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Assessment of the early-age compressive strength of concrete
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Abstract: This paper analyses the results of concrete compressive strength tests on cubic
samples with different w/c ratios during the early stage of hardening (at 7, 14, and 28 days).
Statistical and strength parameters were assessed and the quality of the concrete was estimated.
The expected concrete grade, C25/30, was confirmed against the formulation provided by the
prefabrication plant. Then, the amount of individual constituents was adjusted to obtain the
target grade of concrete, i.e., C20/25. The concrete grade was estimated based on concrete
strength parameters measured at three time points and compared with the expected 28-day
strength values determined as per Eurocode 2 and with the concrete grade defined by these
values. The paper also provides an overview of the most widely used methods of testing
concrete compressive strength.

Keywords: concrete, testing machine, concrete compressive strength, destructive method,
water-cement ratio

Introduction

An important factor in the safety and use of structures in the rapidly developing construc-
tion industry is the assessment and control of quality and durability of materials used in
buildings and engineering structures. When a structure is safe while being constructed and
during its design service life, the requirements relating to its load-carrying capacity, stability,
or use have been met [1]. One of the conditions of ensuring durability of a structure is to
produce structural members of materials that maintain the strength and physical characteris-
tics and general performance throughout the service period regardless of any changes in the
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purpose of a building, its reconstruction, expansion or external environmental influences [2].
Compromising the quality of materials raises maintenance costs and generates additional
costs even before commissioning due to, for example, the necessity to strengthen structural
and non-structural elements for improved load carrying capacity resulting from design and
workmanship errors. Inadequate quality of materials in main components of a structure or
its non-structural elements may be the cause of damage, faults, or, in worst cases, disasters.

Long term investigation of the causes of building accidents and disasters conducted
by the Institute of Building Technology showed that in addition to random factors, such as
strong winds, gas explosion, fire, or landslide, human errors in the design and construction
of structures are critical. Poor quality of building materials adds to these factors greatly
[3]-[5]. The most common errors occur during the material manufacturing process, or due to
improper storage, transport and unloading, assembly, or finishing works.

According to Art. 62 of the Polish Construction Law [6], when renovating and modern-
ising building structures, as well as during their service life, condition inspections must be
performed periodically, and the conclusions and recommendations must be implemented.

It is also reasonable to control the materials used during the construction of buildings,
especially when it comes to assessing their strength parameters and quality of workmanship.
In case of concrete, the assessment of early-age strength parameters may be necessary:

* to make a decision about the removal of the supporting framework,
* to load structural members before initially planned date,

* to strengthen structural element in the event of insufficient load capacity due to errors,
for example design errors,

* to confirm the compressive strength of concrete in case of design or construction errors,

* to resolve the doubts about the compliance of concrete strength with that determined
on standardised test specimens.

Assessment of strength parameters and quality of building products used during and
after the construction of a building is thus one of the fundamental issues in the diagnosis of
building structures.

2. Characterization of concrete strength assessment methods

Concrete strength is one of the basic parameters defined in diagnostics of reinforced
concrete structures. Diagnostic tests can be conducted in situ or in properly prepared laborato-
ries. Generally, tests fall into three groups: non-destructive, semi-destructive, and destructive
tests [7]. A detailed division of non- and semi-destructive tests used in concrete structure
diagnosis, together with an original taxonomy of physical, chemical, and biological methods
is discussed in [8].

Non-destructive testing (NDT) does not alter, damage or destroy the structure of the
material tested. The most frequently used NDT techniques include ultrasonic and sclerometric
methods. The ultrasonic test uses acoustic wave propagation velocity in the hardened concrete
mix for predicting the strength of concrete. Measurement accuracy is related to the pulse
frequency; the higher the frequency, the more accurate reading is obtained. The pulse gener-
ated by a transmitter placed on the surface of the test specimen travels through concrete along
path S with a known length. It is then transformed into an electrical signal by the receiver. The
time 7 of the wave pulse travel is measured. Knowing the path that the signal travelled, it is
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possible to calculate the velocity V of the wave propagation (V=S/7T). The indirect estimation
of concrete strength R is determined from the hypothetical R-V curve [9].

The second method of non-destructive testing is the sclerometric method, also known
as the hardness test. Hardness is the resistance of the tested material to deformation caused
by concentrated forces. It is most often measured with sclerometers, the so-called Schmidt
hammers (Fig. 1) with different impact energies for specific applications.

Fig. 1.  Digital Schmidt hammer [10] (photograph by Dorota Michatowska-Maziejuk)

Hardness measurement involves pressing the plunger rod against the concrete surface
until the spring-loaded mass releases and causes an impact. The degree of the rebound, meas-
ured against the calibration curves, is the rebound number L which defines the compressive
strength of concrete. The method is simple, the measurement can be repeated multiple times
and the result is recorded automatically using the hammer as in Fig. 1. The week point ofthe
rebound hammer test is that it tests the subsurface layer of concrete subject to carbonation (the
formation of calcium carbonate Ca(OH), ). The ultrasonic method in contrast allows estimating
the properties of concrete in its internal structure

Semi-destructive methods (SDM) comprise another group of tests. They are partially
destructive in that they destroy elements of concrete surface to a limited extent. The most
common SDMs are:

— the ‘pull-out’ method — it is based on pulling the blocks or anchors from hardened
concrete, while measuring the force needed for them to be pulled out. This method
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is often used to determine the concrete strength gain over time, during the early
phase of construction.

