

The situation radically changed with the introduction of common European Standards
in design practice. The provisions of Eurocode 7 [4] repeatedly point at the legitimacy of
the use of models enabling the consideration of a full interaction between the structure and
the substrate (Chapters 2 and 6) — in the serviceability limit state, clearly preferring FEM
numerical models. At the stage of determining interaction values, and the calculation of
differences in settlement, the referenced standard directly “requires that the structure stiffness
during construction and after its completion should be taken into account.” In contrast to no
longer valid reinforced concrete standard [3] much more attention is attached to the topic
in Eurocode 2 [5], especially in Annex G. The so far applied separation of computational
methods used in analyses of the superstructure-foundation—ground system has been validated,
among others, in the dependence of the so-called relative stiffness (K,) of this system.
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4 analysis levels were introduced (0 to 3) into structural designs. The most demanding is
level 3, which basically means building a model (e.g. FEM) of the entire superstructure-
foundation-subsoil system, in order to assess interactions. Unfortunately, as it can be found
in numerical analyses and on-site observations carried out by numerous authors [6-9], this
level seems to be the most suitable for analyses of buildings erected on raft foundations.
The core of the problem is to determine the relationship between: load distribution from the
superstructure onto the foundation — stiffness of the whole building structure — distribution
of the soil vertical bearing resistance; while maintaining conformity of the displacement of
the foundation footing with the soil. Thus only designating the soil vertical bearing resistance
distribution allows the determination of internal forces at any raft foundation cross-section.
A theoretical development deserving attention is presented in [10].
The relative stiffness quoted above for EC2 is defined by the formula:

(E))s
Ke=—7p (1

The structural system under consideration can be regarded as rigid when parameter
K, > 0,5. Literally, this means that the soil stiffness should be less than twice with regard
to doubled stiffness of the building and the foundation. As Starosolski noted [11], this is
a very conservative limitation, and contains a substantial safety margin. The fulfilment of
this criterion is also considered sufficient for the adoption of a linear distribution of pressure
under the raft foundation, for which the following condition is fulfilled:

/ |E,,
h—<0,553? (2)

z

For example, for a raft foundation with dimensions of 30 m x 40 m, situated on ground
with a deformation modulus of E; = 30MPa, and made of concrete C25/30 (E_ = 31000MPa)
the thickness h > 6,2 m which, according to [12] roughly corresponds to the actual thickness
of a non-cracked plate h > 8.2 m, or # > 9.3 m for a cracked plate.

The relative rigidity formula (1) is not a novelty in estimating the susceptibility of the
brand superstructure-foundation-subsoil system, and is only a small modification of index
(K) cited by Motak in [6], after an old German DIN 4018:1974-09 standard:

K SO My M M o
"1, E, EI,  (ED),
b

Based on the calculated value of K, it could be initially determined whether the whole
system is rigid (Kfi 1), elastic (1 < K/ <100), or flexible (Kf> 100). It can be clearly seen,
on the basis of algebraic transformations applied to equation (3) that formula K, by DIN and
K, by EC2 are similar. The main difference is the replacement of module M determined in a
laboratory (by an oedometer); module E, determined in-field (e.g. by a pressuremeter), which
stems from the thinking in the new standards — normally E < M. In addition, the impact
of superstructure stiffness on the stiffness of the entire system was increased, replacing, as
introduced by the authors of the article, (EI) , by (EJ), value, — where (EI) ), < (EJ) — which
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further underlined the difference between K| and K. In structures erected on coarse-grain,
compacted soils, such as gravels (M, = E), with a flexible superstructure ((£1), = (EJ)), rate
K, = 1/K, can be assumed.

2. Impact of the superstructure stiffness on the distribution of bending moments
in a raft foundation for a simple engineering model — qualitative approach

2.1. Adapted numerical models

For a rough estimation of changes in the raft foundation bending moments under the
influence of changes in the overall stiffness of the superstructure, two opposing models were
analysed. The first model (slab-column type) reflects a flexible structure, while the second
(wall type) reflects structure with a rigid superstructure. In both cases, the Winkler model
was used, with soil constant elasticity in the vertical direction equal to 5 MPa/m, and in
both directions horizontally 0,5 MPa/m. The change in stiffness of the superstructure was
simulated by reducing the number of floors, retaining a constant total of vertical loads (load
from the reduced section was applied at the highest node of columns/walls, in order to exert
the least impact possible on the distribution of bending moments).

Fig. 1. A) Reduction of superstructure stiffness; B1-2) Location of points on the foundation for
flexible superstructure; C 1-2) Location of points on the foundation for a rigid superstructure

The raft foundation with dimensions of 16 x 22 m was analyzed in thickness variants of
50 cm and 100 cm. The height of the buildings was 21m, and floor slabs were 22 cm thick.
For numerical calculations, Autodesk Robot Structural Analysis Professional 2014 was used
[13] — a popular engineering software for linear analysis of structures.

The analysis was based on tracking changes in moments M and M ,at specific points on
the raft foundation in both models — the location of points is shown in Fig.1.B1-2) and C1-2).
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The concept to modify the superstructure stiffness in the form of a gradual reduction in the
number of storeys from 5 to 2 is presented in Fig. 1.A).

2.2. Results obtained

Analysing the results obtained for the slab-column structure (Fig.2.A), one can observe
high sensitivity of the model to decrease in the number of storeys. For 50cm thick raft
foundations, a more stable trend can be observed, tending to decrease the value of moments
in the span. In a variation solution, where the plate thickness was 1m, the change in moment
values was much more evident. The largest M__increase occurred in the span middle lane,
while the largest decrease was recorded in the last (edge) span strip. Relative changes in the
columns were insignificant, which is associated with a very high value of reference moments
at this point. For M, moments, the largest increase occurred in central columns, while
decrease occurred in the last span. However, when analyzing the absolute moment values,
regardless of the selected direction, the greatest changes occurred in the column area.

AM,, [%], 0,5m thick raft found. Al AM,, [%], 1m thick raft found. A2
20,0% 80,0%
10,0% ~—4—1 point 60,0% —4—1 point
o —A —m—2 point —m—2 point
0,0% - 1 40,0%
5 floors 3 rs =3 point ~—3 point
-10,0% =14 point 200% =4 point
-20,0% M — =#=5point 0,0% - =5 point
—&—6 point ——6 point
-30,0% -20,0%
=7 point =7 point
40,0% " — - ——8point | -40,0% —— ~———8 point
-50,0% -60,0%
AM,, [%], 0,5m thick raft found. B 1 AM,, [%], 1m thick raft found. B 2
4,0% 20,0%
3,5% /7 15,0% -
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2,5% // —e—1 point 10,0% —e—1point
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1,0% -15,0%
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Fig. 2 A) Relative M__change for flexible superstructure with 0,5m (A1) and 1m (A2) foundation;
B) Relative M change for rigid superstructure with 0,5m (B1) and 1m (B2) foundation

For the wall construction (Fig. 2.B), changes in the bending moment value with
a foundation at the thickness of 50 cm were fully negligible — with a maximum reduction of
stiffness, they did not even achieve 6%. Just as before, along with doubling of the foundation
thickness, the impact of the superstructure reduction was multiplied. However, due to low
absolute values of reference moments, these changes are insignificant.
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3. Conclusion

With the increase in the stiffness of a raft foundation, the range of moments stretching
lower fibres grows significantly. Based on the above analysis, it can be stated that the building
with a wall construction is characterized by high effective stiffness in the foundation, which
takes into account the stiffening impact of the superstructure. This justifies the use of solid,
reinforced concrete walls in the raft foundation floor, even for structures with framework
superstructures. This floor acts as a rigid box that positively influences on the behaviour of
the entire structure.

(1]
(2]

[9]
[10]
[1]
[12]

[13]
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Abstract

In this paper the experimental and numerical results of dynamic characteristics (i.e. natural frequencies and
modes of vibrations) of the cable-stayed footbridge, located in Czestochowa, are presented. The numerical
analysis was carried out with the ABAQUS package. The in situ tests methodology and the results are
also presented on the basis of the spectral analysis of vibrations caused by a group people jumping. The
theoretical and experimental results are in good agreement as far as both the natural frequencies and
eigenmodes are concerned.
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1. Introduction

Pedestrian bridges are objects of public infrastructure which are designed to allow their
users to pass over an obstacle [1, 3]. It is important to note that the application of advanced
technology, calculation and materials gives engineers the opportunity to create footbridges
that are more slender, lighter and longer than bridges designed for cars or trains [3]. Because
of this, in a vast majority of cases, footbridges have the lowest natural frequency, which
coincides with the frequency of pedestrian steps (whether walking or running). Such
situations are very dangerous because resonance phenomena can occur [3, 4].

In the contemporary history of bridge construction, one of the most publicized examples
is Millennium Bridge located in London. From the day of its opening on 10 June 2000, the
bridge exhibited very dangerous tendencies that attracted the attention of scientists, including
more than 1000 articles and 150 broadcasts in the media around the world [3].

The first step in the analysis is to determine the dynamic characteristics of the structure.
There are two ways to do it: numerical and experimental [2].

In this paper, the comparison of both the experimental and the numerical results of
dynamic characteristics (i.e. frequencies and modes of natural vibrations) of the existing
footbridge are presented.

2. Basic geometry and material data of the analysed footbridge

The dynamic characteristics were determined for an existing two-span footbridge located
in Czestochowa, Poland. The primary purpose of the structure is to allow pedestrians to cross
over the national expressway DK-1. It was designed according to the technical requirements
demanded of footbridges (PN-85/S-10030). The cross-section of the footbridge span is shown in
Fig. 1, whereas the side view of the structure and its main dimensions are presented in Fig. 2. In
both figures the locations of accelerometers, used for the in situ experiment, are also presented.

L 300 L

A1/A2/A3 A4
Fig. 1. The cross-section of the footbridge span along with the locations of sensors (A- accelerometer)

The total length is 46.9 m, with the lengths of the spans 21.1 and 25.8 m. The width of the
footbridge is 3.5 m. The primary structural system of the footbridge consists of steel girders
(I-section HEB 400) located at a distance of 2.8 m and connected by crossbars (I-section HEA
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Fig. 2. The side view of the footbridge along with the locations of sensors (A — accelerometer)

300). The main girders are integrated with a concrete deck by steel bolts. The thickness of the
deck varies from 0.17 to 0.20 m. The superstructure has been suspended (4 trusses on both
sides of the deck) from a pylon 13.20 m high situated above the middle support. The pylon is
constructed of steel pipes with a diameter 457 mm and concrete inside. The trusses (type ASDO
M42) are hinged to the pylon and to the deck. Three supports are constructed as reinforced
concrete pillars with a cross section of 1.0 x 1.2 m and 0.8 x 0.8 m for the middle and the
extreme pillars, respectively.

The modulus of elasticity of steel was taken as 210 GPa. The Poisson’s ratio was assumed
to be 0.29. The material data of concrete were assumed: the modulus of elasticity at 39 GPa,
the Poisson’s ratio at 0.17 and the mass density at 2500 kg/m>.

3. Experimental determination of dynamic characteristics of the footbridge

For an experimental determination of the dynamic characteristics of the footbridge, an
impulse load — a jump by a group of nine people — was applied as a vibration source. The
footbridge was equipped with sensors (accelerometers) arrayed vertically (see Figs 1 and 2).
The natural frequencies of the structure were assessed on the basis of the spectral analysis of
the registered time history of the vibrations caused by the jump.

The time history of accelerations registered by sensor A1 is shown in Fig. 3a. The amplitude-
frequency spectra calculated from the time histories of accelerations recorded by sensors A1, A2,
A3, A4 are presented in Fig. 3b. It can be observed from the spectral analysis of all signals in Fig.
3b that the first, second and third natural frequencies equaled 2.7, 4.9 and 6.2 Hz, respectively.

The mode shapes associated with the obtained natural frequencies have also been detected
from the registered signals. The analysis of the first mode shape is presented in Fig. 4. To abstract
the accelerations associated with the first natural frequency a bandpass filter with the lowest
frequency of 2.4 Hz and the highest frequency of 2.9 Hz was used. The filtered time histories of
accelerations registered by sensor Al located on the first span and by sensor A3 located on the
second span are compared in Fig. 4a. Then, the comparison of the accelerations registered by
sensor A3 and situated on the opposite sides of the second span is illustrated in Fig. 4b. It should
be noted that the accelerations of the first and the second span are out of phase (sensors Al and
A3), whereas the accelerations of both sides of the deck (sensors A3 and A4) are almost identical.
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A similar analysis was carried out for the second and third mode shapes. The acceleration
histories recorded by sensors Al, A3 and A4, filtered around the second natural frequency
4.9 Hz, are all in phase. Finally, the analysis demonstrated that the acceleration histories
recorded by sensors A3 and A4, filtered around the third natural frequency 6.2 Hz, are out of
phase (see Fig. 5).

4. Comparison of the experimental and numerical results

As a result of the numerical analysis, the natural frequencies of the footbridge were
also calculated. The model was created in ABAQUS software. In Table 1 the experimental
and numerical results of natural frequencies are compared. The differences between the
experimental and the numerical results did not exceed 10%.

The modes of natural vibration are presented in Fig. 6. It should be noted that, in the case
of the first mode, the shape obtained from the numerical analysis of the vertical displacements
of the first and the second span were out of phase. In the case of the second mode, the shape
the vertical displacements of both spans were in phase. In the case of the third torsional mode,
the shape of both sides of the footbridge deck moved out of phase. These results are in good
agreement with the experimental results registered by accelerometers located at points A1-A4.

Table 1

Comparison of experimental and numerical values of natural frequencies of the footbridge

No. of Frequency [Hz] Description
frequency Experimental Numerical Difference [%] of mode shape
1 2.7 2.6 3.7 Bending
2 4.9 5.0 2.0 Bending
6.3 6.9 9.5 Torsion

Fig. 6. Modes of natural vibrations of the footbridge: (a) first; (b) second; (c) third
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5. Conclusions

In this paper the dynamic characteristics of the cable-stayed pedestrian footbridge

obtained in numerical and experimental ways are presented. On the basis of the obtained
results, the following conclusions can be drawn, as well as some general remarks for
engineering practice:

1.

The comparison of the analytical and experimental results are in very good agreement
as far as both the natural frequencies and modes of vibrations are concerned. Hence, the
numerical model of the cable-stayed footbridge was positively verified.

The obtained natural frequencies are within the range of 2.7-3.3 [3], which is typical for
fast pedestrian running. Hence, the resonance phenomenon resulting in the amplification
of the dynamic response may occur.
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Abstract

Basalt fiber-reinforced polymer (BFRP) bars are a new material used in reinforced concrete
(RC) structures. They present such properties as high tensile strength, low modulus of elasticity
and shear strength. Due to these mechanical properties, flexural behavior of BFRP RC elements
is significantly different to that of traditional steel RC. This paper presents the results of an
experimental and theoretical study of the short-term flexural behaviour of a series of simply
supported BFRP RC beams. The beams were tested under four-point bending. The main
objective of this paper was to investigate deflections of the beams depending on reinforcement
ratio. The results of experiments were compared with code formulations and prediction models.
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1. Introduction

Fiber-reinforced polymer (FRP) bars present such properties as corrosion resistance,
electromagnetic neutrality, light weight and high cutability [1, 2]. As a result they can be
a good alternative to traditional steel for reinforced concrete (RC) elements, especially used
in aggressive environments (e.g. offshore constructions, bridges), when electromagnetic
neutrality is needed, or in temporary structures.

Basalt fiber-reinforced polymer (BFRP) bars are a relatively new type of FRP
reinforcement. They have low modulus of elasticity and high tensile strength [3]. Moreover,
they do not present any yielding before failure and behave almost linearly up to tensile
rupture. Due to their mechanical properties, deflections and cracking in BFRP RC beams are
larger than these found in traditional RC members [4]. Consequently, the design of BFRP RC
flexural members is often governed by the serviceability limit states [5, 6].

The main aim of this study was to evaluate the stiffness of simply supported BFRP RC
beams depending on the reinforcement ratio. This paper presents chosen results of a larger
research programme in which 12 beams have been tested under static four-point bending.
The results of experiments were compared with the results of theoretical analysis.

2. Experimental programme

Tests of 6 (3 pairs) simply supported BFRP RC beams subjected to four-point bending
were carried out in the laboratory of the Institute of Structural Engineering at Poznan
University of Technology. Three different amounts of BFRP reinforcement were used: 0.19%
for beam BFRP 3#7, 0.32% for beam BFRP 3#9 and 0.52% for beam BFRP 5#9.

2.1. Test specimens
Fig. 1 illustrates the geometry and the reinforcement of test specimens. All the beams had

a cross-section of 0.20 x 0.30 m?, a total length of 3.05 m and a span of 2.70 m. The shear
reinforcement consisted of 8§ mm round steel stirrups placed at intervals of 100 mm.
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Fig. 1. Geometry and reinforcement of BFRP RC beams (dimensions in mm)
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In the pure bending zone no stirrups were provided. Two 8 mm steel bars were used as top
reinforcement to hold the stirrups. Reinforcing steel grade BSOOSP was used.

2.2. Materials properties

2.2.1. Concrete

All the beams were made of C30/37 concrete. The properties of this material were
evaluated from core samples taken from the beams after the tests had been carried out. Table
1 presents the mechanical properties of concrete.

Table 1

Mechanical properties of concrete

Compressive Modulus of Tensile Age
strength f elasticity £ strength £ [ dag o]
[MPa] [GPa] [MPa] Y
54.0 38.450 2.7 280

2.2.2. BFRP bars

BFRP ribbed bars were used as the flexural reinforcement. The experimentally determined
mechanical properties of reinforcement [3] are shown in Table 2. According to the results of
experiments [7, 8] the bond strength of these rebars is similar to that of steel bars.

Table 2
Mechanical properties of BFRP bars

Equivalent Tensile Modulus of Ultimate
diameter strength clasticity £, strain ¢,
[mm] [MPa] [GPa] [%0]
6.7 1185 52.800 22.5
8.7 1485 56.300 26.2

More details of the experiments (instrumentation and test procedure) are presented in the
paper [9].

3. Tests results

Fig. 2 shows evolution of the concrete strain along the depth of the section of beam
BFRP 5#9 for different load levels. As can be observed in this figure, the neutral axis before
cracking is located at the mid-height of the section. After cracking the neutral axis depth
increases and then its value is constant.
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Fig. 3 shows load — midspan deflection curves for all considered elements. All the beams
behaved almost linearly until failure. This is the result of the mechanical properties of BFRP
bars, which present a linear elastic behaviour under tensile loading. Because of the low
modulus of elasticity of BFRP reinforcement, ultimate deflections of the beams were more
than six times greater than these permissible (SLS graph in Fig. 2 — deflection limit = L/250).

30
25 10 kN
—20 kN
_ 20 30 kN
E, —40 kN
'g_ 15 ——— 60 KN
A ——80kN
10 —— 100 kN
5)
0
-3 15
Midspan strain & [%o]
Fig. 2. Strain along midspan depth of beam BFRP 5#9
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BFRP 5#9-1
20 — — —-BFRP 5#9-2
--------- SLS250
0
0 20 80 100

40 60
Midspan deflection ¢ [mm]

Fig. 3. Experimental load — midspan deflections
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It is clear from Fig. 3 that the reinforcement ratio had a considerable effect on the stiffness
of the beams. Loads for permissible deflections (equal to about L/250) of the beams were
about 28%, 36% and 39% of the limit loads for BFRP 5#9, BFRP 3#9 and BFRP 3#7,
respectively. These values correspond well with the values obtained for RC elements with
other types of FRP reinforcement [5, 10, 11].

4. Theoretical analysis of deflections

Table 3 presents seven models for calculation deflections of BFRP RC beams.

Table 3

Expressions for the effective moment of inertia/deflections of FRP RC beams

Expression Procedure

27] 2
M M
5max={1-[7”] 52{1—[1-{7’] HSI M EN 1992-1-1:2004 [12]

3 3
Mcr Mcr
1, :{ M ] B,;Ig + 1—[EJ 11” <l, (2)

ACI 440.1R-06 [13, 14]
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Bi=5,551 )
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¢ 2
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P-L 1 Y m Y
o = o | 3L = 4L, =8 1= | ——e L (S) CSA $806-02 [16, 17]
48E.-1, 1, | M,
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Icr ML‘Y
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3(Laj_4[4[Mcr]_3}(Luj [19]
L M, L
®)

_ 2311, ©9) Faza and GangaRao
" 81, +151, [20]

where M is the cracking moment, M is maximum service moment, d, is uncracked-state deflection, d,
is fully cracked-state deflection, 7, is the effective moment of inertia, I, is the moment of inertia of gross
section, 7 is the moment of inertia of the cracked transformed section, pfis the reinforcement ratio, p %
is the balanced reinforcement ratio, 7, is the moment of inertia for uncracked section, P is the total force
acting on the tested beam, L is the span of the beam, L is the distance from the force to the support of

the beam, £ is the modulus of elasticity of concrete.

Figs. 4 and 5 show experimental and theoretical load-deflection curves for beam
BFRP 5#9. Comparing theoretical predictions obtained based on Eq. (1), Eq. (6) and Eq.
(7), with the results of experimental tests, it can be observed that up to the service load
(deflection 0<L/250) there is good agreement between theoretical and actual values of
deflections. Deflections calculated according to ACI (Eq. 2) are underestimated, whereas
deflections calculated according ISIS (Eq. 4), CSA (Eq. 5) and Faza and GangaRao (Eq. 9)
are overestimated up to the service load. For higher loads all the theoretical approaches
underestimate deflections.
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g 100 — — —- BFRP 5#9-2 EXP
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----- ACI
% “ CSA
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— — — - BISCHOFF GROSS
20 —--—- FAZA GANGARAO
. — — -SLS 250
. - 80 100

40 60
Midspan deflection 6 [mm)]
Fig. 4. Experimental vs. theoretical load — midspan deflections of BFRP 5#9
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Fig. 5. Experimental vs. theoretical load — midspan deflections of BFRP 5#9 for loads less
than service load

5. Conclusions

This paper presents the results of an experimental and theoretical study of the flexural

behaviour of BFRP RC beams. Based on these results, the following conclusions may be drawn:

Due to the mechanical properties of BFRP bars, the beams behave almost linearly until
failure, which takes place at relatively large deflections.

Design of the beams is governed by the serviceability limit states.

At the service load level, deflections calculated according to Eurocode 2 and Bischoff
approaches are in close agreement with the results of the experiments. For higher loads
these approaches underestimate deflections.

Deflections calculated according to ACI are underestimated, whereas deflections calculated
according to ISIS, CSA and Faza and GangaRao are overestimated up to the service load.
For higher loads these theoretical approaches underestimate deflections.
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Abstract

Basalt fiber-reinforced polymer (BFRP) bars can be a good alternative to traditional reinforcing
steel. This type of reinforcement has low modulus of elasticity, hence deflections and cracking
in BFRP RC flexural elements are larger than these found in typical RC members. As a result,
the design of FRP RC beams is often governed by the serviceability limit states (SLS). This
paper presents chosen results of a research programme in which 6 beams have been tested under
four-point bending. The beams were varied in terms of the reinforcement ratio and diameter
of rebars. The main goal of this paper was to investigate crack spacing and crack width of the
beams. The results of experiments were compared with code formulations.
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1. Introduction

Basalt fiber-reinforced polymer (BFRP) bars are a relatively new building material.
On the one hand, this type of reinforcement has low modulus of elasticity and high tensile
strength [1]. As a result deflections and cracking in BFRP reinforced concrete (RC) beams
are larger than these found in traditional RC members [2]. Consequently, the design of BFRP
RC flexural members is often governed by the serviceability limit states [3, 4]. On the other
hand, BFRP bars have high corrosion resistance [5, 6]. Hence, building standards [7-9] for
FRP RC structures allow relatively large crack widths of 0.5—0.7 mm.