— the ‘lock-out’ method — is a variant of the pull-out method and is based on the
measuring the force needed to pull out the steel anchors placed in the structure
before concreting it.

— the ‘pull-off’ method — is based on measuring the force required to pull off a steel
disc [11] glued to the surface of the tested element, which was earlier specially
prepared and cut along its circumference. This technique is used when insulation
or strengthening is to be added by drilling grooves in the concrete cover and filling
them with the composite material or by gluing the composite on the concrete surface
[12].

Destructive tests involve extracting witness samples from the existing structure and
destroying them for strength characterisation. The axial compression test is applied for esti-
mating the compressive strength of concrete. This method is based on the measurement of
force needed to destroy the axially compressed sample, with the use of the strength testing
machine in the research laboratory. Witness samples are extracted by coring or cast in separate
moulds during the manufacture of concrete components. The cores used in the testing should
be extracted from the areas which will not weaken the structure, that is, away from joints,
edges, and main reinforcement.
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This article presents the test results obtained during axial compression and failure of
concrete specimens. Analysis of the results allowed the evaluation of concrete grade and
early-age quality.

3. Testing programme

The tests were carried out on cubic specimens with a side equal to » = 100 mm in
the strength-testing machine at three concrete ages (¢,= 7 days, t,=14 days, ;=28 days). An
additional variable factor was the water-cement ratio obtained by changing the amount of
cement at a constant amount of water used (Table 1). The test specimens were made of basalt
aggregate based concrete grade C20/25. The concrete mix was poured into metal moulds
and subjected to vibrations on a vibrating table [13]. The specimens were divided into four
series, in which the water-cement ratio was the variable factor. The series designated as “0”
was produced in order to verify the recipe for the C25/30 road and bridge concrete provided
by the prefabrication plant. Series 1+3 were made using the provided formulation, which
was further modified to obtain concrete C20/25. For this purpose, the water-cement ratio was
changed by 0.02 starting from w/c = 0.48. The change in cement amount also caused a change
in the number of admixtures used in the original formulation. Obtaining the expected grade
of concrete was verified on the basis of the mean value of cylindrical compressive strength
of concrete, which for concrete grade C20/25 is in interval a€<28+33) according to [1]. The
concrete mix formulation for four series is presented in Table 1.

Table 1. The composition of the concrete mix is given in kg per 1m? batch

Ingredients Series 0 (S0) Series 1 (S1)  Series 2 (S2) Series 3 (S3)
Basalt aggregate 8/16 731

Basalt aggregate 2/8 581

Sand 0/2 691

Water 150

Cement CEM 1 42,5R 360 310 300 290

ADVA Flow 440 1.98 1.55 1.50 1.45

Darex AEAW 0.36 0.31 0.30 0.20

w/c 0.42 0.48 0.50 0.52

The compression-testing machine, consisting of a hydraulic unit, a load frame and
control and measurement electronics can generate a compressive force of 6000 kN. Readings
are generated from the liquid pressure sensor. The tester measures and records the required
test parameters, as well as performs statistical calculations and plots the relationships between
the studied quantities [14].

After demoulding, loose debris was removed and the specimens were placed between
the pressure plates of the press. Each time, the upper pressure plate was aligned centrally with
the surface of the specimen owing to the ball joint connection with the load frame [15]. The
specimens were continuously loaded until failure with a force perpendicular to the direction
of concreting at 0.5 MPa/s. After that, the samples were inspected visually and the typical
failure pattern was confirmed [16]. The view of a typical failed concrete specimen is shown
in Fig. 3, and Fig. 4.
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Fig.3.  Concrete specimen after compression test (photograph by Dorota Michatowska-Maziejuk)
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Fig. 4. Correctly damaged concrete specimen (illustration by Dorota Michatowska — Maziejuk)

The measurement of destructive forces of the test specimen series at three concrete ages
with different water-cement ratios is summarized in Table 2
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Table 2. Results of measurements of destructive forces

Destructive force [kN]

7 days 14 days 28 days

SO S1 S2 S3 SO S1 S2 S3 SO S1 S2 S3
390.0 289.5 289.0 248.6 428.6 336.8 349.7 287.6 429.8 3645 3673 3108
3249 303.1 3059 240.5 411.7 3417 3472 2788 4263 361.8 3599 3189
365.6 3107 305.8 2422 4245 3349 3342 2862 421.7 3749 366.5 3172
3689 313.6 2952 249.6 3744 3648 3427 2914 3973 3646 3794 315.6

4. Estimation of concrete grade and evaluation of statistical and
strength parameters

The first value needed for concrete grade estimation, compressive strength f;; for each
specimen series, was determined from equation (1) and expressed in MPa:

F

ci = Z (1)
where: F;— maximum load on the i-th specimen at failure, 4; — the area of the compression
section of i-th specimen.

The mean value of the concrete compressive strength f;,, was calculated from equation (2):
1 n

Som =;Zfa- )

i=1

where: n — the number of results, f, — the individual result of concrete compressive strength
for i-th specimen.

The measurements of strength values at three concrete ages for w/c ratios 0.42, 0.48,
0.50, 0.52 are shown in Table 3.

Table 3. Compressive strength of the concrete specimens at 7, 14 and 28 days

Compressive strength f; [MPa]

7 days 14 days 28 days

SO S1 S2 S3 SO S1 S2 S3 SO S1 S2 S3
39.00 2895 2890 2486 42.86 33.68 3497 2876 4298 3645 36.73 31.07
3249 3031 3059 24.05 41.17 3417 3472 2788 42.63 36.18 3599 31.90
36.56 31.07 30.58 2422 4245 3349 3342 28.62 42.17 3749 36.65 31.72
36.89 3136 29.52 2496 3744 3648 3427 29.14 3973 3646 3794 31.56
Mean compressive strength £, cubic specimens [MPa]

36.2 30.4 29.9 23.5 41.0 34.5 343 28.6 419 36.6 36.8 31.6
Mean compressive strength f;,, ' recalculated for cylindrical specimens[MPa]

29.0 243 239 19.6 33.0 27.6 27.5 229 335 29.3 29.5 252

When estimating the grade of the obtained concrete, the mean value of concrete cylinder
compressive strength £, ! was calculated in accordance with the rules [1] (Tab. 3). In the case of
series S0, S1, and S2 with w/c ratios of 0.42, 0.48, and 0.50 respectively, more than 80% of the
strength to be achieved at 28 days was obtained at the first seven days (SO — 86%, S1 — 83%, and
S2 — 81%). For the series of three cubic specimens (w/c=0.52), 77% of the concrete strength was
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obtained after 7 days. At 14 days in each of the above cases, over 90% of the concrete strength to be
achieved in each series at 28 days was obtained (starting from SO: 98%, 94%, 93%, 91% respectively).
Percentage differences between the series are a result of different cement contents for the amount of
mixing water used, which has a chemical effect in the concrete, causing hydrolysis and hydration of
cement phases [17]. The smaller the cement content in relation to the constant amount of water, the
lower the strength of the cement mix obtained at an age of 7, 14, and 28 days. The results of testing
the SO specimens made of concrete mix according to the composition provided by the prefabrication
plant for concrete grade C25/30 confirmed achieving this grade already at an age of 14 days without
changing it on the 28th day. The results of subsequent series of concrete specimens with a lower
cement content relative to the constant amount of water showed that grade C20/25 was obtained at
28 days for series 1 and 2 (w/c ratio 0.48 and 0.50, respectively). For series 3, the results indicated
concrete grade C16/20, which was lower than the target grade C20/25. The obtained results for series
3 specimens, together with the estimated concrete grade are shown in Table 4.

Table 4. Concrete grade obtained in the compression test

Series 1 Series 2 Series 3
7 days 14 days 28 days 7 days 14 days 28 days 7 days 14 days 28 days
C12/15 C16/20 C20/25 Cl12/15 C16/20 C20/25 C8/10 C12/15 C16/20

During statistical assessment of the homogeneity of concrete, first the value of variance
S?was estimated, according to formula (3), and then the value of standard deviation S was
calculated from formula (4):

1 n

S =—(f. 1)
) (fo=Ton) 3

n

S=J#2(fd—fm)2

n—-143 “4)

where: n, £, — as in formula (2), f,,,— mean compressive strength of concrete.

When determining the quality of concrete production, formula (5) was used, which is
the relative standard deviation, called the coefficient of variation:

v=iIOO% (5)

cm

where: S — standard deviation, £, — mean compressive strength of concrete.

The values of statistical parameters are compiled in Tables 5 and 6.

Table 5. Statistical evaluation of the results for series 0

7 days 14 days 28 days
52 7.4 6.1 2.1
s 2.7 2.5 1.5
v 7.50% 6.00% 3.50%
Vi 5.70%
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Table 6. Statistical evaluationof the results for series 1+-3

Series 1 Series 2 Series 3

7days 14 days 28 days 7 days 14 days 28 days 7 days 14 days 28 days
s? 1.2 1.9 0.3 0.7 0.5 0.7 0.2 0.3 0.1
K 1.1 1.4 0.6 0.8 0.7 0.8 0.5 0.5 0.4
v 3.50%  4.00% 1.60%  2.80%  2.00%  2.20% 1.90% 1.80% 1.10%
v 3.03% 2.33% 1.60%

2

While determining the coefficient of variation of the test cubes results, it was found that
quality of the obtained concrete mix was very good as confirmed by the relative mean standard
deviation v, of no more than 7% [9].

In order to estimate at ¢, = 7 days, ¢, = 14 days the mean strength of concrete that could
be achieved at 28 days, the provisions of [1] were used, formula (6):

Lo ()= B (2) £, (6)

where: .(t) — coefficient which depends on the age of the concrete ¢, expressed with formula
(7), f..,— mean compressive strength obtained at 28 days.

B..(1)=exp S(l— 2:;} %)

where: s — coefficient depending on the type of cement, 7 — the age of concrete expressed in days.