The main aim of this study was to evaluate the crack widths in simply supported BFRP RC
beams depending on the reinforcement ratio. This paper presents chosen results of a larger
research programme in which 12 beams have been tested under static four-point bending.
The results of experiments were compared with the results of theoretical analysis.

2. Experimental programme

Tests of 6 (3 pairs) simply supported BFRP RC beams subjected to four-point bending were
carried out in the laboratory of the Institute of Structural Engineering at Poznan University
of Technology. Three different amounts of BFRP reinforcement were used: 0.19% for beam
BFRP 3#7, 0.32% for beam BFRP 3#9 and 0.52% for beam BFRP 5#9.

2.1. Test specimens
Fig. 1 illustrates the geometry and the reinforcement of test specimens. All the beams had

a cross-section of 0.20 x 0.30 m?, a total length of 3.05 m and a span of 2.70 m. The shear
reinforcement consisted of 8§ mm round steel stirrups placed at intervals of 100 mm.
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Fig. 1. Geometry and reinforcement of BFRP RC beams (dimensions in mm)

In the pure bending zone no stirrups were provided. Two 8 mm steel bars were used as top
reinforcement to hold the stirrups. Reinforcing steel grade BS00SP was used.
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All the beams were made of C30/37 concrete. The properties of this material were
evaluated from core samples taken from the beams after the tests had been carried out.
BFRP ribbed bars were used as the flexural reinforcement. The experimentally determined
mechanical properties of reinforcement [1] and concrete are shown in Table 1.

Table 1
Mechanical properties of concrete
Material
Mechanical property concrete reinforcement reinforcement
C30/37 O =7 mm O =9 mm
Compressive strength £, MPa] 54.0 - -
Modulus of elasticity £, [GPa] 38.450 - —
Tensile strength /| [MPa] 2.5 - —
Age[days] 280 - -
Equivalent diameter [mm] - 6.7 8.7
Tensile strength f, [MPa] - 1185 1485
Modulus of elasticity £, [GPa] - 52.800 56.300
Ultimate strain ¢, [%o] - 22.5 26.2

3. Tests results

Detailed results of the tests are presented in the paper [10]. Table 2 shows the experimental
maximum, average and minimum crack spacing measured in the pure bending zone at the
height of the reinforcement. The crack spacing ranged between 35 and 223 mm. The average
ratio minimum to average and maximum to average crack spacing is found to be 0.48 and 1.82,
respectively. The load levels at which cracking stabilized were relatively high — they ranged
between 45% and 80% of the ultimate load P . These values differ from those found in the

literature [3, 11, 12].

Table 2

Experimental crack spacing and level at which cracking stabilizes

Beam Maximurp crack Average. crack Minimurp crack Force .at which
soigmion | gmene | e | ey | g
BFRP 3#7-1 180 107 55 56
BFRP 3#7-2 223 117 52 64
BFRP 3#9-1 151 88 43 45
BFRP 3#9-2 143 80 35 80
BFRP 5#9-1 178 93 45 73
BFRP 5#9-2 186 85 44 61
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Table 3 presents the maximum crack widths at every load steps for all the beams. It
is clear from the table that the reinforcement ratio has a considerable effect on the crack
widths. For loads of 25-35 kN (loads for permissible deflections — equal to about L/250) the
maximum crack widths were ca. 0.55 mm, 0.43 mm, 0.28 mm for BFRP 3#7, BFRP 3#9 and
BFRP 5#9, respectively.

Table 3
Maximum crack width
Load Maximum crack width w__[mm]
[kN] | BFRP3#7-2 | BFRP3#9-1 | BFRP3#9-2 | BFRP 5#9-1 | BFRP 5#9-2
18 - - - 0.05 0.05
23 0.55 0.10 0.30 0.10 0.10
28 0.75 0.40 0.45 0.20 0.25
33 1.10 0.60 0.55 0.25 0.30
43 2.75 1.40 1.40 0.65 0.45
53 3.00 - - - -
63 - 1.40 1.75 1.00 0.85
83 - 2.00 2.75 1.40 1.30

4. Theoretical analysis of crack widths

Table 4 presents four models for calculation the maximum crack widths of RC beams.

Table 4
Expressions for crack width
Expression Procedure
wk = srm (esm - 8(’m) (1)
s, =3.4c+0.425kk, 2)
P e EN 1992-1-1:2004 [13]
kt ctm 1 + ae eff’
S L ) R A
E: Expp,e// Es

w=2£[3kb d3+(ij @) ACI 440.1R-06 [7]
E, "\ 2
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w= 2.2kb%[3,3/d(A (5) ISIS Canada [14]
frp
= k[4c +0.7(c, - ¢)]% (6) JSCE [9]
s

where w (w)) is the maximum crack width, ¢ is the concrete cover, k is the bond coefficient (0.8 for
high bond — assumed in the study, 1.6 for plain rebars), £, is the load coefficient (0.5 for bending, 1.0
for tension), ® is a bar diameter, p of is the effective remforcement ratio, G, (0,) is the tensile stress in
the reinforcement, £, (£ L E /p) is the modulus of elasticity of the remforcement k,is the load coefficient
(1.0 for short-term loadlng, 0.5 for long-term loading), f, is the mean value of the tensile strength of
concrete, o, = E/E f (};r ) is the stress in the tension FRP reinforcement, £, is the bond coefficient (1.0
for FRP bars with bond properties similar to steel, > 1.0 for bars with mferlor bond behavior, <1.0 for
bars with superior bond behavior, 1.4(ACI), 1.2(ISIS) in the absence of significant test data — assumed in
the study), d_ is the concrete cover measured from the centroid of tension reinforcement to the extreme
tension surface s (c) is a bar spacing, B = /,/h, where h, is the distance from the extreme tension surface
to the neutral axis, h is the distance from the centr01d of tension reinforcement to the neutral axis, A4 is

the effective tenswn area of concrete, £ is the bond coefficient (1.0~1.30, 1.0 — assumed in the study).

Figs. 2-4 show experimental and theoretical load — maximum crack widths curves for
beam BFRP 5#9, BFRP 3#9 and BFRP 3#7, respectively. Comparing theoretical predictions
with the results of experimental tests (table 5), it can be observed that all the analytical
approaches tend to significant overestimate the crack widths up to the load about P =2.5P
(P,~18 kN). For higher loads they move closer to the experimental data. Crack widths
calculated according to EC2 [13] and ACI [7] present better estimate to the results of
experiments than JSCE [9] and ISIS [14]. All the prediction models give better results for the
bond coefficient & similar to that of steel reinforcement.

9
80
70
60
£ 50
-9
g 40 —— BFRP 5#9-AVE EXP
—
30 —=—ACI
+
20y EC2
! —%—JSCE
10 8
—a—ISIS
(A}
0 02 04 0,6 038 1 1.2 1.4 16

Crack width wk [mm]
Fig. 2. Experimental vs. theoretical load — crack widths of BFRP 5#9
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Fig. 3. Experimental vs. theoretical load — crack widths of BFRP 3#9
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Fig. 4. Experimental vs. theoretical load — crack widths of BFRP 3#7
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Table 5

Ratios w ,h/wexp for BFRP 3#7, BFRP 3#9 and BFRP 5#9

Ratiow, /w,
BFRP 3#7-2 BFRP 3#9-1 AVE BFRP 5#9-1 AVE
EC2 | ACI | ISIS | JSCE | EC2 | ACI | ISIS | JSCE | EC2 | ACI | ISIS | JSCE
23 1190 | 2.03 [ 253 | 247 | 2.62 | 3.23 | 401 | 3.79 | 2.67 | 3.68 | 4.11 | 4.22
28 | 1.89 | 1.81 [ 226 220 | 1.68 | 1.85 | 2.30 | 2.17 | 1.61 | 1.99 | 222 | 2.28
33 | 1.63| 145|181 | 1.77 | 1.57 | 1.61 | 2.00 | 1.89 | 1.67 | 1.92 | 2.14 | 2.20
43 10931 0.76 {094 | 092 | 092 | 0.86 | 1.07 | 1.01 1.19 | 1.25 | 1.40 | 1.43
63 - - - - 130 | 1.12 | 1.39 | 132 | 1.12 | 1.09 | 1.22 | 1.25
83 - - - - 1.18 | 098 | 1.22 | 1.15 | 1.06 | 0.98 | 1.10 | 1.13

Load
[kN]

5. Conclusions

This paper presents the results of an experimental and theoretical study of the flexural
behaviour of BFRP RC beams. Based on these results, the following conclusions may be
drawn:

— The reinforcement ratio has a significant effect on the crack widths of BFRP RC beams.
An increase in the reinforcement ratio results in a decrease in the crack widths.

— The load levels at which cracking stabilize range between 45% and 80% of the ultimate
load. These values are higher than those obtained for traditional RC members.

— The average ratio maximum to mean crack spacing equals 1.86 and the average ratio
minimum to mean values is 0.48. The first value is higher and the second one is lower than
those found in the literature.

— Crack widths for loads for permissible deflections (equal to about L/250) of the beams are
lower than the maximum allowed ones (0.7 mm).

— Crack widths calculated according to EC2, ACI, JSCE and ISIS are significantly
overestimated up to the load P=2.5P . For higher loads they move closer to the
experimental data.
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1. Introduction

All European Union Member States have to ensure that all newly constructed buildings
will have to be nearly zero-energy consumption buildings since 31 December 2020, according
to requirements of the European Directive 2010/31/EU. A 5-year period is set to achieve this
aim [5].

Single-apartment residential buildings with almost unconsumed energy (nearly of zero-
energy) are those of very high-energy efficiency where energy consumption equals to almost
zero or is very low. These buildings mostly consume the energy produced from renewable
sources on site or nearby [1, 2].

According to the requirements for legal acts passed in the Republic of Lithuania and
considering European standards — the buildings of classes B, A, A+ and higher can be
called low-energy buildings (BUILD UP skills — Lithuania) [3]. Effectively designed and
built buildings with almost unconsumed energy (A++ class) is a big challenge not only for
Lithuania but also for Poland.

Foreign scientists experience and analysis on this problem is limited. Therefore, scientific
achievements in this direction are necessary and timely, this emphasize in articles.

The buildings sector has a large potential for energy savings, because about 40% of the
total amount of energy is consumed in this field in the United States or Europe, and nearly
30% in China [4].

Energy saving is an important part of the Energy Policies of the European Union and the
Republic of Lithuania and Poland.

The study is aimed at developing correlation functions and determining links between the
thickness of the thermal isolation layer of the wall (expanded polystyrene — EPS70) and its
payback time according to the energy performance class of the building and the geographical
area of building construction.

2. Object description

As for Lithuania, according to the currently valid normative requirements and provisions
of STR 2.01.09:2012 Energy Performance of Buildings. Certification of Energy Performance
[7], buildings are classified and divided into 9 energy efficiency classes, including A++, A+,
A, B, C, D, E, F and G (Fig. 1a). The efficiency of energy consumption in the lately erected
buildings (building parts) in Lithuania must not be lower than energy performance class “B”
by 2016.

To make buildings more energy efficient, minimum energy performance requirements
have been raised since 2007 in order to achieve A++ class requirements for buildings with
almost unconsumed energy (nearly of zero-energy) performance.

A methodology for calculating the energy performance of a building in Poland is specified
in normative documents (Dz. U. poz. 1200, Dz. U. poz. 376 and Dz. U. 75, Poz. 690).
According to these documents, the buildings are not grouped in energy performance classes.
Their estimated annual energy inputs per one square meter of the useful area of a building is
calculated (Fig. 1b).
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The research object of the study is the relations between the thickness of the thermo-
insulation layer of the typical details of the wall (see Fig. 2) and its simple payback time.
The wall was evenly insulated with expanded polystyrene (EPS70) foam having the declared
value of the thermal conductivity coefficient (in this study — A, = 0.039 W/(m'K)).

In order to find out the influence of climate and a geographic location on the thickness of
the thermo-insulation layer, calculations in 3 Lithuanian and 5 Polish cities were performed.
The average outside air temperature discussed in this study has been adopted according to
data on (Table 2).

a) b)
[(Ar) ——————=o=
- 2018 year
D ——
=—
E 2007 year mik rocznego bowania na nicodnawialng cnergi¢ picrwotng EP [kWh/(m”rok)]
E Occeniany lokal micszkalny
0 50 100 150 200 2% , 300 3 4 450 >500

Fig. 1. Classification of energy efficiency of buildings: 1a — Lithuania — classes of energy efficiency
(STR 2.01.09:2012); 1b — Poland — graphic method. Source: (Dz. U. Poz. 376)

Normative requirements for the wall partitions of residential buildings of the one and
two-room apartment have been investigated in the study (Table 1).

Table 1

Normative value of the thermal transmittance coefficient of walls in residential buildings
U, ., W/(m*K)

pe;(fi;gi%z/gizﬁn In Poland In Lithuania
2014 (PL)/B (LT) 0,25k 0,20k
2017 (PL)/ A (LT) 0,23« 0,12k
2021 (PL)Y/A++ (LT) 0,20k 0,10-x

Multiplier x = 20/(01 — 0¢e), where 0i — indoor temperature during
the heating season is equal to 01 = 20°C; Oe — the average outside air
temperature during the heating season (Table 3).

The problem is that the geographic region of Lithuania in technical documents is evaluated
as one climatic region, with an average outside air temperature of +0.6° during the heating
season [2]. Different outside air temperature can be observed in different climatic zones in
Lithuania and Poland (Table 2), and therefore, for using correlation dependence functions,
a calculation solution to the thickness of the thermo-insulation layer (EPS70) of the typical
details of the wall will be presented in this work.
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The calculation methodology for the heat transfer coefficient of partitions and correlation
dependence are further analysed. Then, on the basis of the obtained results simple payback
periods are estimated.

Table 2

The average outside air temperature during the heating season (Source: The Norm
on Construction of the Republic of Lithuania RSN 156-94)

Location The average Duration Location The average Duration
temperature, 0 ,°C in days temperature, 0 _,°C in days
Gdansk —-0.05 242 Suwatki -2.54 252
Poznan -0.67 227 Klaipeda 1.9 214
Warszawa —0.63 222 Kaunas 0.7 219
Biatystok -1.9 232 Vilnius 0.2 225

3. Calculation methodology

As for this study, general data and formulas for external wall partitions were taken from
document STR 2.01.09:2012 Energy Performance of Buildings. Certification of Energy
Performance. This procedure is also enshrined in Polish normative acts [6, 8, 9, 10].

The total heat transfer coefficient U (W/(m?-K)) of the external wall (Picture 2) can be
calculated as follows (Eq. 1):

1 1
Uy=— = (1)
Rt Rsi + Rsl + Rse
where:
R —the thermal resistance of the internal surface of the wall (m*-K/W);

R:w — the thermal resistance of the external surface of the wall (m?-K/W);
R, —the sum of the thermal resistance of wall layers (m*-K/W);
R, —the total thermal resistance of external wall construction (m*-K/W).

The main verification condition is the heat transfer coefficient of the external wall partition
that must satisfy normative requirements (Eq. 2):

U <U 2)

w— T Nw

where:

U, - the design value of heat transfer coefficient of the wall partition W/(m?-K) that
directly depends on the investigated object, i.e. thermo-insulation (EPS70) thickness
(see Fig. 2);

U,, — the normative heat transfer coefficient of the wall W/(m*-K) depending on energy
efficiency class (see Table 1) and the average outside air temperature during the
heating season (Table 2).
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When the required thickness of the thermo-insulation layer is obtained, the period of
simple materials and salary (investment) payback is calculated (Eq. 3):

I 0
where:
1, — the amount of investment to additional insulation, €/m?;
AS  —annual savings, first year cost, €/(m?-years).

The annual savings are calculated according to the following expression (Eq. 4):
_[AU-AB-1-24 E: @)
1000

where:
AU = U, — U, is the difference value of heat transfer coefficients of the wall (before U, and
after U, additional insulation) W/(m?*-K);

AB the difference of inside and outside air temperature during the heating season,
OC;

t the duration of the heating season, days (Table 3);

E heat energy costs, €/kWh.

4. Research model

A research model has been created for determining correlation functions. The solutions to

the designed model cover [2]:

1. For the purpose of calculations, the typical details of the wall of the residential building
of one and two room-apartment were accepted (Table 4).

2. The thermal resistance of the external surface of the wall is R | = 0.04 m*-K/W; the thermal
resistance of the internal surface of the wall is R ;= 0.13 m* K/W.

3. The adhesive mortar layer was adopted as a thin layer R = 0.04 (m?-K)/W respectively,
according to technical regulations on construction STR 2 01.09:2012.

4. The expanded polystyrene (EPS70) foam was used as insulation according to document ST
124555837.01:2013 Expanded Polystyrene Foam Thermal Insulation for Building Partitions
(Fig. 2). The declared value of heat conductivity coefficient is A, = 0.039 W/(m'K). The
design value of the accepted heat conductivity coefficient is 0.041 W/(m'K) (according to
document STR 2.01.03:2009).

5. Normative values of the heat transfer coefficient of the wall were accepted according
to requirements for technical regulations on construction STR 2.01.09:2012 assessing
temperature adjustment kK = 1. Effect of the location assessed through temperature
adjustment k = 20/(20 - 0 ), when 6 accepted in Table 2.

6. Masonry wall — autoclaved aerated concrete blocks, specific weight — 500 kg/m?, thickness
—250 mm; A, = 0.153 W/(m'K).
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7. Thin-reinforced rendering thickness — 5 mm; surface finishing — 15 mm; A, = 0.8 W/(m'K).

8. The price of insulation materials (EPS70) and a salary of 47.47 €/m®were accepted.

9. Thermal energy cost was accepted (the average Lithuanian price of central heating
systems in 2014) E = 0.0724 €/kWh.

1 23456 7

Fig. 2. Details of the wall. Source: (ST 124555837.01:2013). Research object — (3) the thickness of
the thermo-insulation layer EPS70 of the wall, mm (for layers see Table 4)

Research calculations were performed using the same model/element and building design
solutions, changing only climatic data.

Table 3

The layers of the details of the external wall

No. Wall layer Thickness,

mm

* Surface finishing 15

1 Autoclaved aerated concrete blocks, (500 kg/m?) 250

2 Adhesive mortar layer 5

3 Expanded polystyrene (EPS70) foam 90-330

4 Anchor with plastic nail -

5 Adhesive mortar coated with masonry sealer

6 Reinforcing mesh 5

7 Decorative coat
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5. Research results
The required thickness of the thermo-insulation layer (EPS70) of the sample of a typical
wall was calculated according to the methodology for normative requirements for energy

efficiency. As provided in Table 5, the final thickness of the wall was calculated using the
approximation method of checking the condition of Eq. (2) and changing climatic data.

Table 4

The thickness of the calculated thermo—insulation layer (EPS70) (in accordance with regulatory
requirements for external walls)

Thickness of the thermo—insulation (EPS70) layer, mm -

(0]

Year (PL) . g - 4 g s 2 " 2

/Energy performance iz g g 2 = g e g g

class (LT) 3 £ S = 2 ks 3 = €

S S < = 7 Y, M a

1 2 3 4 5 6 7 8 9 10
2014 (PL)/ B (LT) 90 95 95 105 110 | 110 | 130 | 130 | 1.44
2017 (PL)/ A (LT) 105 110 110 120 125 240 | 260 | 270 | 2.57
2021 (PL)/ A++ (LT) 130 135 140 150 155 300 320 330 | 2.54

Difference, t 1.44 1.42 1.47 1.43 1.41 273 | 246 | 2.54

The thickness of the thermal insulation layer increases proportionally with a rise in energy
efficiency class using traditional insulation materials (in this study — EPS70) for the thermal
insulation of external wall partitions. The normative thickness of the thermal insulation layer
increases 2.73 times for buildings with almost unconsumed energy (A++ class), compared
with the currently valid minimum requirements pertaining to energy efficiency classes “B”,

as shown in Table 4.
The simple payback period of the thermo-—insulation layer (EPS70) of the wall was

estimated using formula presented in Eq. 3. The Lithuanian requirements is the reference
level to which payback is applied. The research results are presented in Table 5.

Table 5

The calculated simple payback period of the thermo—insulation layer of the wall (EPS70)

Simple payback period, years -

Year (PL)/ < 3

Energy pegforznance é % § ; % '§ g ) 5

class (LT) S £ S = g § 3 = %

Sl E | & | g | @ | & | ¥ |~ |8

1 2 3 4 5 6 7 8 9 10
2014 (PL)/B (LT) 23 | 25 | 26 | 25 | 23 | 33 | 35 | 32 | 1.44
2017 (PL)/ A (LT) 26 | 28 | 28 | 27 | 24 | 57 | 56 | 54 | 257
2021 (PL)/A++ (LT) 20 | 33 | 32 | 31 | 28 | 68 | 65 | 63 | 2.54

Difference, t 1.25 [ 130 | 1.24 | 1.25 | 1.25 | 2.06 | 1.86 | 1.96
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6. Conclusions and implications

The carried out analysis shows that the variation of the thickness of the thermo-insulation
layer of the typical details of the wall depends on energy efficiency class and the type of
the geographical location.

Comparison of the Lithuanian and Polish standard requirements for the energy efficiency
of buildings shows that the required thickness of the thermal insulation layer (EPS70) of
the typical details of the wall varies and may increase by 2.57 times.

The evaluation of the buildings of the same energy efficiency class in different climatic zones of
Lithuania and Poland has disclosed that the thinnest thermal insulation layer of wall partitions
is required in Gdansk region, while the thickest one — in Vilnius. The greatest influence of
fluctuations in climate has been noticed on the buildings of energy efficiency class A++. In this
category, the required thickness of the thermal insulation layer (EPS70) pertaining to the wall
varies by 20 cm between the warmest and coldest regions of Lithuania and Poland.
According to the conducted research, the longest payback period of contributed funds
(price of thermal insulation materials) is achieved within the period of up to 6.8 years in
the city of Klaipeda.

References

[1] Aviza D., Turskis Z., An empirical analysis of correlation between the thickness of

a thermal insulation layer of the floor and the payback period, Journal of Civil
Engineering and Management, 20:5, 2014, 760-766.

[2] Aviza D., Turskis Z., Kaklauskas A., A Multiple criteria decision support system for

analysing the correlation between the thickness of a thermo-insulation layer and its
payback period of the external wall, Journal of Civil Engineering and Management,
21:6, 2015, 827-835.

[3] BUILD UP Skills — Lithuania [online]. (2013). Available on the Internet: <http://www.

buildupskills.eu/en/national-project/lithuania> [cited 22 January 2015].

[4] Deng S., Wang R.Z.; Dai L.Y., How to evaluate performance of net zero energy building

— A literature research, Energy, 71: 2014, 1-16.

[5] Marszal A. J.P., Heiselberg R., Jensen L., Nergaard J., On-site or off-site renewable

energy supply options? Life cycle cost analysis of Net Zero Energy Building in
Denmark, Renewable Energy, 2012, 44: 1-2.

[6] Pogorzelski J.A., Przewodnik po PN-EN ochrony cieplnej budynkow (Instrukcje,

Wytyczne, Poradniki, 392/2009), Instytut Techniki Budowlanej, Warszawa 2009.

[7] STR 2.01.09:2012 Energy performance of buildings. Certification of Energy

performance, Technical Construction Regulation, Vilnius, 2012.

[8] Ustawa z dnia 29 sierpnia 2014 r. o charakterystyce energetycznej budynkow (Dz. U.

0014 r. poz. 1200, z p6zn. zm.).

[9] Rozporzgdzenie Ministra Infrastruktury i Rozwoju w sprawie metodologii wyznaczania

charakterystyki energetycznej budynku lub czesci budynku oraz swiadectw charaktery-
styki energetycznej (Dz. U. z 2015 1. poz. 376).

[10] Tekst ujednolicony rozporzqdzenia w sprawie warunkow technicznych, jakim powinny

odpowiadac budynki i ich usytuowanie (Dz. U. z 2002 poz. 690, z p6zn. zm.).



TECHNICAL TRANSACTIONS | CZASOPISMO TECHNICZNE
CIVIL ENGINEERING | BUDOWNICTWO

4-B/2015

BARBARA DULINSKA*

SUSTAINABLE DEVELOPMENT IN CITIES DESIGNED
IN ACCORDANCE WITH THE SMART CITY CONCEPT

ZROWNOWAZONY ROZWOJ W MIASTACH
PROJEKTOWANYCH ZGODNIE Z IDEA SMART CITY

Abstract

The situation of cities, related to a rapid increase in the number of their inhabitants, stimulates
the search for solutions counteracting the adverse consequences of this phenomenon. In order
to improve the quality of life — both now and in the future — the idea of sustainable development
was created, which is reflected in various visions of the twenty-first century cities. The concept
of Smart City implemented in the revitalization project of Arabianranta district in Helsinki is
a successful example of an action consistent with these concepts.
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Sytuacja miast zwigzana z gwattownym wzrostem liczby ich mieszkancow, sktania do
poszukiwania rozwigzan przeciwdzialajacym negatywnym konsekwencjom tego zjawiska.
W trosce o poprawe jakosci zycia—obecnie jak i w przysztosci — powstata idea zrownowazonego
rozwoju, ktora zapisywana jest w wielu ré6znych wizjach miast XXI wieku. Koncepcja Smart
City, zaimplementowana w projekcie rewitalizacji dzielnicy Arabianranta w Helsinkach, jest
przyktadem dziatania zgodnego z tymi koncepcjami, zakonczonego sukcesem.
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1. Introduction

The subject of the study is presentation of the principles of sustainable development
for planning issues in design assumptions, functioning in accordance with the concept of
Smart City. The subject was taken up based on the analysis of the revitalized Arabianranta
residential district located in Helsinki, where the designers used the concept of Smart City
in order to create a comfortable living space that would respect its identity. The author will
demonstrate the validity of the thesis that through the use of advanced technologies, which
are widely available and used in the infrastructure of modern cities like Smart City, it is
possible to effectively implement the principles of sustainable development.

2. The current situation of European cities

It can be observed that currently around 70% of Europe’s population live in urban areas,
and it is expected that this number will continue to grow over the next few years. A rapid
development of metropolis, which took place in the past few decades, contributed to the
expansion of the areas which they occupy. This process frequently proceeded in an unplanned
and uncontrolled manner. Such urban sprawl has adversely affected urban composition of the
cities — a rapid creation of monofunctional districts, badly communicated with the rest of the
city, have had a direct impact on the deterioration of the quality of life in cities and on the
poor air quality there. Currently, cities consume 75% of world energy for their functioning,
and emit 70% of global carbon dioxide emissions [1]. The increasing urbanization processes
led urban designers and scientists to search for solutions to the problems related to them.
This resulted in the emergence of new urban doctrines over the past decades, seeking a way
to ensure a comfortable life. A common feature of the concepts such as Compact City, Urban
Village, Eco City, New Urbanism, Green Urbanism, Smart City, Sustainable City [2] is their
subordination to the idea of sustainable development.

3. What is sustainable development?

The assumptions of the idea of sustainable development were presented in the 1987 report
Our Common Future, prepared by the World Commission on Environment and Development
(the so-called Brundtland Commission): “At the current level of civilization, sustainable
development is possible, which is such a development that meets the needs of the present
without compromising the ability of future generations to meet their own needs” [2]. The
implementation of the concept in urban areas is to create good living conditions for their
citizens — the space which is both functional and healthy. It refers both to the design (of
the whole city, its individual districts and specific buildings), as well as the subsequent
management. The idea encourages the rational, efficient and economical management of
resources, which include not only raw materials, but also space, energy, human capital
and time. The assumptions of the idea of sustainable development are currently included
into numerous development strategies and political declarations, becoming regulations and
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guidelines imposed by municipalities. The great role of the users (both entrepreneurs and
residents) throughout the process has been emphasized. According to the president of the
Responsible Business Forum, Mrs. Mirella Panek-Owianska, “the city is a special area of
business influences. It is a place where the majority of customers are, where employees
live. Therefore, the business here should interact with residents and local authorities for
sustainable development. Sustainable development is in the interests of both business and
citizens” [3].
The idea of sustainable development should be implemented during the work related to
the search for tools to solve the problems related to the major challenges which modern cities
face. They can be divided into the following 4 groups:
— Environmental (carbon dioxide emissions into the atmosphere, biodiversity, waste, clean
water)

— Social (social polarization, unemployment, migration, homelessness, poverty, meeting the
needs of residents, social participation).

— Economic (competitiveness of the city, its profitability, lack of jobs for the people coming
to live in the cities)

— Planning (urban sprawl, development of public spaces, public and individual transport).

4. What is Smart City?

One of the responses to the deteriorating quality of life in cities, based on the principles
of sustainable development, is the concept of Smart City, which uses the development of
advanced technologies. The presence of ICT (Information and Communication Technologies)
and the widespread digitization of all areas of life, in the concept of Smart City constitute
a tool to create a safe, friendly, convenient, diversified and efficient environment. This
idea uses a network and advanced software to prompt, collect and analyze data, and to
support urban infrastructure (networks providing media, transportation system) as well as
administrative processes. Additionally, free access to broadband Internet is used by the users
of the concept (residents, entrepreneurs and public authorities) to communicate with each
other. Their dialogue is essential for the effective functioning of public participation, which
is essential to the smooth functioning of this type of a concept.

In order to improve the quality of life in cities, the Smart City concept involves:

— development based on network connections between such elements as access to knowledge,
technology, human resources, infrastructure and the environment,

— multidimensional development based on ICT and network systems with integrated
measurement devices,

— smart city development in the field of economy (smart economy), management (smart
governance), humans (smart people), quality of life (smart living), transport and
communication (smart mobility) and the environment (smart environment).
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Fig. 1. Fields of development in Smart City

5. The tools used in Helsinki’s district of Arabianranta, designed according to the
concept of Smart City, used to achieve the objectives of sustainable development

The area, currently occupied by Arabianranta residential district, was associated with
the industry since the sixteenth century, when a settlement was founded here. In 1992, the
city authorities decided to relocate production plants and alter the profile of the district
with its vast potential for a multifunctional complex of residential and service buildings,
a campus of the Faculty of Art and Design of Helsinki University, as well as recreation
arcas. The creators of the Masterplan for this site, characterized by complex issues, decided
not to treat the heritage of this place as a problem or a barrier to its development. The
Arabia ceramics factory, existing since 1874, which is associated with the place and has
built its climate, has been treated as an opportunity and inspiration to create an attractive
and diversified district. The designers of this assumption have decided that “the starting
point of the neighborhood revitalization project is to honor the identity of the place in
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which the city was established, and of the culture that was born in this area. The birthplace

of the city and the manifestation of technical and industrial culture, including art and

music, offer a unique synergy” [4].

The implementation of the settlements of the Masterplan for the district designed
according to the concept of Smart City, is to ensure its functioning in accordance with the
principles of sustainable development. The area of 85 hectares was developed into 3 zones:
— green, located just at the waters of the bay, consisting of both arranged gardens and parks,

as well as pristine areas of nature reserves, thus ensuring biodiversity. From the west, the
area borders with residential areas and integrates developed sites with open recreational
areas and green ecological precincts.

— residential, compact development of high intensity and varied forms (collective
accommodation, multi-family and single-family housing), thus ensuring a diversified
local community. The development of various form standard and ownership ensures
varied users, who contribute to maintaining a healthy, open local community.

— universities, office and service buildings, providing access to services, jobs and education
to the residents, allowing them to reduce transportation needs. These facilities also allow
to carry out activities related to education and research, making the district an attractive
and competitive research center, positively influencing the economic level of the entire
unit.

The residential district is well connected with the center of Helsinki, located at a distance
of 10 km, thanks to both the low-carbon efficient network of public transportation and
the system of cycle lanes. In addition to the compact and varied development, filled with
diverse functions, it is a method to minimize the need to use own cars by the residents,
by not generating the necessity to travel. Another principle of sustainable development is
implemented through the project settlement, which requires that 2% of the financing of each
of the implemented investments is assigned for the activities related to art and design. The
result was a good system of public spaces, diversified with the works of art that provide
cohesion of the district and a friendly neighborhood for both pedestrians and cyclists. The
organization of public space and its decoration with the elements associated with the historic
porcelain factory Arabia, is conducive for the local community to building attachment to
their place of residence and create its identity. The Masterplan required the use of ecological
materials, durable and of high quality, which is one of the principles of sustainable
development. Another of its objectives is gaining, processing and propagating knowledge,
which is accomplished by using modern technology. Telecommunication network enables
effective communication, not only within academic institutions and companies having their
headquarters here, but also between these organizations.

In order to ensure diversity of the district, the designers marked in the project that it
was necessary to design both developed areas and open spaces, attracting private and public
investors, as well as effective combination of different functions, including residential,
service, educational, and recreational ones. Avoiding monotonous and unidirectional space is
conducive to raising the attractiveness of the area and its proper development.
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6. Conclusions

In 2012, the city of Helsinki announced the completion of the Masterplan for the revitalized
district of Arabianranta. The implementation of this complex design made it possible to create
a friendly place of residence for approximately 10 thousand people, 15 thousand students
and 4 thousand workers employed in 300 enterprises located in this area. The district uses
benefits of the twenty-first century, such as modern technologies, to effectively fulfill the
principles of sustainable development. With an extensive telecommunication infrastructure,
the Helsinki Smart City is a healthy, economical and sustainable environment.
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This paper points out recent tendencies in airport passenger terminal architecture. Taking
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solution and three cases of its implementation are pictured and analyzed. Moreover, the rising
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of LEED certification.
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W artykule przedstawiono aktualne tendencje w projektowaniu pasazerskich terminali
lotniczych. W ujeciu uwzgledniajacym ideg¢ zréwnowazonego rozwoju, zaprezentowane zostaty
przyktadowe cechy architektury lotnisk. Port lotniczy Stansted, zaprojektowany przez Normana
Fostera, zostat zidentyfikowany jako modelowe rozwigzanie, ktérego powielenie pokazano
na trzech kolejnych projektach. Dodatkowo wskazano, na przyktadzie amerykanskiego
systemu LEED, rosngce zainteresowanie certyfikacja wielokryterialng budynkow w sektorze
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1. Introduction

A passenger airport terminal is one of the most complex building typology. Different in
sizes and architectural expressions, all airports serve travelers providing a certain standard
of mandatory procedures (immigration, customs, security check, etc.) based on high-tech
electronic equipment, and additional facilities like duty free stores or restaurants. They operate
for the most time of day and night, allowing unobstructed flow of passengers throughout
halls, corridors, gates, etc.

The abovementioned factors result in relatively high energy consumption in comparison
to other types of buildings [1]. Hence, responsible architectural and engineering designs are
inevitable in today’s highly developed, sustainability-oriented societies. In this paper recent
tendencies in passenger terminals design are presented.

2. Transformation towards sustainability

A certain model of optimal ‘traditional’ airport passenger terminal was developed
throughout 20™ century. Due to large number of people and big volumes with no daylight,
followed by continuous increase of rigorous regulations, huge amounts of ductwork, piping,
electric installations, etc. were suspended to structural elements under floor slabs to allow
maintaining adequate micro-climatic conditions inside the building. This led to overgrown
foundations, columns, beams, slabs and, as a consequence, less efficient economic
performance of the building in a long-term run. Airports started to generate a huge ecological
footprint along with increased operational costs.

A revolutionary idea was invented and first incorporated into the design by a British
architect and technocrat — Norman Foster [2, 3]. His design for Stansted Airport (opened
for passengers in 1991) represented a new approach to terminal architecture. This concept is
now constantly being multiplied and developed by various architects worldwide (including
Foster himself).

The model incorporates low-tech solutions and spatial decisions in order to provide
better functional operation of the airport not only in terms of investment costs, but also in
terms of operational savings. At the same time, it proposes means of reduction of energy
consumption and ecological footprint. In terms of design sustainability, the approach is
to create a lightweight, ‘Big shed’' [4] modular canopy structure that offers sunlight and
ventilation openings for less energy-consuming interior conditions upkeeping (see Fig. 1).

So far, Foster’s model is considered to contain the vast majority of desirable solutions,
both in terms of operational functionality and life cycle economical and ecological analysis
[3]. Even though the diversity amongst airport terminal buildings is very significant, due
to external conditions like: desired capacity, climate conditions, economical issues, etc.,
principles for the design implemented into Stansted’s terminal can be described as an
emerging trend in passenger terminal architecture.

As sustainability of a building requires a holistic approach to designing process from the
very beginning (conceptual design) to the end of construction, it is much easier to incorporate

! “Big shed’ is a term used to describe trends in the contemporary architecture of public use buildings
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sustainable solutions into newly built terminals, rather than building extensions, where the
design opportunities are often limited by existing conditions. It does not mean that building
extensions should not meet current building standards, but for the purpose of this paper,
examples of new designs will be presented as model solutions.

Fig. 1. London-Stansted Airport terminal, designed by Norman Foster. Terminal is roofed by
a lightweight canopy structure, allowing natural insulation, daylight penetration and natural
ventilation of the building. Source: http://www.si.wsj.net/

3. Stansted’s model implementation

The continuous growth of aviation industry (dictated by enlarging number of passengers),
constant struggles of governments in terms of defining geopolitical nodes on the globe, as
well as new emerging cities cause numerous opportunities for architects and engineers to
design new airports [5]. As mentioned above, regardless size and range, the majority of
recent developments follows Foster’s idea [2, 3].

3.1. Queen Alia International Airport, Amman, Jordan

One of the clearest examples of the idea is Queen Alia International Airport, (completion
in 2012). Located in Amman, the airport serves around 8 million passengers per year, which
places it in the group of mid-size regional transit airport.

Due to climatic conditions at the airport’s location, implementation of the idea was
targeted mainly at the efficient use of Sun energy and maximum reduction of heat gains
(overheating) from sun rays at the same time. This is why the architect decided to design
a canopy roof as a system of modular concrete shells, covered with PV cells and equipped
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with small skylights that allow light penetration into the building. Sunrays accessing interior
of the terminal reach bright floors that reflect rays towards ceiling in order to spread the
natural light throughout the interior (see Fig. 2).

The use of natural light limits the necessity of additional artificial light support to
minimum. A concrete sun barrier (canopy roof) limits heat gains, stabilizes humidity on the
right level and allows air-conditioning units to work as an additional installation, occasionally
and locally lowering interior temperature. The building is also equipped with integrated
system of collection and usage of rainwater. Those noticeably decrease ecological footprint
of the terminal, causing substantial operational savings at the same time.

Fig. 2. Cross section of Queen Alia International Airport (Amman, Jordan): (A) photovoltaic panels

collecting solar energy, (B) lightweight concrete shell roof structure capturing sunrays and preventing

from building overheating, (C) skylights allowing sunlight penetration into the building, (D) interior

bright floors reflecting sunlight for better micro-climate, (E) patios for better natural light distribution
on all building levels, (F) bright ceilings for better natural light dispersion

3.2. Wroctaw Airport, Strachowice near Wroctaw, Poland
Wroctaw’s Airport, (completion in 2012), also follows the ‘Big shed’ [4] pattern for

airport construction. Although smaller in size (about 2 million passengers per annum) than
Queen Alia airport, it incorporates some of the ideas into design. Lightweight, wavy structure
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of the roof, with vertically situated windows, cleverly brings in sufficient amount of daylight,
protecting main hall from direct sun insulation at the same time (see Fig. 3). Adequate volume
of the interior prevents from overheating.

4. Multi-criteria certification in airport terminal designs

As today’s architecture and building systems become extremely sophisticated,
an increasing percentage of investors decide to validate their building’s performance by
obtaining a certain type of multi-criteria certification®. Airports, as a prominent investments
in scale of the city, region or even country, are also very often subjected to certification.

Airports’ certification is currently mostly developed in United States and, consequently,
conducted in LEED Certification system. Many existing airport terminals in U.S. are
undergoing renovations and improvement works. Hence, certification of them is based on the
Building Operation + Maintenance® system. The most common enhancements for airports
are: renewable energy generation (solar panels), water management (low-flow fixtures, water
reuse, draught-tolerant landscaping), natural ventilation and sun access, as well as usage of
low volatile and natural finishing materials. Undertaking other actions and renovations is
subject to external conditions and preceded by necessary SWOT analysis.

Among the examples of new airport designs, certain number of certified buildings can be
distinguished. Recently revealed conceptual design of Mexico City Airport shows the complex
and far-reaching development of Stansted’s idea, aiming to meet LEED Platinum certification
standards. Although the project is in very early phase, first descriptive visualizations (see
Fig. 4) of the idea, together with other published materials (videos, articles) clearly show
that sustainability and high energetic efficiency are the main goals that are to be achieved
in the design (materials, building performance, building energy consumption, etc.) and later
— during construction (high standard of construction site development, protection of the
environment and surroundings during construction).

, E—-
Fig. 4. Mexico City Airport (conceptual design) terminal aims to meet LEED Platinum certification
standards. Source: http://www.fosterandpartners.com/

o

2 The widest known certification systems for the building is LEED, BREEAM and DGNB. By
evaluating elements of the investment process, they systematize advantages and disadvantages,
illustrating building’s general performance in terms of sustainability and Life Cycle analysis.

3 A subgroup of LEED certification.
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5. Conclusions

The progress in technology and building techniques is clearly visible, and so is the society
demand for sustainable development. The following conclusions regarding airport design
tendencies can be formulated on the basis of presented research:

— Stansted sustainable airport terminal design can clearly be called a model solution for the
past 30 years and recent developments;

— Multi-criteria certification becomes popular among airport terminal buildings due to rising
ecological society awareness;

— Stansted model further development, combined with conscious sustainable design process
subjected to certification seems to set path for the future strategic planning decisions.
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Abstract

The article presents a passive building to be used for office purposes that is under construction
in Podlaskie region. The building has been designed to meet the characteristics of a passive
building —i.e. compact shape, mechanical ventilation with heat recovery, ground heat exchanger,
tight external partitions with an indicator U < 0.15 W/(m*K), heat pump, solar collectors.
Calculation indicator of useable energy demand for heating purposes is <15 kWh/m?*a. In order
to verify the achieved effects the building was subjected to tightness test and infrared camera
tests are also planned. The building is constructed by the Podlaskie Passive Building Center as
part of a project funded by the European Regional Development Fund.
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Streszczenie

W artykule przedstawiono realizowany w wojewddztwie podlaskim budynek pasywny
z przeznaczeniem na cele biurowe. Budynek zostal tak zaprojektowany, aby speinial cechy
budynku pasywnego — zwarta bryta, wentylacja mechaniczna z odzyskiem ciepta, gruntowy
wymiennik ciepla, przegrody zewnetrzne szczelne o wspotezynniku U < 0,15 W/(m?*K), pompa
ciepta, kolektory stoneczne. Obliczeniowy wskaznik zapotrzebowania na energi¢ uzytkowa
na cele grzewcze wynosi <15 kWh/m?a. W celu weryfikacji uzyskanych efektéw budynek
poddany zostal probie szczelnosci, planowane sg rowniez badania kamerg termowizyjna.
Budynek jest realizowany przez Podlaskie Centrum Budownictwa Pasywnego w ramach
projektu finansowanego z Europejskiego Funduszu Rozwoju Regionalnego.
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1. Introduction

Passive house as defined by Wolfgang Feist cit. ,,is a building with very low energy
consumption for heating the interior 15 kWh/(m?*year), where the thermal comfort is provided
by passive heat sources (residents, electrical appliances, solar heat, heat recovered from the
ventilation), the building does not need a separate active heating system. Heating demand is
met through heat recovery and reheating the air ventilating the building”. The concept of a
passive building was developed 20 years ago by W. Feist and his colleagues at the Institute of
Housing and the Environment in Darmstadt, Germany. The first passive building with energy
consumption of 10 kWh/(m?-year) was built in Darmstadt-Kranichstein in Germany in 1991.
Over the subsequent years more residential areas with passive buildings were developed. In
1998, the idea of passive houses was supported by the European Union through the project
CEPHEUS (part of the THERMIE program). In Germany, Austria, Sweden and France 250
flats were built in 14 passive buildings. In 2003 in Germany, Austria and Switzerland there
were more than 3,000 residential housing units in passive house standard, while in 2014 there
were over tens of thousands and the number is increasing very fast [1, 2].

1.1. The criteria for passive building

The basic criteria to be met by a passive building are presented in Table 1.

Table 1
The basic criteria for a passive building
Specification Requirements

1 The energy necessary to heat the area of 1 sqm < 15 kWh/(m2-year)
2 U-value the heat transfer factor for external partitions <0.15 W/(m2-K)
3 Tightness of a building — air exchange rate not (n50) <0,6 h-1
4 The maximum reduction of thermal bridges Y=0
5 Windows of the heat transfer factor U-value < 0.8 W/(m2-K)

Total solar energy transmittance for glazing g2=50%
6 Efficiency of recuperator for recovery of heat from ventilation >70%

Reduction of heat loss in the process of hot water preparation and

supply
9 Efficient use of electric energy
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2. Project guidelines for the passive building completed by the Podlaskie Passive
Building Centre (PCBP)

2.1. Technical description of the completed passive building

The building is located in the 4th climatic zone, it has two stories and no basement. The
block consists of 2 parts: office (passive), made in the standard of passive building and
the adjacent on the north side industrial hall made in the low-energy building standard.
The total usable area of the building (office + hall) is 2400.86 sqm. Basic data for the
office part:

— area (heated) 4 = 605.33 m?,
cubature 1765.65 m?,

— building area of 368 m?,

— building height 7.2 m,

— length 30.17 m,

— width 11.64 m.

Fig. 2. Heating installations 4 heat pumps brine-water used for heating, ventilation and air-water heat
pump for domestic hot water needs
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Table 2

Thermal characteristics of partitions

Specification U [W/(m*K)]
1 | The floor on the ground — the foundation slab ...+ Styrodur 24 cm 0.108
) The external walls of lime-sand hollow blocks 25 cm thick 30 cm 0.105

styrofoam (expanded polystyrene)

Flat roof — channell pllates + extruded styrofoam from 30 to 62 cm

3 0.062
(average value)

4 | Triple-glazed windows, low-E glass g(G) = 0.8 (Uw = 0.8, Ug = 0.5) 0.76%*

5 | Aluminium door joinery 0.7

4 | Maximum reduction of thermal bridges

* including “assembly” thermal bridges

2.1.1. Sources of heat

The source of heat for the needs of central heating, ventilation and hot water are 4 brine-
water heat pumps and air-water heat pump for domestic hot water.