By transforming formula (6), the compressive strength /., of the concrete was calculated
for two concrete ages, assuming the coefficient s equal to 0.20. The concrete grade estimated
and possible to to be achieved after 28 days, calculated at #,=7 days and #,=14 days for the
components of the verified composition is C25/30, and for series 1 and 2 series, this will be
grade 20/25. For the series 3 specimens it is grade C16/20. All of the estimated grades were
equivalent to the concrete strength classes obtained in destructive testing. This confirms that
current standard provisions are safe and correct. The concrete grade obtained during destructive
tests and estimated on the basis of formula (6) agrees with the assumed grade C20/25 for series
1 and 2, and C25/30 for series 0. In series 3, the concrete grade was lower than assumed. The
results of the estimated concrete grades at 28 days are shown in Table 7.

Table 7. Estimation from formula (6). Concrete grade after 28 days

Series 0 Series 1 Series 2 Series 3
t [days] 7 days 14 days 7 days 14 days 7 days 14 days 7 days 14 days
Bec(t) 0.82 0.92 0.82 0.92 0.82 0.92 0.82 0.92
fem(28) 35.41 35.62 29.73 29.95 29.21 29.85 23.96 24.85

Concrete grade C25/30  C25/30  C20/25  C20/25 C20/25 C20/25 C12/15 C16/20

5. Summary

The compressive strength of cube specimens was evaluated with the destructive method
in a strength testing machine used in structural diagnostics. Concrete strength can be evaluated
at the early age of the concrete (during construction) as well as later, when in service, during
its reconstruction, extension, or while strengthening structural members.
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The grade of the concrete manufactured in accordance with the composition provided
by the prefabrication plant was the same as that designed. After the modification of the mix
composition by weight, the grade in series 1 and 2 of the concrete specimens tested was
consistent with grade C20/25, which was also confirmed through the procedure set forth in
[1]. Concrete homogeneity in each case was very good. It can therefore be concluded that the
provisions of the EC2 standard are formulated in the way that guarantees the correctness of
the assessment of concrete strength of the constructed elements of a given structure, which
ensures its safety and durability.

The strength and quality of concrete are undoubtedly two of the essential parameters
checked in the diagnosis of concrete structures, as they determine the durability of both newly
constructed and already existing structures. Failure to ensure proper strength and quality of
concrete may lead to failures and construction disasters.
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Abstract: The paper presents the results of research on capillary water absorption of
mixtures from cohesive soils — loamy sand and sandy loam — stabilized with cement and the
addition of a hydrophobizing agent. The research showed that the appropriate addition of
diamidoamine lactate allows to limit the penetration of water inside the stabilized samples,
which increases their frost resistance. The mixtures with the additive showed lower capillary
water absorption compared to the mixtures stabilized with cement only, especially in the first
few hours after soaking with water.
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1. Introduction

Due to the problem of weak ground that appears in large numbers in road construction,
special attention should be paid to its proper preparation. There are many ways to strengthen the
ground (including soil replacement or indirect foundation), which, despite their high efficiency
in improving mechanical parameters, generate significant costs. The author believes that in the
implementation of construction works, local raw materials and waste materials should be used
in the first place. In road construction, such a material, due to low strength parameters (e.g.
angles of internal friction or compressibility modules), as well as susceptibility to increased
plasticity under the influence of water and volume changes resulting from frost damage, are
cohesive soils, which cannot be present in the roadbed.

When water changes from liquid to solid (ice), it increases in volume by approx. 9%. The
increase in volume, when water freezes, is not the main cause of blows — it is the formation
of ice lenses in the ground. The lenses grow as a result of rising water from damp places or
from aquiferous soil (capillary rise phenomenon). The situation occurs when the soil contains
a large amount of clay particles and a dusty fraction [1].
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A commonly used solution for soil improvement is soil stabilization with hydraulic
binders. The most effective method is to stabilize non-cohesive soils with cement. Due to the
need to reduce costs during the implementation of investments, it seems beneficial to improve
local land, even potentially considered useless.

In the case of cohesive soils, where drainage of water into the depth — due to fine grain-
ing and low permeability — is impossible, increasing ice crystals cause uplift of the soil layer.
The height of the debris depends on the amount of ice that forms in the ground. The amount
of ice depends on the initial soil moisture content, frost exposure time, temperature gradient,
grain size, water permeability, thermal conductivity and chemical composition [1], [2]. It is,
therefore, important to limit the possibility of water absorption from the surroundings into
the cohesive soil layers.

Summarizing the analysis of the literature on the stabilization of cohesive soils [3] - [6],
it should be stated that the addition of only cement to the soil as the sole hydraulic binder
does not guarantee the compressive strength required by the standard [7]. Moreover, only in
a few cases the expected level of frost resistance of the layers was achieved. For binders other
than cement, the obtained results are generally worse. The maximum, standard amount of the
additive (not more than 10% [7]) does not allow obtaining repeatable results confirming the
required compressive strength and frost resistance of the stabilized layer.

Hydrophobizing additives can be used to limit water penetration inside cement-stabilized
layers. The researchers started to look for some alternative and high performance materials
that are industrially manufactured like crystallising materials, moisture blockers, cementitious
coatings and silicate materials [8]. Water-soluble organic silica compounds, i.e. siloxanes, can
be used as hydrophobizing agents in the amount of 1%-—2% in relation to cement mass [9].
Silane and Siloxane impregnants were one of the first effective hydrophobic treatments to be
used for enhancing concrete’s impermeability of water and resistance to chemical attacks.
Silicate resins is a hydrophobic material that forms a coating in the pores of the concrete and
works on repelling water [10]. In addition, more popular are materials extracted from natural
resources like natural oils, fatty acids and animal bloods [8]. Sodium acetate, fluoropolymer
and silicone resin were an environmentally friendly alternative materials, especially efficient
when were applied to wet surfaces [11]. Al-Kheetan et al. suggest that the efficacy of all
impregnants determined in relation to moisture content within the concrete is important,
which directly ensure the optimal dosage of protective materials, and thus the expected level
of protection they could provide [12].