The source of cooling (passive) are two following sources of heat pumps:
— vertical well (ground probes),
— horizontal collector.

The additional source of cooling are heat pumps (active cooling).

2.2. Reduction of demand for heat as a result of increased thermal parameters
of external partitions

The reduction of demand for heat in the analyzed building in comparison to such
a building in which all the external partitions (including windows) are made in accordance
with the WT 2013 was calculated on the basis of formulas stipulated in the Regulation of the
Minister of Economy [3] and is given in Table 3.

Table 3

Compilation of designed and constructed thermal insulation partitions, the achieved effects in
comparison to the requirements of the standard

External partitions Resulting effect

heat transfer coefficient .

. . area U [W/m? - K)] reduction AQ
Specification [m’] oo, to WT

2015 constructed [Gl/year] toe
External walls 319.6 0.25 0.105 11.26 0.27
Windows 65.2 1.3 0.76 101.74 242
Flat roof 351.18 0.2 0.062 14.56 0.35
Floor on the ground 351.18 0.3 0.108 7.58 0.18
YAQ= 135.14 3.22
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The resulting energy efficiency in form of heat demand reduction is 135.14 Gl/year,
which is 3.22 toe (tons of equivalent oil). The greatest thermal effect was achieved when
using windows with improved thermal performance.

3. Verification — Tightness test

The measurements were carried out by a professional company which: made a tightness
test of the building — Blower Door Test, set the air exchange rate n_, located the spots of
uncontrolled leaks.

50

Fig. 3. Tightness test in the office part of the building

As a result of the measurements carried out, an uncontrolled air leakage was found in
a few places only. These were mainly the contact points of door frame with the door leaf
around the door handle (lock) and contact point of door frame with the fire exit door leaf.
After the removal of minor faults the building should meet the required value n, < 0.6".

4. Analysis of the achieved effects — the compliance with passive building
characteristics

Thebuilding isunder construction, completion date of construction work, commissioning
of heating installations and then putting the building into operation is expected in 2015
(the date of the project realization is from 2013 to 2015). Only after a year of operation,
a thorough analysis of the achieved energy effects will be possible and after three years
the energy marking for the building will be obtainable with measurement method. Table 4
contains the designed and carried out works in regard to the criteria to be met by a passive
building.
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Table 4

Compilation of designed works in regard to the criteria to be met by a passive building

Specification Values Effect Criteria met

Energy demand for heating <15 Minimum air pollution Yes *
1 sqm kWh/m2-year
Thermal insulation of 0.062+0.105 | X AQ =3.22 toe Yes
partitions, windows + doors
Compact, not segmented block 0.31 Less heat loss by transfer Yes
AV =
Most windows located on the 87% Beneficial (positive) thermal Yes
south orientation balance, passive gains cover

min. 40% of the heat demand
Windows — cooling in summer Shutters, Minimization of overheating ok

green in summer

Achieved tightness test n50 =0.62-1 No
Elimination of thermal bridges ~0 Tests to confirm the design ok
(infrared camera test) (assumption) | objectives have not been made

yet

* Verification by direct measurement of energy consumption after 3 heating seasons
** Verification during the operation of the building in summer 2016
*** Verification will be carried out using the infrared camera (winter)

5. Summary and conclusions

This article presents the building designed as a passive building which is under construction
in Podlaskie region by Podlaskie Passive Building Centre (PCBP).

On the basis of the analysis of the building design documentation, calculations and
participation in tightness test of the building it was found that the building meets the
characteristics of a passive building, except for tightness test with slightly exceeded limit
values. It is therefore necessary to seal the uncontrolled leaks.

It has been estimated that despite very good thermal insulation of the external partitions
the reduction of energy demand in comparison to a standard building will be 3.22 toe
only. Thus, the main factor to meet the characteristics of a passive building was achieved
through limiting the heat loss through air ventilation heat recovery (recuperator, ground heat
exchanger). Ventilation losses are estimated at ~9% of total demand for heat for heating the
building.

All the calculation values of U factor, heat demand reduction AQ and the need for heat
for heating purposes, presented in Tables 2, 3 and 4, were made by the authors of this article.



[1]
[2]
[3]

[4]

105

References

Feist W., Munzenberg U., Thumulla J., Podstawy budownictwa pasywnego, Polski
Instytut Budownictwa Pasywnego, Gdansk 2009.

Budynki pasywne — mistrzowie oszczedzania energii, Krajowy Ruch Ekologiczno-
Spoteczny, 2006.

Rozporzadzenie Ministra Gospodarki z dnia 10 sierpnia 2012 r. w sprawie szczegotowego
zakresu i sposobu sporzgdzania audytu efektywnosci energetycznej, wzoru karty audytu
efektywnosci energetycznej oraz metod obliczania oszczednosci energii, Dz.U. 2012,
poz. 962.

Rydzewski A. i inni, Projekt architektoniczny budynku biurowego Lubniki gm. Zablu-
dow, ARH+, Biatystok 2013.






TECHNICAL TRANSACTIONS | CZASOPISMO TECHNICZNE
CIVIL ENGINEERING | BUDOWNICTWO

4-B/2015

MARTA NOWAK", MICHAL KOLACZKOWSKI*™

NEW DIMENSION FOR STRAW CONSTRUCTION

NOWY WYMIAR BUDOWNICTWA ZE SLOMY

Abstract

The rising interest in the ecological and energy-saving constructions include the whole life
cycle of building — starting from materials and ending with remains that a building leaves in the
environment. The holistic view of the ecological construction leads to increase in the interest
in constructions made from straw. This article focuses on the technology using straw bales in
modern buildings. To a great extent the straw bale method fulfils modern, ecological trends
because of low production costs, low energy use during production and biodegradation, among
others. The article describes physical parameters specific for straw bale and gives examples of
current projects of modern buildings made with this technology.

Keywords: straw bale, straw, ecological construction

Streszczenie

Rosnace zainteresowanie budownictwem ekologicznym i energooszczgdnym obejmuje caty
cykl zyciowy budynku — od produkcji materiatow do $ladow w $rodowisku, jakie budynek
po sobie zostawia. Holistyczna wizja budownictwa ekologicznego doprowadzita do wzrostu
zainteresowania budownictwem ze stomy. W artykule skoncentrowano si¢ na technologii
wykorzystania w nowoczesnym budownictwie sprasowanych kostek stomy — straw bale.
Straw bale w znacznym stopniu odpowiadaja wspolczesnym, ekologicznym trendom, mi¢edzy
innymi, ze wzgledu na niski koszt produkcji, niskie zuzycie energii przy produkcji oraz
biodegradowalnos¢. W artykule opisano parametry fizyczne cechujace straw bale oraz podano
przyktady aktualnych realizacji nowoczesnych budynkéw z wykorzystaniem tej technologii.
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1. Introduction

Straw is a natural material that has been used in construction for ages. Despite the various
possibilities of forming modern wall barriers, straw still remains an attractive material both
because of the ecological, economical and usage reasons. Straw constructions are often
associated with buildings made in traditional architecture, build in accordance with principles
handing down from generation to generation. In this article the authors would like to present
products made of straw — straw bale as a building material with specified technical parameters
and show that also buildings with modern form that fulfil current technical conditions can be
constructed in the straw bale technique.

2. Continuity of the tradition

Nowadays more than 1/3 of Earth population still lives in buildings made from clay and
straw [1]. Already from the prehistoric times, when people searched for shelter and dug
holes in the ground and covered them with dry grass, materials like clay and straw have
belonged to the most common building materials. Straw was already used in the oldest type
of constructions like plaited frame from cane, dried grass and straw, filled with clay, which
can still be noticed in Africa. In ancient times straw was one of the basic ingredients of
dried bricks. Straw, as a commonly available material was also used as a material filling
load-bearing constructions. In Europe and particularly among Slavic tribes popular were
wooden frame structures filled with mixture of clay, straw and wood. Invention of cutting and
pressing machine in 1860s revolutionized usage of straw as a separate load-bearing material.
In consequence of achieved weight and volume, the pressed straw was stable enough to bear
roof and later also the whole floor. This technique was used in America, where Americans
within the act on farmsteads started to settle in the lowland area in Nebraska. In this area
wood was almost unavailable and because of that the buildings were made from pressed
straw formed in rectangular bales — straw bales.

According to the architecture researcher Roger Welsch the oldest documented building
made with straw bale technique was a unicameral school raised in 1886 or 1887 [3]. Because
unprotected straw was an attractive source of food for local animals, in 1902 the straw walls

Fig. 1. Piligrim Holiness Church, Fig. 2. Simonton House, Nebraska 1908 [2]
Nebraska 1928 [2]
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began to be covered with cement-lime plaster or clay layer. In Nebraska different type of
straw buildings were constructed, starting from utility rooms, through houses and ending
with public buildings like churches or offices. This technique was so popular that between
1895 and 1930 70 buildings were built in Nebraska and 13 of them can still be admired today
[4]. In Europe the first commercial building made in straw bale technique was constructed in
England in 1989. At the height of the ecological movements and an idea of “do it yourself”
constructions from straw are getting popular from the beginning of 1990s. Until 1995 about
40 buildings in England were built with this technique, also in France and Norway, whereas
in 2001 in Europe more than 400 [5].

Fig. 3. Temporary Theatre Building — No99 Straw Theatre, Tallinn 2011 [6]

Nowadays both residential and public buildings like schools, warehouses, theatres, offices
are made in accordance to the straw bale technique. One of the most innovative solutions was
constructed in 2011 in Tallinn and it was a building of theatre with area of 440 m? made by the
Estonian design office Salto Architects. This is an example of a temporary building that was
constructed because of Tallinn being the European Capital of Culture. Modern objects with
flat roof and cascade entrance was a wooden form filled with straw blocks. In this building
straw blocks were not protected because in authors’ opinion this underlined a natural life
cycle of the material. In order to emphasize the meaning of this place (the theatre was located
in the city centre, along with old fortifications) the walls of the theatre were coloured with
sprays to black [6].

Fig. 4. University Building in Nottingham, Great Britain 2012 [7]
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In 2012 in Great Britain, a modern academic building at the Agricultural University in
Nottingham was put in use and was built with straw bale technique as designed by Make
Architects. The construction of this building consists of wooden, prefabricated castes filled
with straw bales. In order to produce straw bales, straw from the cultivable field belonging
to university was used and that is located about 200 m from the campus. Construction
system was cheap and fast in installation which was perfectly fitting to the ecological and
economical policy of the university. Four-storey building with an area of 3000 m? has
a number of functions: labs, workshops and offices are located here. Among others, modern
form is stressed with flat roof and oversized glasses [7].

3. Straw as a building material

Straw bale consists of pressed cereals formed in bundles with rectangular and rolled
shape. The construction uses bundles in rectangular shape — as a filling material, located
between construction elements or used to build load-bearing walls. In Poland straw blocks
can be used in buildings as a building product admitted to unit application in a building
object according to act from 16th April 2004 on building products (Journal of laws No. 92,
unit 881 as amended). To the best materials used in the straw bale technique belongs straw
made from wheat, spelt and rye, because it is the most durable product. According to Gernot
Minke [4] straw bales can be divided into three groups: small — of about 35 cm height (h),
about 50 cm width (w), 50-120 cm length (1), medium — of about 50 cm h, about 80 cm w,
about 70-240 cm 1 and jumbo: about 70 cm h, 120 cm w, 120-300 cm 1. Because of the
weight of jumbo blocks it is necessary to use some heavy equipment. According to GSBN
(Global Straw Building Network) the relative humidity of straw bales during storage and
building shall be at the level of below 14%. The bale can fulfil its bear-loading function
when its volume density is more than 90 kg/m®. It is also recommended that straw is without
weeds because they are less durable and decompose much faster than plain straw so they can
cause destabilisation of the bales. The pressed straw is characterised by very favourable heat
conductivity coefficient A which helps in using this solution in energy-saving houses. The
coefficient A fits into the range of 0.0337-0.086 W/m-K and depends on density of blocks,
structure of fibres (parallel or perpendicular to the direction of heat transition), humidity
of straw and, to a limited extend, also on the type of straw [3]. According to the code EN
13823 [8] the straw bales can be included to the combustible products with limited liability
to spontaneous combustion — group B. A wall made from straw bales that are covered on
both sides with 3-cm-thick clay plaster can achieve certified flame resistance of F-30-B [4].
It should be stressed, that thanks to pressing, the straw gets less flammable in comparison
with loose straw and the fire insulation is more efficient because of the proper wall plaster.
The basic advantage of wall construction in straw bale technique is forming a favourable
microclimate with natural materials, together with limitation of building exploitation costs.
Nowadays, straw belongs to the basic materials used in ecological construction among others
because of the fact that production of straw blocks absorbs relative small amount of energy
14 MJ/m?, almost 77 times lower than production of mineral wool (1077 MJ/m?) [3]. The
straw bale can be one of the most economical material in construction because of the general
availability of straw. Each year Poland produces 29 million tonnes of straw, particularly cereal
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and rape straw. Generally it is used in form of feed, bedding or ground fertilizer (because of
high silicon content). Nowadays, because of agricultural mechanisation in Poland, surplus of
straw is at the level of 12 millions tones each year [9]. All this features are considerate while
preparing ecological characteristic e.g. LEED, BREEM that are needed while performing
prestigious projects.

4. Example of usage of straw bales in residential building designed in accordance
with modern architecture

4.1. General description of building

Ahousein Raciechowice was designed in wooden construction with straw bales as a material
to infill outer walls. As of preparation of this article, this building is in the construction stage. It
represents modern architecture trends and propagate houses with minimalistic form, so without
caves, with big glazed surface, where day part is connected with the garden. The problem
connected with straw protection from the unfavourable weather conditions is solved here by
application of proper finishing materials and thanks to shaping the form with construction
overhanging. Popular materials used in modern residential construction with natural materials
are connected in this building. The object is designed as a two-storey building, without
basement. Dimensions of the building in plan are 24 x 14 m and height in ridge is about 8.5 m.
The construction is made from wooden frames, made from truss columns of the exterior walls,
roof trusses and floor joists. The distance between frames is 90 cm because of the omission of
roof windows and because of the dimensions of straw bales.

Fig. 5. A detached house, Raciechowice 2015

4.2. Construction of exterior walls

The exterior walls with filling made from straw are characterised by relatively high
thickness that normally is greater than 35 cm, which is the result of requirements for the
thermal insulation. In case of the house in Raciechowice the exterior walls are 45 cm thick
— straw bales with dimensions of 45 cm X 40 cm height x 45 cm length were used. It is
worth stressing that dimensions of straw bales shall be specified already during the design
stage of the building together with proper position of construction elements in such a way
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that the smallest number of bales has to be cut during the construction. In case of such thick
walls the thickness of foundation walls is problematic as they shall be above the ground
level for a minimum of 30 cm in order to protect the straw from rain water. In this object
30 cm thick reinforced concrete foundation walls were used and overhangs were made of
the wooden construction from the exterior side by 15 cm. The details concerning support of
wall with wooden construction and filling made from straw bales with reinforced concrete
foundation wall are presented at Fig. 6. The overhanging of the ground floor wall allowed to
install thermal insulation of the foundation walls, without obligation to be moved out from
the face of the ground floor wall. Making the foundation walls with width of the ground
floor wall would be connected with excessive usage of materials and unnecessary increase of
investment costs, as well as with insulation problems.

N
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Fig. 6. Details of straw bale wall support on the reinforced concrete foundation: a) finished wall,

b) wooden structure made from boards connected with nails; 1 —wooden shingle, 2 — ventilated air gap,

3 — planking, 4 — wind insulation, 5 — straw bales and wooden structure, 6 — clay plaster, 7 — thermal

insulation XPS, 8 — thermal insulation EPS, 9 — damp-proof course, 10 — layers of flooring on the
ground, 11 — wall plate, 12 — angle bracket

In order to calculate the thermal insulation of the wall the less favourable value of the
heat transfer coefficient A for straw bale that is given in the literature A = 0.086 W/m-K was
assumed. The thermal resistance (R) of 45 c¢m thick straw layer by the assumed secured
heat transfer coefficient level, was R = 5.23 m?-K/W. In order to achieve the same thermal
resistance by application of thermal insulation made from mineral wool, it shall be used 18—
23 cm thick layer, depending on A =0.035-0.045 W/m-K. By assuming that price of straw is
about 11.10 PLN/m? wall (price of the used bale was 2.00 PLN) and the average price of mat
made from mineral wool 20 cm thick is 20 PLN/m?, the use of thermal insulation with straw
is about twice cheaper. The energy consumption by production of 1 m? of thermal insulation
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in accordance with assumptions described in point 2 of this article is about 30 times lower
than in case of straw. Because of the above mentioned reasons and the will to use natural
materials, the investors decided to make walls in accordance with the straw bale technique.
However, the mineral wool was used to insulate the roof in order to achieve the maximum
floor space in the attic by the limited acceptable height of building.

4.3. Shape of roof and finishing of exterior partitions

Traditional roofs are made with eaves with length from 0.5 to 1.0 m. In the modern forms
they are designed without eaves because of the aesthetic reasons, so the walls are much more
exposed to weather conditions. Critical points are in edge of the roof and walls. The Fig. 7
presents solutions made in house in Raciechowice.

@fenfefe o]~
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Fig. 7. Detail of first floor wall overhanged towards ground floor wall: a) finished wall, b) wooden

structure made from boards connected with nails; 1 —wooden shingle, 2 — ventilated air gap, 3 — planking,

4 — wind insulation, 5 — straw bales and wooden structure, 6 — clay plaster, 7 — roof layers, 8 — ceiling
layers, 9 — beam, 10 — angle bracket

In order to protect from the negative influence of rain and melting snow on the walls in
the first floor an uniform finishing of walls and roof was designed in the form of a wooden
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shingle. The contrast between wood and clay gives opportunity to achieve interesting
architectonic effects. Because of that the house in Raciechowice except from application of
wooden shingle, consists of some walls in the ground floor that were covered with clay plaster.
In order to cover exterior walls in the ground floor with clay plaster an overhang of the first
floor construction was made for about 0.5 m. Also the surface of all interior walls was covered
with clay plaster. Except from the aesthetic reasons the clay plaster is characterised by a very
good moisture vapour permeability. Diffusion resistance factor of the clay plaster can be
compared to diffusion resistance factor of lime plaster. The clay plaster that is put inside thank
to very good sorption performance helps to regulate proper air humidity in the building [3].

5. Summary

In this article the most important physical features of straw bales and walls made from this
material are presented which shall be considered while designing buildings. The authors
focused on the use of straw as a material to infill load-bearing structure. By proper construction
and way of storage, straw bales have parameters that allow to compete with popular materials
used to make thermal insulation of a wall, like mineral wool or polystyrene. The examples of
public objects in Europe with modern form and residential object constructed nowadays in
Poland listed in the article confirm the thesis that the straw bale technique does not have to be
associated with traditional architecture from 19th and 20th century, but can be an interesting
alternative for modern constructions.
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Abstract

The article presents the problem of ichthyofauna protection in aquatic ecosystems. One of the
possible solutions to protect the fish and fry in the water intakes is the use of properly designed
water intake screens. The article presents the results of numerical calculations performed in
Autodesk Simulation CFD software considering the performance of water intake screen under
various conditions.
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Streszczenie

W artykule przedstawiono problem ochrony ichtiofauny w ekosystemach wodnych. Jednym
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jest wykorzystanie odpowiednio zaprojektowanej czerpni. W artykule zamieszczono wyniki
obliczen numerycznych wykonanych w programie Autodesk Simulation CFD uwzgledniajace
prace czerpni w r6znych warunkach.
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1. Introduction

Water intake, which is the first element of a water supply system plays a fundamental role in
its functioning. Therefore, it is especially important to design a proper water intake. Technical
and economic aspects have to be taken into consideration as well as the fact that water intake
may be a threat i.e. lead to injury or death of fish or fry inhabiting or migrating near the water
intake. Potential losses of fish can be caused by its entrainment or impingement. Entrainment
takes place when a fish is drawn into a water intake and cannot escape. Impingement occurs
when an entrapped fish is held in contact with the intake screen and is unable to free itself.
The degree of negative impact of water intake on the ichthyofauna depends on the number,
size, arrangement of ichthyofauna and swimming ability of individuals, as well as the water
velocity, inflow into the intake and depth at which the intake is installed. Other important
factors are the type and size of water intake and the mesh size of a screen [1].

In order to protect fish and fry from entrainment, behavioural or physical barriers are
installed in water intakes. The purpose of behavioural barriers is to deter the fish from getting
to areas that may pose a threat to them. There are different types of behavioural barriers:
louvers, light and sound behavioural devices, air bubble curtains, hanging chains, water jet
curtains, electric fields and other [2, 3]. The barriers require an activity from the fish, and
therefore their efficiency significantly depends on the ability of fish to swim.

Another, and the most popular, method of protecting fish and fry from entrainment by
surface water intakes is the use of physical barriers [2]. These are the intakes equipped with
special screens. The use of physical screens in place of water intake is recommended in
case of small and medium size water supplies. The appropriate design of a screen is largely
dependent upon the species and the size of fish requiring protection. Proper installation and
maintenance/cleaning of the screen are also important and ensure satisfactory operation of
the screen [1]. The screens can come in different shapes. These can be flat screens with
circular or square cross section and box or cylindrical screen. According to [2] when a screen
has round mesh holes, the size of mesh depends on the size of fish and fry and should be
lower than 2.38 mm for fry and lower than 6.53 mm for fish with length greater than 60 mm.
Usually the perforation of such screens is about 50-60% [2, 3], meaning that mesh holes
represent 50-60% of the total screen area. The cylindrical screen is the most widely applied
submerged screen concept. It consist of fully submerged screen modules placed at the intake
and gravity diversion conduits. These designs may include a single screen module or multiple
screen modules where larger diversion flow rates are required [4].

2. Material and methods

In order to check the performance of water intake screen under various conditions the
Autodesk CFD software was used. The programme provides computational fluid dynamics
(CFD) simulation, which is a simulation technique that mathematically simulates fluid flow
and heat transfer.

CFD simulation works by iteratively solving mathematical approximations of the Navier-
Stokes and Energy Equations to reach the solution. The software iterates these equations over
the entire simulation model until an unchanging (converged) solution is attained.
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The k-epsilon turbulence model is the most common model used in CFD to simulate
mean flow characteristics for turbulent flow conditions. It is a double equation model which
gives a general description of turbulence by means of two transport equations. It is typically
more accurate than the constant eddy viscosity model, but more computationally intensive
and slightly less robust. It is not as resource intensive as the RNG model (based on Re-
Normalisation Group methods), but still provides good results. The k-epsilon turbulence
model’s equations are as follow:

For turbulent kinetic energy k:
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where:
p — fluid density,
t — time,
XX, = coordinates,
u,  —velocity component in corresponding direction,
E,  —component of rate deformation,
u,  —eddy viscosity,
o,0_,C_, C,_ —adjustable constants.

The first step is to create a geometry. It was assumed that the water intake screen is
cylindrical. The water intake screen’s (part of the screen where water enters) dimensions are
as follows: diameter — 500 mm, length — 1000 mm.

H Default_Resistance

Fig. 1. Geometry model
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Then a material of each part of the screen was determined and added. The screen material
is stainless steel 304. As it does not affect the results of the simulation while it helps to reduce
the analysis time, it was assumed that the resistance of the main part of the screen is 50%
instead of taking into account huge amount of round mesh holes. Water flows into the screen
through permeable surface (Default Resistance in the Fig. 1), the rest part of the screen is
impermeable. Outflow surface of the water is named “water” in the Fig. 1.

The next step is to define boundary conditions. It was assumed that the water intake
screen is installed in the tank on the depth of 3 m. The appropriate pressure and the outflow
from the screen were assumed as the boundary conditions.

The pressure was calculated as:

Py =Pyt Py, =Py tP g h 3)
where:
p,, —pressure [Pa],
p, — atmospheric pressure — 101325 [Pa],
p  —water density [kg/m?],
g — gravitational acceleration, h — depth [m].

Simulations were done concerning that water is an incompressible fluid and that there is
a steady state.

Simulations were done in order to check the inlet velocity and the approach velocity
values according to the USA guidelines [2] presented in the Tab. 1.

Table 1

The acceptable inlet velocity and the approach velocity according to the USA guidelines [2]

Fish/fry size Approach velocity measured 8cm in front of the screen Inlet velocity
[mm] [m/s] [m/s]
Fry <60 <0.06
<0.15
Fish > 60 <0.12
3. Results

There were simulations of two scenarios performed. In the first one it was assumed that
outflow from the screen is 250 m*/h, then the average inlet velocity equals to 0.15 m/s. The
second one concerns outflow increased to 320 m*/h.

The parameter especially important in terms of ichthyofauna protection is the approach
velocity measured 8cm in front of the screen [2]. The results of approach velocity along
Z-axis (X =200, Y =250, Z) are presented in the Fig. 2 for Scenario 1.
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Fig. 2. Velocity distribution in Scenario 1 along Z-axis 8 cm in front of the screen

It can be seen that the maximum velocity value (0.058 m/s) is lower than the maximum
acceptable approach velocities presented in the Tab. 1 for fish and fry as well.

The outflow from the screen is increased what is checked in Scenario 2. When the outflow
increases to 320 m*/h the average inlet velocity equals to 0.18 m/s. The pressure and degree
of perforation remains unchanged. The approach velocity distribution is shown in the Fig. 3.
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Fig. 3. Velocity distribution in Scenario 2 along Z-axis 8 cm in front of the screen

According to the obtained plot shown in the Fig. 3. the maximum velocity equals to
0.075 m/s. It can be said that the increased outflow is safe for fish (with minimal body length
of 60 mm) as the velocity is lower than 0.12 m/s. A fry (with body length lower than 60 mm)
could be endangered due to entrainment or impingement as the maximum velocity is higher
than 0.06 m/s. It is impossible to determine a value of inlet velocity as the CFD programme
provides averaged results of velocity on the screen’s edge.
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Additionally, the results of velocity distribution are shown in the Fig. 4., and Fig. 5. and
the pressure drop is presented in the Fig. 6.

(1) Velocity Magnitude - m/s
15

1.2 i
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Fig. 4. Velocity distribution in Scenario 2

As expected the velocity is higher inside the manifold (discharge pipe), where it reaches
1.5 m/s unlike in the perforated, inlet part of the screen. In order to show the range of
velocity more visible in this Scenario the plot of velocity value along X-axis (X, Y = 250,
Z =500) was done.
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Fig. 5. Velocity distribution in Scenario 2 along X-axis

Another important parameter in the screen work’s analysis is pressure. The Fig. 6. presents
pressure drop inside the screen along X-axis (X, Y = 250,500).
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Fig. 6. Pressure drop in Scenario 2 along X-axis

It can be seen that the maximum static pressure is in the perforated, intake part of the
screen and it exceeds 130.75 kPa. At the outlet of the screen static pressure is 129.58 kPa.
The difference between inlet and outlet equals to 1.17 kPa which means that pressure head
loss during flow is 0.12 m.

4. Conclusions

The numerical simulations allow to get qualitative and quantitative results of examined
issues. Thanks to the simulation performed it is possible to determine the velocity and
pressure distribution. The pressure distribution obtained in accordance with water intake
capacity enables to determine pressure loss during the flow inside the screen.

Velocity and pressure are essential parameters in designing water intake screens protecting
the fish and fry as well as preventing from retraction of ice, slush ice, debris from the bottom
and larger polluting objects in a river.

The conditions presented in Scenario 1 are safe in terms of ichthyofauna protection. The
results of velocity range in Scenario 2 are acceptable from hydraulic point of view. However,
Scenario 2 can be dangerous for fry as the maximum approach velocity in front of the screen
is higher than the acceptable one. Nevertheless, during the design of water intake screen, the
size of the fish and fry inhabiting and migrating in the vicinity of the water intake is a key
aspect and each case needs to be taken into consideration individually.
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Abstract

The article presents the results of research on autoclaved aerated concrete (AAC) produced according to the
manufacturer recipe and modified AAC with the addition of waste from the semi-dry flue gas desulfurization
installation. Produced cubes of concrete were analysed using thermogravimetry in a temperature regime of
0-1200°C in order to determine thermal stability. Samples were also tested using X-ray diffractometer to determine
the differences in the content of tobermorite 1.1 nm, the compound which is responsible for the mechanical

properties of tested concrete.

Keywords: autoclaved aerated concrete, semi-dry flue gas desulfurization, x-ray diffraction, termogravimetry

Streszczenie

W artykule przedstawiono wyniki badan autoklawizowanego betonu komorkowego (ABK) wyprodukowanego
wedhug przepisu producenta oraz zmodyfikowanego ABK z dodatkiem odpadu z instalacji odsiarczania spalin metoda
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Signatures
FGD — flue gas desulfurization
AAC — autoclaved aerated concrete
AACS - autoclaved aerated concrete standard

AACM autoclaved aerated concrete modified
ABKS - autoklawizowany beton komoérkowy standardowy
ABKM autoklawizowany beton komérkowy modyfikowany

1. Introduction

The waste from the semi-dry flue gas desulfurization (FGD) is currently inapplicable,
what makes it an useless material, whose utilization is associated with additional costs. Unlike
the waste from wet FGD, where the product is a synthetic gypsum, widely used in industry,
mainly in the production of building materials [1]. The applicability of waste from semi-dry
FGD in the production of autoclaved aerated concrete could be an interesting alternative for
manufacturers [2]. However, the composition of the analyzed, unstable waste whose main
component is calcium sulfite, requires tests before usage as a substitute for gypsum.

2. Experiment

2.1. Waste from the semi-dry flue gas desulfurization

The waste obtained in the semi-dry FGD method consists of calcium sulfite — 2CaSO3 -
H20 (15-75%), calcium sulfate — CaSO4 - 2H20 (2-30%), unreacted lime — CaO, Ca(OH)2
(0-25%), limestone — CaCO3 (1-30%), calcium chloride — CaCl2 - nH20 (1-15%), moisture
(1-10%) and others (e.g. chlorides, sulfates, silicates of sodium, potassium, magnesium, iron,
aluminum). The exact composition depends on a wide range of factors, e.g. type of sorbent,
type of fuel used in power station, operating conditions during desulfurization process, and
composition of fumes. Due to the high content of sulfate (IV) calcium any possible use as
a synthetic gypsum must be subjected to a detailed analysis because of the instability of
sulphates on the I'V oxidation degree.

2.2. Autoclaved aerated concrete production

The studied autoclaved aerated concrete blocks (AACS and AACM) were obtained
in the industrial conditions with retaining the existing manufacturer production process
parameters [3].

The test product was produced as follows: to 4600 kg of slime with a 64% average
content of silica 545 kg of cement was added, 180 kg of lime and 200 kg of gypsum or waste
product from the FGD installation. Samples were taken from both the surface and the center
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of prepared blocks. Collected research material was triturated in a mortar, and then placed in
a hermetic vessel with a capacity of 200 ml.

Samples with a signature G were taken from the top of a particular cube, whereas samples
with signature D and S were taken from the center of a tested block. Figure 1 shows a diagram
of sampling for analysis.

Samples

26 psc x 240
mm

<—>

7 pes x 240 Dy
mm

3 pcs.100 x 100
mm

Fig. 1. Diagram of samples for analysis

2.3. Termogravimetric analysis

The thermal analysis was performed, for four randomly selected samples of AACS and
AACM, to estimate the thermal stability of the produced building materials. Thermograms
of the two samples are given in Figure 2. Beton 1 is the sample of AACS, while beton 2 is
the sample of AACM.

Thermograms shown in Figure 2 illustrate that the material marked as betonl and beton
2 have a low moisture content (approximately 3%). The minimal endothermal effect within
a temperature range 500-550°C is a result of dehydration of calcium hydroxide. The loss
of mass at a temperature of about 650-700°C is caused by decarboxylation. A significant
exothermal effect at about 800-850°C is related to transformation of calcium silicate
into wollastonite, and there is no change in weight during this process. Decomposition
of sulphates occurs only at temperatures of about 1000 °C. For the above reasons, it is
allowed to conclude that the tested materials made of AAC are characterized by high
thermostability.
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Fig. 2. Thermogram of two randomly selected samples, AACS (betonl) and AACM (beton2)

Figures 3—5 show the results of thermal analysis for the various samples marked as D, S,
G respectively for AACS (STD) and AACM (PR and PRG). Analyses confirmed the results
for dried material (marking 3) as well as for the material 1 and 2 (1-AACM and 2-AACS).
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Fig. 3. Thermogram for sample D

Typical flow of thermal processes characterizes the analyzed materials. The release
of weakly bound water appears at temperature about 100°C. Afterwards, dehydration of
tobermorite and other forms of hydrated calcium silicates occures at temperature range of
150-200°C.
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Analyzes explicitly show that the sample marked 3 had been dried before testing. Samples
D contain less free water up to 200 °C than samples G and S. In the tested temperature range
no significant differences between the ABKS A ABKM were detected.

2.4. X-ray diffraction

Toanalyze the effect ofadding calcium sulfite to AAC, the content oftobermorite-1.1nm was
taken. Tobermorite is a crystal structure, with chemical formula Ca5Si6016(OH)2+4(H20),
forming during the process of autoclaving AAC. The presence of tobermorite-1.1nm as
a binding material provides a well-structured autoclaved aerated concrete (AAC) with good
mechanical properties [4].

Averaged samples for analysis were prepared by taking the material in an amount of
about 20g from five different locations of the particular concrete block and milled in an
impact mill for 15 minutes. The obtained grist was subjected to diffractometric analysis.
Nine measurements were performed for the selected angular range 28-31° for samples with
the extension .PR or .PRG with the addition of calcium sulfite and extension .STD with the
addition of calcium sulfate [5]. Table 1 summarizes all the results obtained during X-ray
diffraction analysis.

Table 1

Specification of signals and their intensity

Sample Intensity [cps] (Position °2Th0) Average Intensity [cps](Position °2Th)
28.9 30 28.9 30
1’D PRG 732 255
1’G PRG 745 247
1’S PRG 772 275
690 259
G3 PR 543 202
D3 PR 756 280
S3 PR 591 145
D2’ STD 436 219
G2’ STD 681 335 670 362
S2’STD 894 532

Table 1 shows that the average signal intensity for tested samples, with the addition of
calcium sulfite (.PR and .PRG) and with the addition of calcium sulfate, is very similar and
their value adjustments are 689.8 and 670.3 cps for angle 28.9 °2Th. Differences in the
intensity of the angle °2Th 30 position were observed. Respectively, for AACM average
intensity amounts to 259 cps, whereas for AACS it’s 362 cps. Figure 6 shows results for 9
tested AAC samples.
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Fig. 6. Comparison of registered diffractograms

3. Results and discussion

Obtained thermograms show no significant differences in physicochemical
transformations associated with heating of analyzed materials, especially in the area of
temperature corresponding to rising and curing batched concrete mix before hydrothermal
treatment in the process of autoclaving. Decomposition of sulphates occurs only at
temperatures of about 1000°C, which is essential for safe functioning of autoclaves
(especially the danger of corrosion due to sulfur dioxide desorption) and during exploitation
AAC in the construction works. X-ray powder diffractometry analysis were performed to
examine the differences in characteristic signal intensities of tobermorite 1.1 nm in the
samples AACS and AACM. The obtained results show that the intensity of the signal for
an angle 28.9° is similar for both, ABKS and ABKM, samples and amount to respectively
670 and 690 cps. In comparison, the intensity for an angle 30° differs significantly for the
studied materials. For AACS it amounts to 362 cps, whereas for AACM it’s 259 cps, what
reflects lower content of the tobermorite-1.1 for modified concrete samples. This result
may suggest that the addition of semi-dry FGD waste to the AAC has an impact on the
formation of this compound in structure of concrete.
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Abstract

Cementation of iron water and sewage pipes is a standard procedure that is used to ensure internal
protection against corrosion. In order to reduce leaching of chemical elements from coating to water, the
neutral impact of cement coating on the water is of major importance. In the present study, the elemental
composition of the cement mortar lining, taken from the new cast iron pipes with a diameter of 100
and 150 mm, has been investigated. A reference sample was made from Portland cement. Studies using
scanning electron microscopy revealed an increased contents of titanium in the sewage pipes coating
and also aluminum and alkali in water pipe coatings.

Keywords: ductile iron pipe, blast furnace cement, Portland cement, centrifugal lining, energy
dispersive spectroscopy

Streszczenie

Cementowanie zeliwnych przewodow wodociggowych i1 kanalizacyjnych jest standardowym
zabiegiem stosowanym w celu zapewnienia wewnetrznej ochrony przewodow przed korozjg. W celu
ograniczenia stopnia tugowania zanieczyszczen z wyktadziny do wody szczegdlne wazne jest, aby
powloka zachowywata si¢ neutralnie w stosunku do wody, z ktora ma kontakt. W obecnej pracy
zbadano sktad pierwiastkowy powtok cementowych pobranych z nowych rur zeliwnych o $rednicy
100 i 150 mm. Probke poréwnawcza wykonano z cementu portlandzkiego. Badania z uzyciem
skaningowego mikroskopu elektronowego ujawnity podwyzszong zawartos¢ tytanu w powtokach
w przewodach kanalizacyjnych oraz glinu i alkaliéw w powtokach w rurach wodociagowych.
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1. Introduction

Ductile iron pipes used in water and wastewater are supplied as standard with cement-mortar
lining [1-4]. The function of cement-mortar lining is to reduce the susceptibility to corrosion
and the frictional resistance of pipelines. Cement coating must meet a number of standard
requirements [3, 4] for example, have the appropriate thickness, cracks width, compression
resistance. Due to the quality of drinking water and coating durability, numerous studies are
devoted to the investigation of chemical elements leaching from coating to water [5-7].

Recently [8], more attention has been paid to the structural characterization of factory
cement coatings. In contrast to the cement-mortar applied on construction site, they exhibit
not only better density, but also a gradient distribution of the components across the coating
thickness. The mortar is poured into pipe spinning with high rotation velocity. This causes
separation of the coarse concrete components on the wall of the pipe and on the coating
surface — solidification of dense and very smooth layer consisting of cement laitance. Because
the cement binder is a critical component of the concrete, it can be expected that under the
same operation conditions of cemented iron pipes, changes of technological properties of
cement coating will be different for a homogeneous and layered structure.

Regardless of whether the concrete mixture was applied on the new iron pipes, or the
renovation of old pipes was performed, the corrosion resistance of coating is determined
by the type of cement used and the tightness and strength of hardened concrete (properties
varying considerably over time) [9]. For factory cement lining of iron water pipes, the blast
furnace cement is used, as its chemical and mineral composition have a smaller impact on
the quality of tap water than Portland cement mortar [7]. The wastewater pipes are used with
alumina cement mortar lining, which has better resistance to fermentation tanks and certain
acids, as well as increased wear resistance under normal flow conditions [10]. The use of
aluminous cement for water pipes is not recommended, as it may cause a dangerous increase
in the concentration of alumina dissolved in water [5-7].

The aim of this study was to investigate the chemical composition of the coating cement
for water pipes supplied by different manufacturers and compare the results with studies
lining for a typical sewer pipe.

2. Experimental method

The materials for the study consisted of three cast iron pipes from different suppliers, lined
with standard cement mortar coating. The collected samples were determined as follows:
E and S — coating of water pipes with a diameter 150 mm, B — a coating of sewer pipe with a
diameter 100 mm. Macroscopic inspection included visual inspection of the appearance and
colour of the lining surface (Fig. 1) and measurement of coating thickness using a micrometer
screw (Table 1). It was assumed, that the comparative test will be made with Portland cement.
The sample M was taken from the pipes, which are part of the laboratory equipment, as
described in Ref. [6]. Concrete mix was prepared from cement CEM 1 42.5R and fine sand in
relation 1:1 with the addition of water, which guaranteed water-cement ratio w/c = 0.3. The
coating was applied manually in the laboratory, hence the lack of segregation of components
in its cross section.
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Fig. 1. Image of the factory cement lining: specimens S (on the left) and B (on the right)

Table 1

Dimensions of investigated material: DN — nominal pipe diameter;
G, - lining thickness; G, — laitance thickness

Specimen DN G,mm | G,, mm
M - 6.0 -
E 150 8.2 1.8
S 150 5.3 2.0
B 100 5.0 1.4

The chemical composition of the surface of the cement-mortar lining has been analyzed
using a scanning electron microscope HITACHI S-3400N, equipped with an energy dispersive
X-ray spectrometer (EDS) manufactured by ThermoScientific. Microscope mode is variable
vacuum, allowing to test the natural state of surface of an electrically non-conductive
specimen. A single area of analysis was 2.5 x 1.5 mm. A similar study was carried out for the
comparative coating M.

3. Results and discussion

For various cements based on Portland cement clinker, the difference in the composition
of the upper layer of the cement coating surface has been expected, due to differences in
the composition and the respective proportions of clinker minerals, undergoing binding
and hardening. Table 1 shows that the estimated thickness of the cement laitance (G,) does
not depend on the overall thickness of the coating (G,). Microscopic photographs of the
Surface coating (Figs. 2-5) disclosed qualitatively different characteristics: open porosity
(M and S), small cracks (£ and S) and roughness (M and B). On the Surface of the sample
E showing a part of the slag, which confirms the use of cement of CEM III class. For
comparison only of the Surface of the sample — the typical spectrum is given in the next
picture to the structure from Fig. 2 to Fig. 5. More particularly, for spin-coating applied, it
is the cement laitance.
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Comparative coating M matured in different natural conditions than factory-allied, but
according to the literature [11, 12], should show typical composition of clinker: 62—68% CaO,
18-25% SiO,, 4-8% Al,O,, 2-4% Fe,0,, 0.5-0.6% MgO, 0.8-3.0% SO,, 0.4-3.0% N,0+K 0.
For Portland cement, hydrated silicates, aluminates and ferrites calcium proceeds to form
ettringite-like compounds, -portlandite (called “slaked lime”), and tobermorite silicate phase (gel
substance with high fineness) [9]. It is known that, in contrast to Portland cements (M), blast
furnace cement contain less lime, more silica and generally more alumina [9]. The calculation of
the composition of the oxide phase in Portland cement clinker is pointless here, since the analysis
of coatings was carried out by semi-quantitative method — the results are compared in Table 2.

Log full scale counts: 3186 specimen M

T Fe

keV

88 Log full scale counts: 3403 specimen S

1000

100
T T

o
Y
3

keV

Fig. 4. Surface analysis of a cement-mortar lining from water supply pipe (specimen S)
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e tBen | Log full scale counts: 3310 specimen B

Fig. 5. Surface analysis of a cement-mortar lining from sewage pipe (specimen B)

Table 2

Results of quantitative EDS analysis of cement-mortar lining surface

Elemental composition [weight %]
Ca Si Al Fe Ti Mg Na K S Cl o
M 320 | 95 | 0.8 0.8 0.2 0.7 0.2 0.1 0.6 0.0 | 55.1
268 | 1.3 | 0.5 0.5 0.0 0.4 0.8 0.5 0.6 0.2 | 68.2
27.6 | 4.2 1.7 1.6 0.1 0.8 0.3 0.5 0.3 0.0 | 63.0
107 | 7.5 | 49 2.9 7.4 1.5 0.7 0.5 0.1 0.0 | 63.7

Specimen

W | o

The results for water pipe linings showed that specimen (S) contains more silica and
iron-aluminate than the specimen (£); the linings have also different content of magnesium,
sodium and sulfur. The composition of cement lining (B) shows a large amount of aluminate
phases, higher concentration of Mg and, above all, the presence of Ti in quantities equal to
Si. According to [13] titanium dioxide is ,,self-cleaning” on concrete surfaces, neutralizes
organic compounds and prevents the emergence of fungi and lichen on the air.

4. Conclusions

The composition of the various cement-mortar linings applied internally to ductile
iron pipes has been examined by means of scanning electron microscope. It was found by
comparative method that:

— Centrifugally lined in a factory cement-mortar linings have a significantly lower open
porosity and better surface smoothness, than those applied by projection method (on site,
in the lab), through macroscopic separation of the cement-laitance layer;

— Sewerage coating is different from water coating not only in color and absence of cracks;
in addition to higher aluminum content, a high concentration was measured for titanium,
which in the form of nanooxide acts as a photo catalyst in special concretes;
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— Factory cement-mortar lining of water pipes exhibit several-fold differences in aluminum
and iron content. In both specimens chromium and lead were not detected;
— In contrast to Portland cement, the factory coatings exhibited higher alkaline content.

(1]
(2]
(3]
(4]
[3]
(6]

[7]
(8]
[9]
[10]
[11]
[12]

[13]
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Abstract

The laboratory studies of pesticides involves a number of ways and methods. It has become especially important
nowadays when pesticides is common for people to use. The increasing risk of these chemicals has forced the
Legislating Authorities in France to set up recommendations on the use of pesticides and established Ecophyto 2018
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The objective of this research is to characterize the fate of 3 herbicides (tembotrion, S-metolachlor, nicosulfuron)
belonging to different chemical families on soil from Limagne region in France. The author have performed the
experiments with the dry samples of soil which were polluted in the laboratory by spraying pesticide solutions. The
work focused on one of the main processes governing the adsorption on surface of solid phase. The results of the
research shown that the impact of pesticides is greatly dependent on their family origin as well as on the environmental
conditions and the type of soil. Further studies have to be carried out to better understand actions and behaviour of the
pesticides in the soil.
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Streszczenie

Naukowe badania pestycydéw obejmuja wiele sposobow i metod badan laboratoryjnych. Sa one szczegolnie istotne
w dzisiejszych czasach, kiedy popularne stato si¢ stosowanie pestycydow. Wzrost zagrozenia tymi substancjami, zmusit
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Celem badan jest scharakteryzowanie losow 3 herbicydoéw (tembotrion, S- metolachlor, nikosulfuron), nalezacych do
réznychrodzin chemicznych w glebie zregionu Limagne we Francji. Autor prowadzit badania na glebie zanieczyszczonej
roztworami pestycydow. Badania te skoncentrowane byly na jednym z gloéwnych procesow dotyczacych adsorpcji na
powierzchni fazy statej. Wyniki badan pokazaty, ze wpltyw pestycydow jest znacznie uzalezniony od ich pochodzenia
chemicznego, jak rowniez od warunkow srodowiskowych i gleby. Dalsze badania powinny by¢ prowadzone w celu
lepszego zrozumienia dziatania i zachowania pestycydéw w glebie.
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1. Introduction

One of the main processes governing the dissemination and fate of pesticides in agricultural
soils is adsorption on surface of the solid phase. These interactions play a key role not only in
the transport of pesticides but also in their biodegradation, by acting on their bioavailability
and on the microbial metabolic activity. Therefore the understanding and measurement of the
pesticide retention and degradation are the key steps in risk assessments of their persistence
and contribution to pollution [10].