In view of the requirements for the subsoil below the road pavement structure — protec-
tion against scaling — the author of the publication proposed the use of an additive to the
hydraulic binder in the form of a surfactant — diamidoamine lactate, which was produced
from natural raw materials [13]. The publications [14], [15] confirmed the improvement of
compressive strength and frost resistance of cohesive soils stabilized with cement with the
addition of the above-mentioned hydrophobizing agent. This publication deals with the subject
of the susceptibility of cohesive soils stabilized with cement and a hydrophobizing agent to
capillary absorption of water from the environment, which results in the formation of heaps
destroying surfaces.

2. Materials

The stabilization was carried out on two cohesive soils: loamy sand (Pg) and sandy loam
(Gp), which results in the formation of layers that destroy the surface. Both examined cohesive
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soils have the same origin, they are the result of the erosion and accumulation of the North
Polish continental glacier, the Leszno phase. The main difference is the clay content which
determines the soil type — less than 2% for loamy sand and more than 2% for sandy loam.
The grain size distribution is shown in Fig 1, and the basic properties are shown in Table 1.
The obtained sand indexes confirm their heaping character (according to [16], [17]).
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Fig. 1. The particle size distribution curves of the tested soils — red Gp, blue Pg

Table 1. Properties of the investigated soils

Values Values

Loamy sand: Sandy loam:

clay fraction content [%] 34 clay fraction content [%] 11.0
yield point [%] 14.6 yield point [%] 12.0
liquidity limit [%] 21.5 liquidity limit [%)] 25.7
plasticity index [%] 6.9 plasticity index [%] 13.7
sand indicator [-] 17 sand indicator [-] 8
optimal humidity [%] 10.0 optimal humidity [%] 10.7
F;:;I;]um bulk density 200 r[l;jl:rinr?]um bulk density 501
soil pH 7.13 soil pH 7.95

Common cement CEM II B-S 32.5 R, meeting the requirements of the standard [18],
was used as a hydraulic binder for the tests. Cement was chosen because of the popularity of
its practical application on construction sites, as it is often used in road construction as a stabi-
lizing binder. The setting time of the cement was 121 minutes, and its average compressive
strength, determined after 28 days of hardening, was 47.5 = 0.6 MPa. The hydrophobizing
additive was made with the use of waste fats — used vegetable and animal oils. The process
of obtaining diamidoamine lactate is shown in Fig 2.
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Fig. 2. Scheme of the reaction for the preparation of diamidoamine lactate. Source: [13]

The cement addition ranged from 5% to 9% with respect to the dry mass of the soil. Due
to the exploratory — pilot nature of the research (diamidoamine lactate was used for the first
time as an additive for soil hydrophobization), the amount of lactate was added alternatively,
ranging from 3% to 9% in relation to dry weight. From among the prepared mixtures for
capillary water absorption tests, the ones that achieved the highest frost resistance indexes in

individual groups were selected (see Table 2 [19]).

Table 2. The values of compressive strength and frost resistance indexes of the tested mixtures. Source: [19]

Mark Compressive strength [MPa] after the period frost resistance [-]
mixtures 7 days 28 days ?:fti?ylz frozen cycles) Indicator
7%C 2.14 2.79 1.45 0.52
7%M-7%C 2.24 3.62 1.27 0.35
loamy sand 9%M-7%C 223 3.69 1.03 0.28
mixtures 9%C 315 4.06 221 0.54
3%M-9%C 2.56 4.65 3.52 0.76
5%M-9%C 2.07 3.25 2.45 0.75
7%C 2.01 2.37 0.15 0.06
3%M-7%C 1.72 2.95 1.60 0.54
5%M-7%C 1.16 1.94 0.66 0.34
sandy loam 7%M-7%C 1.42 2.75 0.55 0.20
mixtures 9%C 2.37 4.59 0.46 0.10
3%M-9%C 1.87 3.15 1.91 0.61
5%M-9%C 2.23 3.15 1.00 0.32
7%M-9%C 2.31 3.62 1.55 0.43
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3. Capillary water absorption studies

Polish standards for soil stabilized with cement [7], [20], [21] do not require or define
capillary water absorption studies. The methodology of determining capillarity is commonly
used in the case of testing masonry elements [22], [23]. The test algorithm was taken from
the PN-EN 772-11:2011 standard [24]. The following materials and research devices were
used for the measurements:

« ventilated dryer with the possibility of maintaining the temperature in the range of
105 £ 5°C,

* vessels (steel sheets) with a depth greater than 20 mm,
* stopwatch,

* potable water,

* laboratory balance with an accuracy of 0.1 g.

After drying to constant weight and cooling to room temperature, the samples were
immersed in the vessels to a depth of 5 + 1 mm. The immersion depth was kept constant
during the tests.