The objective of laboratory studies was to characterise the fate of 3 pesticides belonging
to different chemical families in soils from Limagne region. Nicosulfuron (sulfonylurea),
S-metolachlor (acetanilide) and tembotrione (triketone), known to be usually applied
sequentially during the growing season of maize [4, 13, 14, 16]. Soil from Limagne region
(Auvergne, France) was formed under continental climate, very cold in winter, very wet during
the spring thaw and very hot and dry in summer. That soil was classified as Vertisol which is very
fertile and lead to high production yields [3, 9]. That is why monitoring the fate of pesticides
in this area is a major environmental and health concern. In order to better understand the
mechanism involved in transfer/transformation processes of pesticides, research was carried
to identify the role of the soil component on the different pesticide adsorption. Laboratory
microcosm experiments were conducted to assess the dissipation of each pesticide in this soil.

2. Materials and methods

2.1. Preparation of soil sample

Samples were separated into 3 fractions depending on their size by physical treatments
(50 pm < ® <500 pm; 2 pm < O < 50 pm; @ < 2pum) according to the procedure described
on Figure 1. Bulk soil (air-dried and sieved at 2mm) was used.

30g rehydrated and homogen sample

L]
v
>0, 5rarm E— Drying 38°C

—D

. , =50um —p | Drying38°C

CaCl,
i
2-50pm
vl
<2pm
Drying 38°C \ g — washing /centrifugation —_— Drying 38°C

Fig 1. Steps of the soil fractioning [17]
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30 g of soil were put into container and cover sample with 2L of water. Fraction obtained
contained carbonates and organic matter. Water was removed every 8 hours by special pipe
and a vacuum pump and moved to the other container. CaCl, IN was put to accelerate
settling. After 1 week the fraction <0.5 mm was placed in a plastic pot and an ultrasonic
bath for 15 minutes and sow in 50 pm and Sum sieve. The fraction < 2 um should be
washed to remove Cl-ions made during the addition of CaCl, IN. It was centrifuged twice
during 15 minutes and speed 4000 rpm. The samples were placed in a crystallizer and dried
at 38°C.

2.2. Stability of pesticides

Three different solution pesticides of tembotrione, nicosulfuron, S-metolachlor with the
same concentration (100 uM) were prepared. The solutions were kept 7 days in Infors HT
Multitron Incubator. They were shaken with a speed 140rpm in 27°C under lights simulating
the solar spectra. Every day solutions were weighted. Distilled water was given in amount
which disappeared from the flask. 1ml of solutions were taken by automatic pipette and moved
into the eppendorf. The solutions were weighed again. New weight was recorded. Samples
were frozen at —20°C until HPLC analyses. L

1- Moistenung
tembotrion solution

2.3. Microcosms ..
ST t
. . LR
Six microcosms were prepared, two for S0 N
P . . LA N -~
each pesticide with two moisture contents (25 y

and 35%). Therefore six different solutions |
of pesticides: tembotrione 35% (142 uM) and

25% (200 pM), nicosulfuron 35% (142 pM) 2- Incubation
and 25% (200 uM), S-metolachlor 35% (142 Weekely samplmg
uM) and 25% (200 uM) were prepared. Each 5g, 20ml water

one was sprayed on 200g of air-dried and sieved ,
bulk soil into different containers. Control |
of water content was checked every week,
the day before sampling (Fig. 2). Soil (3.5 g)
was contaminated with 1.5 mL of pesticide at I —
different concentrations in centrifuge tubes. Room temperature

After 15 minutes (T0) and 20 hours (T20), 20 mL Fxtraction 24h
of solvent was added and the suspension was

shaken for 24 h. After centrifugation (1200 rpm l,

for 15 min), supernatants were put in a freezer . .
(=20°C) until HPLC analyses (Fig. 2.). The same Contrifuzation
protocol was carried out with a soil samples of

each microcosm once a week (samples taken in l

triplicate) and extracted with ultra pure water for
tembotrione and nicosulfuron and a mixture of
MeOH/H,O 4/1 for S-metolachlor [11].

HPLC Analysis
Fig. 2. Microcosm experiments on the
example of tembotrione [17]
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2.4. Sorption experiment-Kinetics

1 g of dry soil with 3mL of Volvic® water (natural mineral water from France) was
used. The soil samples were shaken (Heidolph Reax2) for 12 hours in 20°C before the day
of experiment. The supernatant was removed after centrifugation (Thermo KR22i Jouan) at
12000 rpm for 15 min. 3 mL of pesticide solution in distilled water (pH = 6) was pipetted into
the container. The samples were shaken again for 1/2, 1, 1 1/2, 2, 3, 4, 6, 8, 20 and 24 hours
in 20°C. Centrifugation was used again. HPLC analysis of supernatant was conducted. Each
measurement was performed three times.

2.5. Sorption experiment-Isotherms

The author prepared various concentrations solution of pesticide were prepared (10 uM,
20 uM, 30 uM, 50 uM, 70 uM, 10 0uM). The process of preparing samples is the same like
in adsorption kinetics.

1 g of clay was used and preconditioning with 3 mL of Volvic water (natural mineral
water from France). Samples were shaken (Heidolph Reax2) for 12 hours in 20°C before the
day of experiment. Centrifugation (Thermo electron corporation KR22i Jouan) 12000 rpm
for 15 min was used. Then supernatant was removed. 3mL of various concentrations solution
pesticide were pipetted into the 6 containers. Samples were shaken in 20°C for 4 or 6 hours
according to the pesticide studied. HPLC analysis of supernatant was conducted. Each
measurement was performed three times.

3. Results

The results of pesticide stability showed that a strong decrease of S-metolachlor was
observed within the first day. Almost 70% has disappeared. Tembotrione and nicosulfuron
were stable.

Stability of pesticides
120

100
ﬂ ¢ 8 » o
80

A ¢ tembotrione

60 m nicosulfuron

A S-metolachlor|
40

concentration[pM]

20

0 2 4 6 8
time[days]
Fig. 3. Photostability of tembotrione, S-metolachlor and nicosulfuron (100 uM) [17]



The results of pesticide dissipation in microcosms are presented on Fig 4.
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Fig. 4. Dissipation of (A) tembotrione, (B) nicosulfuron and (C) S-metolachlor in microcosms with

25% (M) and 35% (A) soil moisture [17]

Nicosulfuron is persistent as the final concentration after 69 days of incubation is the
same as the initial one. Tembotrione dissipated very slowly but a decreasing tendency of its
concentration is observed with time. The less persistent herbicide is nicosulfuron as 50%
and 70% have disappeared within 69 days of incubation for 25 and 35% of soil moisture,

respectively [10].

Adsorption kinetics of pesticides

Pesticides adsorption isotherm in soil
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Fig. 5. Adsorption kinetic of pesticides Fig 6. Adsorption isotherms of pesticide in soil [17] in soil [17]
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Kinetics studies showed a quick adsorption, and equilibrium soon reached which is
shown on the graphs (Fig. 5). The graph of tembotrione adsorption kinetics shows that the
most stable time of adsorption is 6 hours and for nicosulfuron and S-metolachlor is 4 hours.
After that time concentration of the analytes did not change.

The results of pesticide adsorption isotherms showed that tembotrione displays the lowest
adsorption capacity and S-metolachlor displays the greater adsorption behavior (Fig. 6).

4. Discussion

Degradation is the process of pesticide breakdown after application. This can be done by
microorganisms, chemical reactions and light or photodegradation [2,6 ]. S-metolachlor and
nicosulfuron have the potential to move into the water due to their highwater solubility [12].
These three pesticides are quite stable under those conditions (temperature, light, humidity).
Degradation from irradiation was comparatively slow. The contribution of a photolytic
mechanism of degradation is therefore limited. Moreover, no other chemical degradation
was observed (hydrolysis).

The dissipation could be observed due to sorption process on soil particles or organic
matter and/or to biodegradation by microorganisms present in soil. To discriminate both these
processes and to understand better the role of the different components of soil, adsorption
experiments were carried out with each pesticide.

Kinetics studied showed that the diffusion through the heterogeneous matter and
accessibility to the adsorption sites are high. Consequently, 4h and 6h of pesticide/soil contact
time were chosen for adsorption isotherm experiments [1, 5, 8].

Adsorption coefficients (K) of the 3 herbicides adsorbed on soil from Limagne region
follows the variation: K, (S-metolachlor) > K, (nicosulfuron) > K, (tembotrione). The same
behavior is observed than reported in the literature [7, 15]. The most soluble herbicide,
tembotrione displays the lowest adsorption capacity. Because of the negative charge of its
ionic form, interaction of tembotrione with surface of metal oxides, carbonates and clays is
unfavorable. Differently, S-metolachlor displays the greater adsorption behavior. Due to its
low solubility and its high K, this herbicide has a greater tendency to be adsorbed by the
soil organic matter. This is probably the reason why, it has great capability to be immobilized
on Limagne Vertisol. The major components are soil organic matter and clays. In Vertisols,
clays mineral is vermiculite, which is very specific.

5. Conclusion

In summary, the present results show that the fate of pesticides is greatly dependent on
their chemical structure and corresponding physico-chemical properties as well as on the
environmental conditions and type of soil. In this soil, our work focused on one of the main
processes governing the fate of pesticide: adsorption/desorption with solid particles that was
studied in detail but also on a global view of the pesticide dissipation under environmental
conditions. Tembotrione, S-metolachlor and nicosulfuron were not strong adsorbed by
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the soil. The results showed that S-metolachlor had the highest percentage of adsorption.
Nicosulfuron and tembotrione that were much less sorbed were found to be respectively,
persistent and slightly dissipated in soil. We can then assume that biodegradation by soil
microorganisms, known to be another important dissipation process in the soil, is not very
active for both these pesticides under theconditions used in the experiments. To conclude,
Further studies have to be carried out to better understand actions and behaviour of the
pesticides in the soil.
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Abstract

In the paper the results of experimental research on the deterioration of drinking water quality
after cement mortar lining were presented. The experiments were conducted in the renovated
water pipeline section in Cracow. Based on the results, the expected degree of leaching of
the pollutants from cement mortar to drinking water for specified lengths and diameters of
renovated pipes, as well as water velocities, was estimated.
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Streszczenie

W niniejszy artykule przedstawiono wyniki badan eksperymentalnych nad pogarszaniem si¢
jakosciwody do picia po cementowaniu przewoddéw wodociagowych. Pomiary przeprowadzono
na odcinku jednej z krakowskich magistral poddanemu renowacji z zastosowaniem wyktadziny
cementowej. Na podstawie uzyskanych pomiaréw przeanalizowano jakiego stopnia tugowania
zanieczyszczen z powloki cementowej do wody mozna si¢ spodziewac przy okreslonych
dlugosciach i $rednicach przewoddéw poddanych renowacji oraz predkosciach przeptywajacej
wody.

Stowa kluczowe: cementowanie, jakos¢ wody, przewody wodociggowe

DOI: 10.4467/2353737XCT.15.406.5037

* Assoc. Prof. DSc. PhD. Eng. Michat Zielina, MSc. Eng. Anna Miyfiska, PhD. Eng. Tadeusz Zaba,
Institute of Water Supply and Environmental Protection, Faculty of Environmental Engineering,
Cracow University of Technology.



146

1. Introduction

One of the most commonly used trenchless water pipe renovation methods is cement
mortar lining. It is mainly used for steel and cast iron pipes. This method is performed, after
thorough cleaning, by the spraying of cement mortar onto the inner surface of the pipeline.
A rotary head, which is pulled through the pipeline at a constant speed, is used for spreading
the cement mortar inside the pipe during renovation [1, 2], which provides a uniform layer
of cement mortar. In turn, the cementation of new pipes during manufacturing in a factory
is a different process. During the cementation the pipe rotates rapidly around its own axis. It
provides a much smoother surface of coating than in the case of cement mortar lining made
directly on a building site. Moreover, the rotation of the pipe around its own axis causes the
movement of sand grains towards the pipe wall. In consequence, the fine-grained structure of
cement mortar characterised by low seepage is formed [3]. The final thickness of the cement
coating should be in the range between 3 mm and 10 mm. The coating thickness dependents
on the pipe material and its diameter [4].

The popularity of cement mortar lining technique is due to its simplicity and relatively
low costs. Additionally, the method is characterised by a quite short renovation time,
guaranteeing a minimal interruption of water supply to the consumers. Cementing provides
two form of protection against corrosion: active and passive. It also protects the pipe by an
encrusting and void-filling calcite phenomenon. Therefore, renovation by cement spraying is
considered to be a very effective method for solving drinking water quality problems in the
long term [5, 6]. Active corrosion protection is provided by a very thin layer of water (a few
micrometers) which is formed between the cement coating and the pipe wall. This layer has
a very high pH at which the corrosion process is reduced or avoided [7].

However, it is often noted that directly after cement mortar spraying some of the drinking
water quality parameters may deteriorate. In the case of soft water, which has a low content
of carbonate and bicarbonate, contact of water with a newly applied cement coating may lead
to leaching of calcium hydroxide — a component of the cement lining. It causes an increase
in the pH of water and a decrease in the mechanical strength of the protective coating [7].
In turn, high values of pH can contribute to the dissolution and leaching of aluminium and
chrome from the cement mortar into the water [8] and also other chemical elements such as
lead, zinc, nickel, arsenic, cadmium, vanadium and copper. The amount of leached chemical
elements from the concrete coating into the water depends on the type of applied cement. For
example, use of high alumina cement contributes to the leaching of a significant quantity of
aluminium into the water. In the case of high-calcium cements, leaching of large amount of
calcium from the coating into the water is observed and, as a consequence, a significant rise
of water pH [9].

Pipe diameter is another parameter that is significant for determining the concentration of
chemical elements in the water after contact with the cement mortar coating in the pipeline.
The volume of the circular pipe section rises proportionally to the square of the inner pipeline
diameter, while the inner wall surface of the pipe section rises only proportionally to the
diameter. Therefore, the larger the pipe diameter, the smaller the volume of water per cement
mortar unit surface area (Fig. 1), consequently the larger the pipe diameter, the smaller the
influence of the cement mortar on the water quality [10].
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The impact of the cement mortar lining on the deterioration of drinking water quality in a
short period after renovation was analysed in the paper. Full-scale experiments were conducted
soon after renovation of water main section in Cracow. soon after renovation of the water
main section of the water distribution network in Cracow. pH, alkalinity, concentration of
calcium, aluminium and heavy metals such as chromium, lead and cadmium were measured
in water samples collected before and after the newly renovated pipeline. Based on the results
of the experimental research, the expected degree of leaching of pollutants from the cement
mortar into the drinking water for specified lengths, diameters of renovated pipes and also
water velocities was estimated.
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Fig. 1. The dependence of the water volume on the coating surface for few different pipeline
diameters

2. Material and methods

The renovated water main section is located along one of the main streets in Cracow.
The 500 mm diameter pipeline is made of steel and is 725 metres long. In a place where the
pipeline passes under the road, a 110.5 metres-long section was renovated by cured-in-place
pipe method in which a resin-saturated felt tube made of polyester and nylon fibers was pulled
into the corroded pipe. The rest of the 614.5 metres of water main was renovated by cement
mortar lining. The process of renovation was preceded by hydrodynamic cleaning with
the aim of removal of accumulated pollution and corrosion products. Cleaning equipment
powered by a water pump produced a pressure of discharge water of almost 100 MPa. The
cement mortar lining process was conducted by centrifugal spreading of cement mortar on
the inner surface of the pipe using a rotary head (Fig. 2). The cement coating thickness was
equal to approximately 10 mm. The expected thickness of cement lining was achieved by
providing a constant flow of cement mortar from the rotary head and its constant rotation
speed and suitable rate of movement of the spraying equipment along the water pipe.



148

Fig. 2. Rotary head for cement mortar lining water pipes (author’s photo)

For the preparation of the cement mortar, Portland cement CEM 142.5 R — manufactured
by CEMEX — was mixed with quartz sand in a ratio of 1 to 1. Next, water was added to the
mixture, maintaining quite a low water-to-cement ratio equal to 0.35. After the completion
of the cement mortar lining, one day of curing the cement mortar is required. After this time,
the renovated pipe was filled with water and the water was kept for 6 days under working
pressure. After this period of time a pressure test was conducted. For half an hour the water
pressure was maintained at 10 bars. At the end the pipe was flushed with a velocity of 0.2 m/s
for 6 hours before returning to usage.

3. Results

Water samples were collected before, during and 5 hours after flushing at the inflow to
(sample No. 1) and the outflow from (samples No. 2-5) the renovated section of pipeline. The
temperature of the collected samples was around 5°C. Each of the samples was tested in the
lab for pH, alkalinity and concentration of chemical elements such as aluminium, chromium,
calcium, cadmium and lead. The results of the pH and alkalinity tests are presented in Table
1. After half an hour from the start of the pipe flushing, the pH increased above 10 but
decreased for the next ten hours, reaching a value of 9 at the end. It is supposed that this
increase of pH was due to the impact of the fresh cement lining on the water. However, quite
a quick decrease of pH after a few hours is probably caused by the 6 days of water retention
which preceded the flushing and also the relatively large diameter and short length of the
cemented pipe. In other cases pH is expected to exceed 9.5 — the limitation value for drinking
water in the Polish Ministry of Health Regulation [11].

Concentrations of aluminium, calcium and heavy metals such as chromium, cadmium
and lead in the collected samples are presented in Table 2. Concentrations of heavy metals
were all under instrument detection limits, so it can be stated that the risk of drinking water
contamination by leaching of heavy metals from fresh cement mortar lining seems to be
negligible under the investigated conditions. Only a high increase of aluminium concentration,
significantly exceeding the maximum limitation predicted by the Polish Health Ministry
Regulation [11] and [12] (0.2 mg/l), was observed soon after the beginning of the flush.
The aluminium concentration gradually decreased and, 5 hours after flushing, reached the
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same value at the beginning of the renovated pipe as at the end. Since during flushing the
aluminium concentration was kept around the standard limitation, there is the potential risk
of exceeding this value under other renovation conditions such as a smaller diameter, longer
pipe, different cement, water quality and velocity, shorter flushing or omitting, preceded
flushing, and six days retention time. The analysis of calcium shows a small increase in
concentration at the beginning of the flushing process and a gradual decrease until the end.
There is no significant influence on water quality in the short period but long-term leaching
of calcium can devastate the mortar cement coating layer

Table 1
pH and alkalinity in collected water samples
Sampling The time from Fhe Alkalinity
No. lace start of water pipe pH [mmol/I]
p flushing [h]
| Inflowtothe 7.75 1.20
renovated pipe
2 0,5 10.13 0.85
3 | Outflow from 3 8.40 1.40
the renovated
4 pipe 6 8.10 1.40
5 11 9.05 1.20
Table 2
Concentrations of chemical elements in collected water samples
The time from
No Sampling | the start water | Aluminium | Chromium | Calcium | Cadmium Lead
’ place pipe flushing [mg/1] [mg/1] [mg/1] [mg/1] [mg/1]
(h]
Inflow to the
1 renovated 0 0.043 <0,002 61.44 <0.001 <0.005
pipe
2 0,5 0.064 <0,002 21.02 <0.001 <0.005
3 | Outflow from 3 0293 | <0002 | 6172 | <0001 | <0.005
the renovated

4 pipe 6 0.172 <0,002 64.23 <0.001 0.007
5 11 0.052 <0,002 46.33 <0.001 <0.005

It was considered, based on the experiments, that the greatest risk of drinking water
quality contamination in the short term after cement mortar lining renovation is due to
aluminium leaching. Based on the experimental measurements presented in Table 2, growth
of aluminium concentrations at the end of the freshly cemented pipe were calculated for
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different possible flow velocities, pipe lengths and diameters. The results of the calculations
are presented in Figures 3 and 4. The calculations took into account preceded flushing,
6 days water retention, pressure test and 6 hours of flush. Figure 3 presents the results of
the calculation for water drinking flow velocity equal to 0.5 m/s, and Figure 4 presents the
results for 1.0 m/s velocity.

Growth in aluminium concentration increases proportionally to the length of cement
mortar lined pipe and decreases proportionally to the pipe diameter. So, the smaller the
diameter and the longer the renovated pipe, the greater the risk of pollutant leaching
from the cement mortar into the water. The higher the velocity of water in the pipeline,
the shorter the contact time with the cement coating. The shorter the contact time with
the cement coating, the smaller the growth of aluminum concentration. So, the higher
the water velocity, the smaller the growth of aluminum concentration. In Figures 3 and
4, two velocities, 0.5 m/s and 1.0 m/s, were taken into account. Assuming an inversely
proportional dependence between water velocity and growth in aluminum concentration,
a two times smaller growth in aluminium concentration for 1.0 m/s velocity is expected
than for 0.5 m/s.

Since the maximum limitation of aluminum concentration in drinking water based on [12]
is equal to 0.2 mg/l, a growth in concentration equalling 0.1 mg/l appears to be dangerous and
should not be allowed. For 0.5 m/s velocity, such a high growth of aluminium is expected to
appear if a 200 mm diameter pipe is a minimum 3 km long, or if a 500 mm diameter pipe is
more than 8 km long. Of course, allowable growth in aluminium concentration depends on
the aluminium concentration in the water produced by the treatment plant and the flushing
time period.
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Fig. 3. Growth in aluminum concentration depending on the length and diameter of a freshly
renovated cement mortar lined pipe for 0.5 m/s velocity
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Fig. 4. Growth in aluminum concentration depending on the length and diameter of a freshly
renovated cement mortar lined pipe for 1.0 m/s velocity

4. Conclusions

Despite cement mortar lining of water pipes being a common method of renovation due
to its many advantages, it was noted that, directly after application of the cement mortar
inside the pipeline, some quality parameters of drinking water may deteriorate. The results of
experimental research performed on a steel water pipe section with a diameter of 500 mm and
length of 725 m shows that the greatest risk of deterioration in water quality is related to the
increase in pH value and leaching of aluminium from the cement mortar into the water. Under
experimental conditions it was observed that the risk of water contamination by chemical
elements as chromium, lead or cadmium is negligible.

Based on the conducted experiments it was possible to estimate the potential growth of
aluminium concentration after cement mortar lining for different pipe lengths and diameters
at velocities of 0.5 m/s and 1.0 m/s. Calculations were conducted based on contact time,
assuming linear direct dependence of leached metals growth on pipe length and linear
reversely proportional dependence on pipe diameter and water flow velocity.

Based on the experimental measurements and calculations, growth in aluminium
concentration exceeding 0.1 mg/l is probable if the renovated 500 mm diameter pipe is a
minimum 8 kilometres long and water flow velocity is not faster than 0.5 m/s for the same as
the experimental conditions other than pipe diameter, length and velocity.

The curves showing the growth of aluminum concentration in drinking water after
contact with the freshly cemented pipes enable finding of the maximum length of water pipe
characterised by a specific diameter that can be once renovated without the risk of leaching
aluminium from the cement mortar into the water exceeding the aluminum concentration
limit for drinking water.
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1. Introduction

Civil engineering is nowadays important part of, generally speaking, industry. To make
construction process faster and more efficient engineers tend to invent more and more
sophisticated methods both of buildings’ design and constructing of the structures. A constant
trend of improvement of construction planning and control through the whole period of
works performed on a building site is needed and should be started from the very beginning
of construction works start, or even before that time.

One of the most common problems associated with such situations is lack of communication
and management systems, which are not effective enough to react instantaneously. The only
way to get a solution of these types of problems could be usage of software which is more
flexible, intuitive and comprehensive.