Water absorption measurement periods were assumed, counted from the moment of
immersion of the samples in water: 10 min (600 s), 30 min (1 800 s), 60 min (3 600 s), 3 h
(108005s), 8h (28 800 s),24 h (86 400 s), 48 h (172 800 s), 72 h (259 200 s), 96 h (345 600 s),
120 h (432 000 s).

Before each mass measurement (after the specified saturation time), the sample was
dried with a chamois leather.

The coefficient of water absorption due to the rising capillary was calculated in accord-
ance with the standard [24], according to the Eq. 1:

mso s mdry,s

Cu = A\F (1)

where: my,, . is a sample weight after drying [g], m,,  is a mass of the soaked sample at time ¢ [g],
A, is sample surface immersed in water [m?], ¢, is saturation time [s], C,,, is water absorption
coefficient [g/(m?s")].

14 soil mixtures stabilized with cement, 6 mixtures made of clay sand and 8 mixtures of
sandy loam were tested. Each test series consisted of 3 samples for which the mean capillary
absorption as a function of the element of the immersion time was calculated and the mean
water absorption after selected measurement periods was determined.

4. Research results and their analysis

4.1. Macroscopic evaluation during research

The samples, dried at the temperature of 105-110 °C, were immersed at 5 = 1 mm in
water and subjected to water capillary rising tests. Along with the increasing time of soaking
in water, changes in the saturation level of the samples were visible (see Figs 3-6).
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Fig. 4. Capillarity test — view 24 hours after immersion — Pg mixtures

Fig. 5. Capillarity test — view after 3 hours from immersion — Gp mixtures
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Fig. 6.  Capillarity test — view 24 hours after immersion — Gp mixtures

Mixtures in which, in addition to cement, diamidoamine lactate was added, compared
to the reference (cement) mixes absorbed water much slower. In the case of mixtures made of
loamy sand, water penetrated much faster along the entire height of the sample. Sandy loam
mixtures — due to their higher cohesiveness than loamy sand — which are also characterized by
lower water permeability, absorbed water much slower. Moreover, samples into which water
had penetrated to its full height showed drying and peeling of the edge of the upper surface

4.2. Loamy sand mixtures

The course of changes in the mass of the samples related to their surface area in contact
with water as a function of the square root of time is illustrated in Figs 7 and 8.

Water absorption caused by capillary rise depending on the amount of binder used after
selected measurement periods is shown in Figs 9 and 10.

The capillary rise of water increases, as well as the values of the amount of water
absorbed (see Figs 9 and 10) presented in Figs 7 and 8, allow to conclude that the addition of
diamidoamine lactate limits the possibility of capillary rising of water in soils stabilized with
cement, especially in the initial absorption period (up to 8 hours). Later in the test, when the
sample is saturated with water, the amount of water pulled up is comparable for all mixtures.
The addition of lactate in an amount of less than 60% of the binder quantity reduces the amount
of water absorbed in the initial period by almost three times. In the case of significant addition
of a hydrophobizing agent (more than the hydraulic binder), lactate increased the absorption.
The above may be caused by too high affinity for water (lactate is a 10% solution of the active
substance in water). Referring to the frost resistance results, it should be noted that the mixtures
characterized by lower capillarity obtained higher frost resistance.

4.3. Sandy loam mixtures

The course of the sample mass change in relation to their surface area in contact with
water as a function of the square root of time is illustrated in Figs 11 and 12.
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Fig. 10. Capillary water absorption values of Pg mixtures with 9% binder addition for selected measurement
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Water absorption of sandy loam mixtures caused by capillary rise depending on the
amount of binder used after selected measurement periods is shown in Figs 13 and 14
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When analyzing the illustrated increases in capillary rise of water and the amount of
water absorbed, it should be noted that in the case of mixtures with 7% cement addition only
5% and 7% addition of diamidoamine lactate allowed to obtain a lower capillarity of the tested



26 Szymon Weglinski

samples. In the case of mixtures with 9% cement content, the addition of a hydrophobizing
agent in the amount of 3% and 7% allowed to reduce capillary absorption. Compared to loamy
sand mixtures, it cannot be clearly determined what amount of additive is optimal to limit
capillary water absorption of loam clay mixtures.

5. Conclusions

In road construction, an important aspect of proper substrate preparation is ensuring its
frost resistance. Due to the molecular structure and low water permeability, cohesive soils
should not be present in the frost zone. By using soil stabilization with hydraulic binders, we
can increase their bearing capacity and improve frost resistance. The recommended, standard
amounts of hydraulic binder do not allow for high frost resistance parameters for cohesive
soils. Improvement in the frost resistance indices was found in the case of the addition of
diamidoamine lactate as a hydrophobizing agent. In order to evaluate the effect of the hydro-
phobizing additive, studies of capillary water absorption of the mixtures stabilized in this way
were undertaken. Due to the lack of typical methods of assessing capillary water absorption by
soil mixtures stabilized with a binder, the author of the publication proposed a methodology
taken from the study of masonry elements.

For loamy sand, the reduction of water penetration was observed with the addition of
a hydrophobizing agent in an amount not exceeding 5% of the dry soil mass. The mixtures
were characterized by lower water absorption, especially in the first hours after soaking with
water, which means that the stabilized mixture will absorb water slower from the environment
immediately after execution. For mixtures made of sandy loam, which is a more cohesive soil
with a higher content of clay particles, which have an impact on low water permeability, it was
observed that water penetrates slower inside the samples. The addition of a hydrophobizing agent
reduces capillary water absorption, but the exact relationship between the amount of additive
and the possibility of reducing water capillary rise cannot be determined. Unlike loamy sand
mixes, higher amounts of hydrophobizing agent additive reduce water ingress inside the mix.
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Abstract: The first part of the article presents the upcoming changes in the regulations
regarding energy consumption by single-family housing. Current and forthcoming requirements
in 2021 for building insulation and maximum EP primary energy demand factor were indicated.
The second part of the paper presents the results of research aimed at determining what type
of heat source for heating purposes and the type of ventilation will be able to meet the latest
requirements. The analysis was based on the determination and comparison of the £EP factor
in the considered single-family building for selected heating variants assuming two different
types of ventilation: gravitational and mechanical supply-exhaust with a heat recovery system.
Based on the results obtained, an attempt was made to determine the tendency of changes in
the design of single-family buildings in terms of choosing the type of heating and ventilation.

Keywords: energy consumption, building energy efficiency, energy performance

1. Introduction

Due to more and more intensive development of the building industry, more and more
attention is focused on its energy efficiency, i.e., above all, on reducing its energy consump-
tion. The instrument in this assessment is the energy characteristics, including the annual rate
of demand for non-renewable primary energy (EP), taking into account losses arising at the
stage of energy production and transmission [1].

From 2021 on, designers will have to face new requirements for buildings known as WT
2021. They will have a significant impact on many architectural, construction and installation
solutions, especially those related to the choice of heating system. Currently, most of the energy
used for heating and domestic hot water (DHW) is supplied from non-renewable sources, which
have a significant negative impact on the environment and increase the operating costs of the
systems [2]. In order to reduce the building’s primary energy demand, in addition to reducing
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the heat transfer coefficient U [ W/(m?K)] of the building envelope, renewable energy sources
such as heat pumps, photovoltaic cells or standard systems are increasingly being used, but
with higher efficiency than traditional ones, such as condensing gas boilers [3].

The article attempts to assess the extent to which changes will have to be made to
the architecture of single-family housing. It focuses on examining what installation solu-
tions, including the energy source and type of ventilation, will be able to meet the new WT
2021 requirements for maximum primary energy demand (EP). The energy performance-based
indicator of the annual design primary energy demand of the building for heating, ventilation
and domestic hot water preparation was used for the analysis.

2. Overview of regulations

The continuous economic development of many countries results in a constantly increas-
ing demand for energy, of which over 40% is consumed by the construction sector [2], [4].
The main sources of fuel are non-renewable resources, including hard coal, oil and natural
gas. Fossil fuels are the main source of carbon dioxide emissions and pose a real threat to the
natural environment, therefore a number of measures have been taken throughout the Euro-
pean Union to reduce the demand and consumption of primary energy, mainly by promoting
renewable energy sources [2], [5].

The first document on improving energy efficiency and energy labelling in the field of
construction was Directive 2002/91/EC of the European Parliament and Council of 16 Decem-
ber 2002 on energy performance [6]. It resulted in the introduction in all EU member states
of the obligation to carry out energy certificates for newly built, modernized or sold facilities.
This was primarily aimed at improving the comfort of use and operation of facilities. Currently,
from 1 January 2013, Directive 2010/31/EU of the European Parliament and Council (EU) of
19 May 2010 on the energy performance of buildings (EPBD) is in force [7]. The implemen-
tation of the regulations of the EPBD directive in Poland was carried out through the Act on
Energy Characteristics [8] as well as through the amendment of the Regulation of the Minister
of Infrastructure on technical conditions to be met by buildings and their location of 5 July
2013 [9]. Its amendment assumed the introduction of restrictions gradually, in three stages.
The first stage was implemented from January 2014, the second from January 2017 and the
last one will be effective from the end of December 2020. The changes of selected limit values
of the heat transfer coefficient and the maximum EP coefficient for heating, ventilation and
domestic hot water preparation for single-family buildings are presented in Table 1.

Table 1. Heat transfer coefficients of building partitions [9]

Before 2014 From 2014 From 2017 From 2021
Value of the heat transfer coefficient of building partitions U [W/m?K]
External walls 0.30 0.25 0.23 0.20
Flat ceilings, roofs 0.30 0.20 0.18 0.15
Floor on the ground 1/1.5 0.30 0.30 0.30

Partial maximum values of EPH+ ratio for heating, ventilation and hot water preparation
[kWh/(m? — year)].
Single-family building - 120 95 70
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The first significant change in the amendment of the technical conditions was the tight-
ening of the requirements for the heat transfer coefficient for building partitions U [W/m*K].
Before 2014, all external partitions, including walls and roofs, had to have a maximum U-value
of 0.30 W/m?K, while the floor on the ground was marked with a minimum resistance R of
1.5 m*K/W. Gradually, these indices were reduced to be 0.20 W/m?K for external walls, 0.15 W/
m?K for ceilings/roofs and 0.30 W/m?K for floors on the ground at the end of December 2020.
As a result of the introduced changes, it will be necessary to use better quality materials, with
better thermal insulation properties and increased thickness of the insulation layer.