In this paper, there is Building Information Modeling (BIM) to be described as an
irreplaceable tool in future construction management systems. It shows basic rules which
need to be followed during BIM-based management of construction works. The aim of
this article is to present concisely selected problems of the process of construction works
planning. The case study for a certain structural model of a residential building is included in
the paper. The starting point is the analysis of the model. The authors presented successive
stages of the planning process (quantity take-off and scheduling) aided by the selected BIM
tools (computer applications) which are currently developed in Poland.

This paper topic alludes to the previous works and research (i.a. [4, 7, 10] made by the
academics from the Institute of Construction and Transportation Engineering and Management,
Cracow University of Technology) in the field of widely understood applications of BIM in
construction management.

2. BIM as a tool in construction planning and management

According to Smith [8] BIM (a building information model) “(...) is a digital
representation of the physical and functional characteristics of a facility. As such it serves
as a shared knowledge resource for information about a facility forming a reliable basis for
decisions during its life-cycle from inception onward.”

“Building Information Modeling (BIM) is one of the most promising developments in
the architecture, engineering and construction (AEC) industries. With BIM technology,
an accurate virtual model of a building is constructed digitally. When completed, the
computer-generated model contains precise geometry and relevant data needed to support
the construction, fabrication, and procurement activities needed to realize the building” [2].

According to these definitions, on one hand, BIM is a process of modelling information,
on the other collection of building information data, a spatial representation of a structure.
Actually, BIM is all of it itself and even more.

The starting point is a 3D model of a building which contains geometry and other adjectives
such as building components (walls, windows, stairs etc.) and its characteristics and parameters.
However simulation of a building behavior is also possible on the grounds of those features.

According to another definition BIM can be related to as an intelligent simulation of
architecture. According to them, there are six main characteristic of such simulation [east]:
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— digital,

— spatial (3D),

— accessible,

— measurable (quantifiable, dimension-able, and query-able),

— comprehensive (encapsulating and communicating design intent, building performance,
constructability, and include sequential and financial aspects of means of method),

— durable (usable through all phases of facility’s life).

Those characteristic may seem idealistic and hard to be fulfilled at once. As a modern
tool in construction industry, there is a belief that in the next few years all of the demanded
features will be achieved.

Furthermore, there are a lot of mistakes and misunderstandings about what actually the
BIM technology is. First of all, BIM models must be not only 3D, but also represent other
pieces of information (attributes), for example cost. What is more, BIM model must be
equipped with parametric intelligence — it means that they must be equipped with a possibility
to adjust their position and proportions. Those models cannot be inconsistent or uncountable.
Also, they must reflect all changes on each possible view, not to confuse and inhibit the
programming and working on the model.

From the perspective of construction works planning process BIM which is understood
as model of a building, database or storage of important information, may serve as a source
of knowledge necessary for quantity take-off analysis and then schedule development. It
must not be forgotten that the use of BIM tools (that is software, computer applications) are
inevitable to make the most of the information stored in the model.

3. Initial analysis of the model

The case study presented in this paper was carried out for the structural model of
a residential building. Basic information about the building is set together in the Table 1. The
model is presented in the Fig. 1.

Table 1
Basic information about the building under consideration
Building type: - lsr(:rsl;(llf-rsl?za: g;lrlallgtenigs instterjg%l;efgnv:ilt}kll ltll(;: Sf(;use structure.
Numer of — no storeys below ground level,
storeys: — two storeys above ground (ground floor and attic floor).
Foundations: — foundation slab made of reinforced concrete, (below the slab, respectively
styrofoam layer and sand-and-gravel bedding),
— four spot footings in the corners of the structure outside the foundation slab
(onto them, wooden frame as the part of the roof structure).
Walls: — masonry ceramic load-bearing walls made of blocks of 25 cm in thickness
(prefabricated lintels are to be installed above windows and entrance door),
— cores in the load bearing walls made of reinforced concrete,
Slab: — monolithic floor slab between ground floor and first floor,
Roof: — gabled roof — collar-beam type of structure,
—wooden frame as a part of the roof structure (posts made of glued wood).
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Fig. 1. The view of the model

The starting point for the planning process was the analysis of the model. The analysis
revealed both some design and model correctness problems which may affect the process of
construction works planning. The first issue was to rework and correct the model before the
start of the planning. As the model was delivered as IFC file type, an IFC viewer (namely
BIM Vision by Datacomp sp. z 0.0.) has been used in order to check out the model. All the
discovered deficiencies were presented to the design team and the model was corrected.
Some selected problems revealed in the course of the analysis, are presented and briefly
discussed below.

3.1. Internal structure of the elements comprising the model

Fundamental project structure division is presented in the Fig. 2.

So called “IFC structure” of the model was needed to be done for easier and more
effective way of working on the quantity takeoff; such segregation has been added to the
model. If it had not been done at this stage, each element of the construction (even every
single reinforcing bar) would must be manually assigned to the adequate floor. Such a manual
manner of work makes it unnecessary to use BIM technology — there is no improvement or
automation in comparison with traditional way of project scheduling.

Adequate annotation of construction elements

From point of view of scheduling, proper management of construction works is
essential. That is why a designer must be sure that every stage of the project execution is
consequent and there is no doubt that all the structural rules are kept safely. Such a situation
occurs clearly in case of starters — special reinforcing bars which are responsible for good
connection and proper continuation of two construction elements designed to work as one
system. An example is connection of the foundation slab and the columns on the ground floor.
Comparison of rebar allocation is depicted in the Fig. 3.
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BIID. Model N Podstawa Opis robét

1 Kosztorys

2 1 Rozdziat = Roboty budowlane

3 L1 |Grupa = Undefined

4 111 |Grupa = Single-family house (dom jednorodzinny)

5 L1.11 |Grupa = Foundations (fundamenty)

6 i.x.u. Element # Reinforcement (zbrojenie)

154 ;-1-1-1- Element #-Slabs (plyty grube)
15 ;-l-l-l- Element #-Footing (tawy i stopy)

161 :-LI-L Element #-Frame mounting (mocowanie ramy gt.)
E2 L1 Element # Columns (stupy)

1 1112 |Grupa 4 Ground floor (parter)

411 1113 |Grupa # First floor (pigtro)

505 1114 |Grupa # Roof (dach)

Fig. 2. IFC structure of the model

Before correction: After correction:

Fig. 3. Example of corrections made to the reinforcing bars assignments

When the schedule is to be done, design team must ensure that the starters are installed
on the level of foundation slab (they must be prepared as the part of slab reinforcement, in
spite of the fact that they are not actually the construction element of the slab). The same
situation has been observed on the upper floor. After those rebar remarks have been launched
(with great care of static part of calculations and design of reinforced concrete structure) also
technological order of works execution could be conserved.

Practical approach to concrete placement

The figure shows how the model has been changed in order to facilitate concrete
placement process. On the left of the Fig. 4 — proper execution and creation of strong enough
bonds between neighbouring concrete elements (slabs, beams and columns) demanded by
designing rules would be impossible. On the right of the Fig. 4 (after model corrections) —
concrete placement will be easier and a gain of technological properties unquestionable.
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After correction:

Fig. 4. Example of corrections made in the concrete elements’ connections

The problems revealed in the course of the analysis might be related to unavoidable human
errors or usage of repeatable blocks of elements during the model development process. (In
the light of the analysis results the choice of IPD (Integrated Project Delivery) approach
seems to be a promising option. Early involvement of contractors, consultants, fabricators
and other specialists in the design process is expected to reduce errors and deficiencies on the
very early stage of design process. More details about the IPD can be found i.a. in [3] and [9])

4. BIM-model-based quantity takeoff and schedule

Two next steps described in the following chapter are the actual parts of the planning
process. The first step was the quantity takeoff and the second step was the scheduling. The
most important advantage of the BIM model usage is the ability to get automatically or semi-
automatically the quantities of construction works (compare with e.g. [2]). “All BIM tools
provide capabilities for extracting counts of components, area and volumes of spaces, material
quantities and to report these in various schedules” [2]. However it must not be forgotten that
the degree of accuracy depends on the model itself and the way it is developed. A list of the
elements with their quantities read directly from the model is a starting point to scheduling.

4.1. Quantity takeoff

The quantity takeoff was prepared with use of Zuzia BIM application (BIM software
tool which is being developed by Datacomp sp. z 0.0.). The process itself is very easy —
selected construction element or group of elements has been automatically counted (area,
length of chosen edge, volume or weight) and assigned to the element or group of elements
presented on the model. Such an operation has been performed on the entire model. Not only
each level of construction (foundations, ground floor, first floor, roof structure) has been
described directly on the basis of quantity survey, but also automatically each variant of
construction element has been registered and summed up (e.g. for the entire building, posts
with dimension of 25 x 25 cm comprises 2.886 m® of concrete). The exemplary part of the
work is depicted in the Fig. 5.
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Fig. 5. Transfer of the quantity information from the model — example for RCT columns

There were few challenges met during quantity takeoff determination. As no BIM specific
rules of measurement have been yet developed in Poland it was necessary to make the most
of the catalogue base which is traditionally used in the process of cost estimation.

When all the quantities have been revealed in quantity takeoff, direct assignation of
resources and their normative consumption connected with each type of an element has been
determined.

4.2. Development of construction works schedule

Development of the schedule was continued with use of Zuzia BIM application. It
noteworthy that an arrangement of an IFC-structure of a model (i.a. definition of stroeys/
levels and elements assigned to the levels/storeys) in the model directly determines tasks
which are to be carried out during construction phase. There is a possibility however to
group any types of element and the elements themselves. Nevertheless, its usage for schedule
arrangement is hard to be launched and unclear and there is the threat, that merging of position
causes disintegration of the model and the quantity takeoff.

The most complicated case occurs for reinforcement. On grounds of clarification of
construction elements, such a classification could be made regarding bar diameter. The
division facilitates distinction of similar bars’ properties on each level of the building. Then
the quantity takeoff appears more understandable and transparent. Unfortunately, it does
not help to plan more accurate schedule of construction works. It would be like that if the
division has been made into parts of the foundation reinforcement (for example group 1:
footing, group 2: slab, group 3: columns). The more the groups, the more accurate schedule
may become.

It must be emphasized however, that this type of classification (regarding e.g. bar
diameter) is very troublesome during planning phase. In order to prepare precise schedule
such a division must be made by a designer of a model. From point of view of a person
constructing the schedule only classification regarding similar location is reasonable.

The durations of the tasks was assumed as deterministic and assessed on the basis of the
simple formula (compare with [1, 4]):
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p=" 6]
ns
where:
D — duration of an activity (here in days),
A — quantity of a construction work,
T — the time required to complete a unit of work by a standard crew (measured in man
hours or machine hours per measurment unit of a construction work),
n — the number of workers or machines assigned to the task,

— number of working hours per shift.

The details of the duration assessment is depicted in Fig. 6.
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Fig. 6. Table with details of duration assessment for the tasks in the schedule

For the tasks enlisted in the Fig. 6 value of the nominator in the formula (1) has been
calculated automatically on the basis of the information extracted from the model (quantities)
and obtained from the catalogue base (normative consumption of man-hours [r-g] or machine-
hours [m-g] for a certain construction work). Assumptions about the number of working
hours per shift and number of workers assigned to a certain construction work had to be made
in the course of planning process.

4.3. Final arrangement of construction works schedule

The work starts with foundation reinforcement preparation and placement. As there is a lot of
rebar, the task takes four days with man power of five reinforcement fixers. When it is finished,
both footing and foundation slab is to be poured with concrete. Technological delay is required,
that is why ground floor walls are planned to be constructed nine days after the slab execution
and the week no. 2 may be recognized as a gap week. When the process of walls bricking up is
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nearly finished first stage of ground floor reinforcement (column’s reinforcement) preparation
is planned to be started. Columns are located between masonry walls and are to be constructed
after them, what reduces amount of needed formwork. Two-sided one is to be mounted and
concrete placed in order to create the columns. Another part of the schedule is the roof structure
construction. Main frame made from wood comprises columns mounted on the foundation
columns (placed onto the spot footing) and beams. Execution of the rest of roof structure is
planned to be finish at the same time as frame, but the frame does not require the gable wall
in contrast to beams comprising roof truss (collar-ties, rafters, cross-beams and other wooden
and metal elements). Final arrangement of the tasks in the schedule is presented in the Fig. 7.
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Fig. 7. Final arrangement of the tasks in the schedule — plan of construction works

5. Summary and conclusions

Implementation of BIM provides numerous number of possibilities concerning all the
building engineering matters. BIM is especially beneficial in the field of construction project
management. The models developed as 4-, 5- or even 6D constitute a collection of the data
(database information) related to the successive construction stages, moreover they can
also be a basis for maintenance and operating system long after the construction process
is finished. Any type of building element can be launched into the model — every type of
installation, architectural consideration or even a landscape planning.

The starting point for the quantity takeoff, cost estimation and planning is a model.
Preparation of a model that ensures sufficiently precise, consistent and well organized
information is a task which requires a discipline, experience and skills from the design team.
On the one hand, each building structure may be composed of millions of elements, on the
other hand division of those element into groups can be infinitely long process, actually not
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this much important for designers as for people responsible for planning. Some requirements

for the models as a basis for quantity takeoff and schedule can be listed as follows:

— elements in the model structure should be ordered in a way which allows for generating
adequate work breakdown structure for the purposes of planning and schedule,

— distinction of the storeys/levels in the building’s structure and assignment of the building’s
elements to the storeys/levels is essential,

— the elements in the adequate storeys/levels should be ordered in a way which reveals the
technological order of execution of construction works,

— adequate model-based work breakdown structure is a condition for proper planning and
schedule,

— quality of the schedule depends on the quality of a model.

The software exploited by the authors in the course of planning process (ZuziaBIM)
allows to improve some of the possible deficiencies of the model. It is possible to correct
the structure of the model’s elements in the scheduling module to some extent. The way of
operating on the model seems to be rather intuitive. For these people who met the concept
and the tools for a building designing and construction management before, usage of BIM
should not be troublesome. Such a program as ZuziaBIM (well-known cost estimation tool on
Polish market) has been developed recently in order to operate on *.ifc files. (BIM software
backgrounds is described i.a. in [6].)

The future of the construction management seems to be strictly connected to BIM-based
solutions. It must be emphasized however, that none of program or concept is able to replace
areasonable human who is able to evaluate the given assistance (in a form of software), reject
unnecessary gadgets and take advantage of the modern world’s opportunities for the most
efficient project management outcomes.
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1. Introduction

The construction sector is a particularly important part of implementing any sustainable
development concept. A significant majority of sustainable development concepts refers
to the problem of economic growth harmonization and the management of economic and
natural resources [1]. The concept of energy-efficient buildings is receiving a great amount of
attention. Faced with the rapid growth of energy carriers price, we are looking for solutions
that would reduce the demand for energy, and thus costs [4]. There is no doubt that construction
of such facilities is beneficial for the natural environment, but is it a 100% economically
feasible proposition? In Poland, similar to the majority of the European Union countries, we
are witnessing the gradual introduction of legal regulations limiting energy consumption in
newly constructed, as well as in renovated or modernized, buildings. The European Union has
issued numerous directives in recent years aimed at improving energy efficiency of buildings.
The gradual process of introducing more and more stringent requirements related to energy
consumption levels in construction has led to a considerable reduction in this area [4]. Energy
standards for passive buildings vary according to the country and the type of structure being
built, yet they have one thing in common — a low coefficient of energy consumption. The
term passive building has received a lot of publicity throughout the world, and now it is
regarded by investors and designers as prestigious [3].

The energy efficiency classification for buildings has never been clearly defined. Different
definitions are valid in different countries, depending on the point of reference [4].

This article uses the classification developed by the Society for Sustainable Development.
The point of reference in this classification is the operational energy indicator. The more
stringent requirements for insulation properties of construction barriers may serve the
purpose of defining the boundary values which are considered exemplary. Yet, in the opinion
of numerous experts, in the context of power generation based on new energy sources, they
may prove too strict [6].

2. Passive sports hall

The sports hall which is the subject of the analysis has been built at 3rd LO (Comprehensive
High School) in Krakow. It was approved for use on 1 September 2014.
The parameters of the hall:
The area covered by the planned facilities: 1,866.0 m?
Total net area: 1,874.4 m?
— Gross volume of the above-ground storeys: 16,362.6 m*
Height (stated in order to determine the technical requirements): 10.42 m.

Since the hall has been built with passive construction technology, its energy demand is less
than 15kWh/m2 per year (Fig. 1). In order to achieve such low levels of energy consumption, a
number of solutions had to be implemented during the construction process, e.g. excellent thermal
insulation (the walls — 30 cm of polystyrene foam, the roof — 40 cm of polystyrene foam + 10 cm of
polyurethane foam, floor — 40 cm of polystyrene foam), triple pane windows, solar panels and an air
exchange unit with a recuperator.
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Fig. 1. Energy efficiency classification of buildings. Source: the authors, based on [4]

There are no thermal bridges in the building; it is effectively air-tight and generally meets
the design specifications, which has been confirmed by photos taken during an inspection
with the use of a thermal imaging camera (Fig. 2a, b).

Fig. 1. A thermal image of the sports hall, a) northern fagade, b) southern fagade

3. Cost analysis

3.1. The construction cost of the sports hall

The total cost of the sports hall construction amounted to approximately 6.5 million PLN. The
analysis presented below takes into account only the architectural cost estimate, which included
the following: external walls, internal walls (ground floor and first floor), internal plasters, wall
facing, paint, suspended ceilings, foundations, thermal insulation, floors, a roof over the arena
(roofing material), PVC profiles, wood profiles, metalwork, thermal insulation for the external
walls, bathrooms and changing room furnishings, office furnishings, and sports equipment. The cost
estimate for the above elements, done by the authors for the purpose of this paper, with the use of
Zuzia 11 software, amounts to 2,414,805.59 PLN.
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The main question that is usually asked in projects of this type is whether the
construction costs could be reduced. The analysis must therefore focus on the assessment
of how the general cost estimate value is affected by the type of material used to build
the external walls of the hall, as well as the type of windows that have been installed in
the building.

3.2. Analysis of cost estimate variants
Table 1 presents the materials which were used for the external walls of the hall, and table

2 displays the analysed alternative materials. Table 3 in turn shows the total estimated costs
for each variant.

Table 1
The sports hall external wall technical parameters for variant 1
Material d[cm] A [W/mK]
Thin-layer polymer architectural coating 0.01 0.1200
SILKA N25 calcium-silicate blocks 25.00 0.4600
Fasada Platinium polystyrene foam panels 30.00 0.0032
Regular plaster 1.00 0.8200
Wood wool acoustic panels 3.50 0.0700
Source: Own work.
Table 2
The sports hall external wall technical parameters for alternative variants
Material d[cm] A [W/mK]
POROTHERM T&G type 25 wall hollow bricks 25.00 0.3130
YTONG cellular concrete class PP4/0.6S+GT 24.00 0.1600
Rockwool mineral wool panels 30.00 0.4600
Fasada Platinium polystyrene foam panels 15.00 0.0032

Source: Own work.

The analysis also includes two types of windows: the triple panel window U =0.7 W/m?K and
the double panel window U = 0.7 W/m?K, which is reflected in the results of calculations for
different variants in individual cost estimates.
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Table 3

Distribution of construction costs in PLN for individual variants

Insulation | Polystyrene foam 30 cm Polystyrene foam 15 cm Mineral wool 30 cm
windows | double pane | triple pane | double pane | triple pane | double pane | triple pane
SILKA [2367137.30 |2 414 805.59 | 2323 727.54 |2 371395.83 | 2364 939.71 | 2 412 608.00
,ﬁ?g& 2361 838.58 | 2409 506.87 | 2318 428.82 | 2366 097.11 | 2 359 640.99 | 2 407 309.28
YTONG |2388501.43 (2436169.72 | 2345091.67 | 2392 759.96 | 2 386 303.84 | 2433 972.13

Source: Own work.

The reference variant, which has been implemented in reality, is the one with external
walls made of the following materials: Silka + 30 cm polystyrene foam and triple pane
windows. If we reduce the insulation thickness by half and use windows of a lower coefficient
U[W/m2K], the calculations presented in table 3 indicate that the greatest savings could be
achieved in the following variants:

— Porotherm + 15 c¢cm polystyrene foam + double pane windows (3.99% cost reduction as
compared to the reference variant, i.e. 96,376.77 PLN),

— Silka + 15 cm polystyrene foam + double pane windows (3.77% cost reduction —
91,078.05 PLN).

4. Operational energy

The operational energy (OE) demand is defined by the amount of energy required annually for
heating (or cooling), ventilation and tap water heating [4]. The OE calculations for the analysed
sports hall (Tab. 4) have been done with the use of the BuildDesk Energy Certificate software.

Each alternative design variant involves an increase in the hall’s energy consumption.
The cheapest variants, as compared to passive technology, result in energy consumption
increases of:

— 73.90% — Porotherm + 15 cm polystyrene foam + double pane windows,
— 39.96% — Silka + 15 cm polystyrene foam + double pane windows.

Table 4

Operational energy demand in kWh/m? per year for individual variants

Insulation | Polystyrene foam 30 cm Polystyrene foam 15 cm Mineral wool 30 cm

windows | double pane | triple pane | double pane | triple pane | double pane | triple pane
SILKA 17.04 14.94 2091 18.66 17.56 15.44
PORO-

THERM 22.11 19.83 25.98 23.59 22.64 20.34

YTONG 19.77 17.56 22.73 20.43 20.20 17.98

Source: Own work.
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5. The time necessary to balance the investment expenditure

The simple time necessary to balance the investment expenditure may be calculated from
the following formula:

SPBT = N (1)
AO

where

N —the investment expenditure

AO - the savings
The time needed to balance SILKA + 30 CM POLYSTYRENE FOAM + TRIPLE PANE

WINDOWS as compared to the cheaper solutions:

— POROTHERM + 15 CM POLYSTYRENE FOAM + DOUBLE PANE WINDOWS —
27 years,

— SILKA + 15 CM POLYSTYRENE FOAM + DOUBLE PANE WINDOWS — 47 years.

Insulation layer thickness [cm]
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Fig. 3. Dependence of the insulation layer thickness on the operation energy demand for the passive
sports hall Source: the authors.

It could be observed (Fig. 3) that, at a certain point, further increasing the insulation
thickness no longer significantly reduces the operational energy consumption. The
costs related to the additional insulation grow, yet the energy consumption drops only
slightly, which results in the lengthening of the time necessary to balance the investment
expenditure.
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6. Optimal insulation thickness

The differences in construction costs between the promoted cost-efficient variant and the
expensive one may — in the case of a sports hall — amount to almost 100% (Fig. 4).

The range of specific construction costs [tender evaluation]
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Fig. 4. “Cost efficiency” of architectural designs in comparison with additional costs
of energy-efficient construction. Source [2]

Given such a huge difference in investment expenditure for the same construction project,
we are impelled to ponder the question concerning the optimal insulation layer thickness [2].
The decision on the insulation layer thickness rests with the designer. The present cost of
thermal insulation material and the cost of heating supply are known. The remaining factors
are not quite known, although they are foreseeable, e.g. the discount rate value or the rates of
energy cost increase above the inflation level in future years. The optimal insulation thickness
formula (2) is shown below [5]:

2)

— optimal insulation thickness,

— heat conduction coefficient of the basic thermal insulation material,
— annual heating cost ratio as related to 1 m? of barrier [PLN/m?],
number of heating degree-days

— energy cost [PLN/GJ],

— period of benefiting from the effects of warm weather [summer],

— rate of heating cost increase over the inflation rate in time,
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r — discount rate,
K - insulation material cost loco construction site [PLN/m?*],
R, — thermalresistance of the barrier’s layers other than the thermal insulation (the ground)

together with heat transfer resistance on the surface of barriers.

Given the following values of the relevant parameters: DD — 3050.1; G — 90 PLN/GJ; A
—0.0032; K- 215 PLN/m*; R — 1.2265; inflation — 6% and the energy prices increase — 5%,
the optimal values of insulation thickness for different periods of benefiting from the effects
of warm weather are showed in Table 5.

Table 5
Optimal insulation thickness for the analyzed sports hall
Period of benefiting from the 10 20 30 40 50
effects of summer
Optimal insulation thickness [cm] 18 20 21 22 23

Source: Own work.

7. Conclusions

The energy consumption of a building results — to a great extent — from the low
thermal insulation of its walls (25-35%), so the design stage should include the process
of optimization leading to a determination of the most economically feasible thermal
insulation thickness [4].

Frequently, striving to meet the standards of a passive building is not accompanied by
immediate financial gains, and a thick insulation layer is not indispensable for the optimal
functioning of a building. In this article an analysis was made for the purpose of determining
the best economic solutions in the context of construction costs and subsequent use of external
wall insulation. An analysis was also performed in order to determine the best insulation
thickness in relation to the expected period of use.
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1. Introduction

The development of energy-efficient construction has become very dynamic in recent
years. Care for high-quality thermal comfort in buildings, the desire to minimize the impacts
of energy consumption on the environment and the reduction in expenses for heating are
all tasks that require computer assistance. In addition, systematically tightening regulations
compel the use of modern techniques for improving the facilities built.

This paper presents selected variants of thermal insulation for external walls of single
family homes. The main aim of this article is to analyze the technological and economical
solutions based on the BIM model. Technical and economic analysis concerns the calculation
and evaluation of both the costs of constructing the walls and the energy demand of the model
building designed by the authors. Calculation and analysis are based on the BIM model,
presenting the possible workflow, which includes an automation of the calculations of the
building energy demand and cost calculations.

The last part of the paper compares and prioritises proposed solutions in regard to the
accepted assessment criteria using the AHP method, which allows for selecting the best
solution.

2. Innovative methods for creating buildings — Utilization of BIM technology
in modern construction

Progress and the development of computer technology have made it possible to transfer
the design process from paper to the computer screen [1]. The foundations of BIM technology
date back to the late twentieth century, when programmers tried to develop software allowing
one to illustrate the processes taking place in the building designer’s imagination. Initially,
the exchange of industry data was not possible due to the lack of a common format, and
the first versions of the programs only created mock-ups of future buildings on which
self-generated drawings were based. After several years of development, the IFC standard
(Industry Foundation Classes) was created, which is currently adopted by most leading IT
companies creating software for the construction industry. As a result, cooperation between
branches is now possible regardless of the software [2].

BIM is defined by the National BIM Standard as “a digital representation of physical and
functional characteristics of a facility” and “shared knowledge resource for information.”
In another words, we could say that BIM means a building, which can be created in the
virtual world, from the conceptual stage to implementation. BIM is an organizing concept
that contributes in the lifecycle of a facility by creating and managing a building’s data in
a convenient way [3]. That digital model developed in 5D technology can be used to make
design decisions, develop a coherent and complete construction documentation, perform
subsequent analysis of collected data for estimating the profitability and investment costs,
and ultimately the management of the built object as well [4].

An object created in BIM has all the possible parameters of the actual building (Fig.
1). However, a virtual building created this way is not only an ordinary geometrical
model dressed in nice textures, creating attractive visualizations for the client. With BIM
technology, each element is a digital prototype of the building’s physical components: walls,
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columns, windows, doors, stairs, etc. As a result, the BIM model allows us to understand the
building before its construction even begins, as well as to catch errors in the design before
its implementation. Because its energy efficiency is known, it is possible to control the cost
of construction and materials, as well as the cost of maintaining the building throughout its
life cycle already at the design stage. The database can include a wide array of information
about the structure, including geometry, material, manufacturing and assembly techniques,
tolerances, costs, and even information to support supply chain management, or it may
include only some of these [5].

Fig. 1. Model of a building in BIM

BIM technology is used at the stage of design development so that all participants in the
investment process may become involved in the creation of the facility. Because cooperation
is based on 3D models, changes made by one party are immediately seen by others. This
results in saving time that had previously been spent on coordinating and adapting all of
the documentation to the changes made in 2D. Therefore, BIM also facilitates the close
cooperation of specialists.

The model’s level of detail and the ease of sharing information between sectors makes it
simpler to introduce design changes, thus enabling contributors to simulate the costs and the
energy demand. For these reasons, the universality of the use of BIM models in the world
is growing at a dynamic pace, and this technology is already recognized as a worldwide
standard.

3. Decision-making based on BIM

Decision-making based on BIM technology consists of collecting data from engineering
analysis, cost analysis, etc., in a single model. Information from databases is added to the
3D model. It is easy to calculate the energy demand from the designed building or to create
a realistic visualization of the facility so that the potential customer can easily imagine the
finished product. Such a model can be also loaded into a cost estimation program and present
the estimate in a transparent manner (Fig. 2).
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Estimating the cost in a program based on BIM technology, equipped with a 3D model
viewer, we can save a substantial amount of time. Such a system allows users to move bills of
quantities obtained directly from virtual models in order to estimate and obtain a quote at any
stage of the project. Therefore the estimate is based on the bill of quantities obtained from
a virtual model of the building. Such a system eliminates accounting errors and elements
included in the bill of quantities which are related to the blueprints, so it is possible to skip
single parts. Dimensional elements appear in the browser as slides (Fig. 3), so there is no
need for the estimator to consider whether the given element was already measured. This
innovative application is adaptable and can use models developed in any CAD system
compatible with BIM.

[
3
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Detailed The energy Bills of
drawings balance materials

Fig. 2. Diagram of the BIM process

The BIM model can automatically provide a section of data needed to perform cost
calculation (bill of quantities, scope of calculation and list of materials), leaving the cost
estimator with the remaining elements. The remaining work is dependent on the regulations
relating to cost estimation and the individual assessment of the cost estimator [6].

Fig. 3. Presentation of the quantity takeoff process in BIM
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The integration of a BIM model with a decision-making tool and sustainability metrics
addresses the difficulties of making decisions earlier in the design/build process, and allows for
specific sustainability trade-off analyses to be conducted, using the actual building conditions
and characteristics [7]. Figure 4 presents the model’s architecture for cost calculations with
environmental factors. The exemplary model determines the processes for data analysis,
considering all criteria and specifications. This analysis is applied to project and sustainable
information, environmental factors, environmental performance, and unit cost calculations,
using input requirements. The main aim of the presented model is a 3D-BIM sustainable
design of the building, which contains a list of the selected sustainable materials and their
environmental impacts, as well as cost calculations for the chosen variant.

INPUT REQUIREMENTS CRITERIA

Environmental impacts WBS

Project information

-Building type
-Building orientation
-Building location

-Air emission -Masterformat (16 divisions)
-Water emission
-Land emission Data source

-Global warming Published/supplier/literature
-Embodied energy

Sustainable information LEED rating system

Divisions -Certification level

-Green materials
-Green families
-Units
-Keynotes

Energy efficiency Environmental performance

LEED rating system -Materials
-Components
-Sustainable building sites -Systems
-Water efficiency -
-Energy conservation & atmospheric Project type

impact
Unit cost/certification cost

Work breakdown structure
- 16 Masterformat divisions
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Fig. 4. Model architecture [3]

4. BIM based analysis

4.1. Basic technical parameters of the analysed building

The model of the building on which the technological and economic analyses of
external walls were carried out is a single-storey, single-family house with a habitable attic.
The building designed by the authors for the analysis has a rectangular footprint with the
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dimensions 12.68 m x 10.83 m. Its shape is a truncated rectangular prism with a gable roof.
The house consists of a ground floor and a habitable attic, without a basement. The basic data
of the building’s geometry: total area: 253.2 m?, usable area: 213.4 m?, area of the building
envelope: 327.5 m?%, volume: 605.57 m°.

The external walls of the building consist of a structure made of clay masonry units
Porotherm P+, which are 30 cm thick and contain a 12 cm thermal insulation layer. The total
thickness of the envelope is 46 cm.

Individual layers of the external wall include: 2 cm — interior plaster, 30 cm — Porotherm
P+W 30 hollow masonry unit, 12 cm — thermal insulation, 2 cm — external plaster.

4.2. Thermal insulation of external walls and thermal transmittance of the building

Three variants of insulation have been used for the technical and economic analysis:
— EPS 040 FASSADA foamed polystyrene made by Austrotherm.
— ISOVER TF Profi mineral rock wool.
— EPS 031 FASSADA PREMIUM graphite-enhanced foamed polystyrene made by

Austrotherm.

Below is a list of coefficients of thermal conductivity A and the applied thicknesses of
thermal insulation materials, as well as the values of the heat transfer coefficient U, obtained
by the external walls of the building after the application of the given type of thermal
insulation (Table 1).

Table 1

Material data of thermal insulation and thermal transmittance values obtained

Material EPS Mineral | Graphite-enhanced
wool EPS
Thermal conductivity coefficient [W/m - K] 0.40 0.36 0.31
Thickness [m] 0.12 0.12 0.12
Thermal transmittance coefficient U [W/m? - K] 0.22 0.21 0.19

Source: Own work

4.3. Building energy demand

The values of heating energy and total energy consumption, calculated using ArchiCAD
18, software based on BIM technology, as well as the maximum values of these quantities
required for energy efficient buildings and passive buildings are shown in the figure below
(Table 2).

As can be seen from the above results, the use of each of the analysed material meets the
requirements for energy-efficient buildings, but none of the variants of the solution provides
the level required for passive buildings.
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Table 2

Energy demand in relation to the different variants of the building’s thermal insulation

Permissible value for

Mineral Graphite-
Type of energy EPS wool enhanced energy-efficient . -
EPS bulldmg passive bulldmg
Heating energy - ‘05 el ; -

[kWh/m? - year]

Total energy
consumption 131.29 130.33 129.36 250 120
[kWh/m? - year]

Source: Own work

4.4. Cost analysis of the building

The cost analysis was limited to estimating the cost of the construction of external walls.
The list of the costs of different types of thermal wall insulation is presented in Table 3.

Table 3

Energy demand in relation to the different variants of the building’s thermal insulation

EPS Mineral wool Graphite-enhanced EPS

PLN 4433.43 PLN 6166.23 PLN 5520.99

Source: Own work

5. Analysis of the profitability of different variants of thermal insulation
using AHP

The Analytic Hierarchy Process (AHP) is a multi-criteria decision analysis method.
It is applied in order to find solutions for multi-criteria decision problems. Specifying
the importance of the criteria is performed by a pairwise comparison on a 1-9 scale. The
scale ranges from 1/9 for ‘least valued than’ to 1 for ‘equal,” and to 9 for ‘absolutely more
important than,” covering the entire spectrum of the comparison [§8]. The AHP method
consists of two phases: the creation of a structure and performing an evaluation of the
hierarchical structure.

A list of the criteria for particular variants and the evaluation criteria are presented in
Table 4.
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Table 4

Material data of thermal insulation and thermal transmittance values obtained

L . raphite-
Criterion EPS Mineral wool enl?ar?s od EPS
Thermal transmittance coefficient U 0.22 0.21 0.19
Thickness [m] 0.12 0.12 0.12
Total energy consumption [kWh/m? - year] 131.29 130.33 129.36
Cost PLN 4433.43 PLN 6166.23 PLN 5520.99

Source: Own work

Table 5 shows an example matrix of relative significance adjusted to the normalized value.

Table 5

Matrix of relative significance adjusted to the normalized value — an example for C3

C3 Wi w2 w3 Cl W1 w2 w3
Wi 1.00 0.33 0.20 W1 0.11 0.08 0.13
W2 3.00 1.00 0.33 - W2 0.33 0.23 0.22
w3 5.00 3.00 1.00 w3 0.56 0.69 0.65

Source: Own work

The hierarchy general ranking table, as a final score of calculations is shown in Table 6.

Table 6
Hierarchy general ranking
GP Cl C2 C3 c4 W
Wg 0.406 0.044 0.309 0.241
Wi 0.083 0.333 0.106 0.633 0.289
W2 0.193 0.333 0.260 0.106 0.223
W3 0.724 0.333 0.633 0.260 0.488
SUMA 1.406 1.044 1.309 1.241

Source: Own work

The consistency check in the hierarchy general ranking was calculated: CR for C1 equals

0.063, C2 equals 0.000, C3 equals 0.031, C4 equals 0.031. Therefore, the consistency check
succeeds, all CR values are less than 0.1. With the established criteria in the AHP method,
variant 3 (Graphite-enhanced EPS) proved to be the most advantageous option.
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6. Conclusion

The use of solution variants allows for a quick assessment of the solutions. The use of
decision-making support using AHP as a module for the BIM model expands the information
available to the decision-maker. From the cases analysed in this paper, it can be inferred that:
— The use of EPS 040 FASSADA costs PLN 4433.43, which allows building an exterior

wall with the thermal transmittance coefficient of 0.22 W/m2 - K

— The use of ISOVER TF Profi mineral wool reduces the heat permeability by 4.5%, and
provides durability to the heat-insulating material, but increases the expense of thermal
insulation by 28%

— Construction of thermal insulation using graphite-enhanced EPS 031 FASSADA
PREMIUM increases the level of thermal insulation by 13.5% compared to regular EPS
and 9.5% to mineral wool, whereas the cost of this solution is 20% higher than the price
of regular expanded polystyrene and 10.5% lower than mineral wool.

In summary, it can be said that, depending on the expectations from the building being
designed, it is possible to use cheaper materials with average thermal properties (EPS), more
expensive materials with better technical parameters such as graphite-enhanced EPS, or
expensive — but also more durable materials — such as mineral wool. Using the AHP analysis,
however, it is possible to select the best solution, taking multiple criteria into account.
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1. Introduction

The selection of the right sports flooring is a key factor in designing any sports hall since
the degree to which it will serve its function properly depends mainly on the structure of the
floor. A sports floor is a type of special purpose flooring that must accommodate the intensive
and diverse movements of people practicing sport. Therefore it is designed and made with
two fundamental objectives in view: comfort and safety of users, which, in consequence, will
reduce the risk of injury. Additionally, it must provide the right surface finish effect (friction)
and movement dynamics so as to ensure the highest possible level of performance.

The article presents the types of sports flooring which are in use contemporarily. Three
possible variants of sports flooring have been suggested, their cost and installation times
estimated, and the most suitable variant has been selected on the basis of the adopted criteria.

2. Classification of sports floors

The classification of sports flooring contained in standard [1] is based on the type of
deformations to which they are subjected. Four types of sports floors may thus be differentiated:
— Area-elastic floors

Applying a point force causes deflection over a relatively large area around the point of
application of the force [2]. This type of floors may be found in two structural variants:
over a grid of joists or over a composite grid of plywood or particle board laid alternately

[3]. These floors are characterized by a considerable height, yet, owing to their structure,

they fully meet the requirements of professional sports people.

— Point-elastic floors
Applying a point force causes deflection only close to the point of application of the force [2].
Point-elastic floors are composed of two layers: the underlying elastic layer and the surface
synthetic layer [4]. It may take the form of a thick sports floor cover with an underlying layer
made of elastic foam [5]. The main feature of point-elastic floors is their relative thinness.
Due to their soft surface, they are a good option for school gyms and recreational facilities.

— Combi-elastic floors
They combine area-clastic floors with a point-elastic surface [4]. The area of deformation
is large in the load distribution layer. On the surface, however, it is limited precisely to
the area directly under loading [2]. Combined systems are universal in their applications,
as they are suitable for practicing professional sports without compromising safety.
However, they also have the deficiencies of both area-elastic and point-elastic floors, such
as considerable structural height or limited options of placing heavy sports equipment or
spectator stands on them.

— Mixed-elastic floors
The area of deflection is small, but clearly extends beyond the point of application of the
force. The floor deflection characteristics are between those of a point-elastic floor and an
area-clastic floor [2]. It is a combination of a point-elastic floor with a surface stiffening
component [4]. Due to the introduction of the surface stiffening component, the floor of
this type does not induce muscle fatigue of its users, retaining at the same time a relatively
soft surface. Moreover, such floors are low in height and lightweight.
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3. Analysis of the selected variants of sports flooring

3.1. The suggested variants of sports flooring

Three possible variants of flooring have been suggested for the sports hall selected as an

example, with the area of 526 m*:

Variant I — area-elastic sports floor

Area-elastic floor over a grid of pine joists, 16 mm x 50 mm in cross-section, laid crisscross,
with a subfloor of 16 mm thick pine boards nailed in an open-work fashion. The spacing of
the lower layer of joists is every 50 cm, while of the upper one — every 31.5 cm. The surface
made of polished oak parquet planks covered with three coatings of anti-slip paint.

Variant II — point-elastic sports floor

Point-elastic floor of Omnisports REFERENCE sports flooring — 6.5 mm thick — glued
directly to the base. Having been rolled out and glued, the floor covering is cut to fit and
heat welded at joints.

Variant I1I — combi-elastic sports floor

Combi-elastic floor over a grid of two layers of pine joists, 16 mm x 50 mm in cross-
section, laid crisscross, with a subfloor of two layers made of 12 mm-thick waterproof
coniferous plywood. The spacing of the lower layer of joists is every 50 cm, while of
the upper one — every 31.5 cm. Epoxy surfacing poured on site over the underlayment of
rubber granules laid over the subfloor.

3.2. The cost and time of installation

A detailed cost estimate according to [6], has been prepared for each variant. The

following input data were used in the estimation process:

man-hour fee — 14.34 PLN,

materials purchase cost index — 6.40% of the materials cost,

indirect cost index — 65.00% of the labor and equipment use cost,

profit index — 10.90% of the labor, equipment use and indirect costs,

prices of materials and equipment use — average market prices.

Next, the composition of working teams was determined and so were the times needed

for installation of individual variants. The comparison of the estimated price components for
each variant has been presented in Table 1.

Table 1

Comparison of the floor installation costs in individual variants. Source: the author

Estimated net
price
[PLN]

Labor Materials | Equipment |Indirect cost Profit

Variant [PLN] [PLN] [PLN] [PLN] [PLN]

Variant | 22,041.96 | 123,382.62 | 1,751.73 15,450.69 4,274.95 166,901.95

Variant II 5,410.70 67,744.59 165.14 3,628.06 1,003.89 77,952.38

Variant III | 17,857.34 | 154,494.25 1,352.19 12,474.64 3,451.53 189,629.95
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The variant of point-elastic floor is characterized by the lowest values of all the
components: labor, materials and equipment use. The variant of area-elastic floor has the
highest of all the compared labor and equipment use costs. The combi-elastic floor, on the
other hand, requires the highest expenditure on materials. Since this component has the
largest share in the estimated price, variant I1I of the floor is the most expensive.

Area-elastic sports floor 24.97
Point-elastic sports floor

Combi-elastic sports floor

0 5 10 15 20 25 ¢[w.d.]

Fig. 1. Comparison of the installation times of the suggested sports flooring variants.
Source: the author

The shortest installation time, which is slightly more than 6 working days (8-hour
working day), characterizes the point-elastic floor variant, whereas the area-elastic floor
variant, requiring 28 working days, is the longest to assembly. Significant differences in the
installation times of the individual floor variants result from the considerable difference in
the number of layers in the structure of those variants. The point-elastic floor is basically one
ready-made sports floor covering requiring solely to be glued to the base and heat welded at
the joints. In contrast, the two remaining variants require installation of a joist grid, a subfloor
and the surface. They are then definitely more labor consuming.

4. Multi-criteria comparative analysis

Multi-criteria analysis may be used to select, out of a set of analyzed variants, the best
variant or a sub-set of variants which are “good enough.” It may also serve the purpose of
arranging the variants from the best to the least advantageous. It is applicable when the
decision-making process requires considering more than one criterion. In order to select the
most advantageous variant of sports flooring, a multi-criteria comparative analysis has been
carried out, in which the following four evaluation criteria were adopted:

— Criterion I — the cost of installation,

— Criterion II — the time of installation,

Criterion III — functionality (for sports disciplines and extra-sport purposes),
— Criterion IV — the height of the floor structure.

The values of individual constituent measures are: the estimated net price and the times
of installation presented in the previous chapter. The suitability of the individual variants for
sports disciplines and extra-sport purposes has been graded arbitrarily on a six-grade scale,
on the grounds of information included in [3]. The thickness has been determined measuring
the layers from the base to the surface. Table 2 presents the values of individual constituent
measures applied to the variants according to the adopted criteria of evaluation.
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Table 2

Values of constituent measures applied to the variants according to the adopted criteria of
evaluation. Source: the author

o Criterion Measure of the variant
Criterion - - -
character Variant | Variant 11 Variant 111
C I — the cost of installation Inhibitor | 166,901.95 PLN | 77,952.38 PLN | 189,629.95 PLN
C II — the time of installation Inhibitor 2497 w.d. 6.17 w.d. 20.38 w.d.
C III - functionality Stimulus 5 2 4
C IV — thickness Inhibitor 97 mm 6.5 mm 86 mm

The Neumann-Morgenstern coding has been applied in this paper, i.e. a constituent
measure has been replaced by the ratio of the difference between this measure and the worst
measure in a given criterion and the difference between the best and the worst measures in
this criterion [7]. Table 3 presents the encoded measures of the variants according to the
adopted criteria.

Table 3

Encoded measures of variants according to the adopted criteria of evaluation.
Source: the author

o Criterion Measure of the variant
Criterion
character Variant [ Variant 11 Variant 111
C I — the cost of installation Inhibitor 0.20 1.00 0.00
C II — the time of installation Inhibitor 0.00 1.00 0.24
C III — functionality Stimulus 1.00 0.00 0.67
C IV — thickness Inhibitor 0.00 1.00 0.12

The following weighted indicators have been adopted: v, = 0.3; v, =0.1; v, =0.5; v, = 0.1; it
has been decided that the most important criterion would be the suitability of the floor for sports
disciplines and extra-sport purposes due to the special function performed by sports flooring.

The corrected summative indicator [7] has been applied for the purpose of a synthetic
evaluation of the variants, calculated according to formula (1).

Ji:i(zii'vj) M

=

where:
z_ —encoded measure of the i-th variant in relation to the j-th criterion,
v, — weight of the j-th criterion,
m —number of criteria.
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Table 4

Summative indicators for the variants. Source: the author

S}lmmatlve Variant | Variant 11 Variant 111
indicator
J 0.56 0.50 0.37

As a result of the comparative analysis (Table 4), variant I — the area-elastic sports floor
— must be considered the most advantageous in the light of the adopted criteria, since the
summative indicator for this variant has the highest value J, = 0.56. Variant II — the point-
elastic sports floor — has a slightly lower summative indicator value —.J, = 0.50. The least
advantageous variant, according to the adopted criteria, is variant III — the combi-elastic
sports floor —J, = 0.37.

5. Conclusions

The suggested variants of sports floors differ considerably in cost and time of installation
as well as in functionality and technical specifications. The multi-criteria comparative
analysis has indicated the most advantageous variant in the light of the adopted criteria.
However, selecting a sports flooring type, the investor should also consider other factors
(which have been disregarded in the example), such as e.g. the prevailing sports discipline,
the age of users or whether the sports practiced in the facility are amateur or professional.
They will undoubtedly facilitate selection of the best option.
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