Another significant change was the introduction from 2014 of a new indicator — annual
calculated primary energy demand for a building for heating, ventilation and domestic hot
water preparation — EP [kWh/m?2-year] and its limit value depending on the type of building.
Based on the parameters of the external environment, building architecture and the adopted
building and installation solutions, the amount of energy required to cover the demand for
heating and ventilation (Q ), domestic hot water preparation (Q py), air conditioning, cooling
(O pc) and lighting of the building (Q 5, ) is determined according to the formula below. (1) [8]

0,=0 T 0 pw T 0 pct 0 PL [kWh] (1)

In the case of single-family housing, the first two components are taken into account,
namely: energy for heating and ventilation as well as for domestic hot water preparation
OP,,,.w. According to WT 2021, all newly designed single-family buildings should have the
maximum value of EPy,,, demand reduced to 70 [kWh/(m?-year)]. In comparison with the
restrictions introduced in 2014, this value is lower by over 40%. In order to meet the new
criteria, it will probably be necessary to move away from traditional heat sources and increase
the share of renewable energy sources, as well as to use more and more efficient ventilation
devices [10].

Single-family construction is characterized by the least restrictive requirements for energy
performance and, consequently, great freedom in choosing the heat source. According to the
statistics of the Central Statistical Office (GUS), in 2018 the most popular heat sources in the
residential construction industry were solid fuels (45.4%) and network heat (40.4%), followed
by natural gas (13.9%), electricity (5.3%), liquid fuels (0.5%) and renewable energy sources
(0.13%) [11]. However, less than 10% of them were equipped with ventilation devices with
heat recovery.

In connection with the approaching change in the energy efficiency requirements for
buildings, it is necessary to analyze the factors that make it possible to meet them. The article
focuses on analyzing how the new requirements of the maximum value of the EP coefficient
will affect the possibility of using specific solutions of internal installations, including heat
sources for heating, ventilation and DHW as well as the type of ventilation.

3. Research method — thermal model of the building

In order to carry out the analysis, a simplified design of a single-family building was
adopted as a calculation model, which is presented in Fig. 1. The building was designed on
a 10x10 m rectangular projection, with two overground storeys with a flat roof covered with
tar paper, made in traditional brick technology from Porotherm 25 P+ hollow blocks. The
cubic capacity of the building is 600 m® and the usable area is 140 m?. The location of the



32 Anecta Biata

building in relation to the sides of the world was adopted according to the principle of entrance
from the north and larger glazing from the south.

Fig. 1. Simplified plan of the building source: own study

For the purposes of calculations, the maximum values of heat transfer coefficients of
individual building partitions have been assumed in accordance with the guidelines of technical
conditions, which will be in force from 2021, while thermal bridges have been omitted due to
their low impact on the final EP value. The windows were assumed to be 3-chamber windows
with high tightness class. The building is located in the city surrounded by other buildings of
similar height. Detailed data are presented in Table 2.

Table 2. Heat transfer coefficients of analyzed building partitions [8]

Type of partition Heat transfer coefficient U [ W/m*K]
External wall 0.20

Floor on the ground 0.30

Roof 0.15

External window 0.9

Front door 1.3

The aim of this article is to present the possibility of the analyzed building to meet the
maximum primary energy consumption coefficient depending on the heat source used for
heating, ventilation and hot water. Therefore, the most popular variants of heat sources such
as: hard coal, natural gas, electricity, heating oil, biomass boilers, heat from a CHP plant* and
a heat pump were adopted for the analysis. Each variant has been calculated in two versions,
the first one assumes gravitational ventilation of the object, while the second one assumes
mechanical supply and exhaust ventilation with heat recovery of 80%. In addition, each variant
was calculated on the assumption that 50% of energy will be drawn from photovoltaic panels.
Detailed characteristics of the proposed variants are presented in Table 3.
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Table 3. General characteristic of considered variants

Variant Type of fuel Characteristics Type of ventilation
LA Gravitational
1 1009 =11 =0.84
B Natural gas 100% Wi gas 1 1o = 0.8 Mechanical
LC Natural gas 50% Wigas= 1.1 1] 1 gas = 0.84 Gravitational
1.D Solar energy 50% Wisotar =0 1] o1, sotar= 0-89 Mechanical
ILA Gravitational
Heati il 1009 =11 =0.84
II.B cating o1 o Wiail M oroi =0 Mechanical
I.C Fuel oil 50% Wioim .1 1 oron = 0.84 Gravitational
11.D Solar energy 50% Wigolar =0 1] 1o, sola= 0-89 Mechanical
IILA Gravitational
Hard coal 1009 ccoa=1-1 oa= 0.84
IIIB arad coa A) Wl coal rl tot,coal Mechaﬂical
1I.C Hard coal 50% Wicoa=1-1 1 torcoat = 0.84 Gravitational
11L.D Solar energy 50% Wisolar =0 1 tor, sotar= 0-89 Mechanical
IVA . Gravitational
VB Biomass (wood, pellet) 100% Wibiomass=0-2 1] totbiomass— 0-62 Mrjc\;;;g;a
v.C Biomass (wood, pellet) 50% Wi biomass =0-2 1] tot biomass =0-62 Gravitational
IV.D Solar energy 50% Wi solar =0 1 tot, solar= 0-89 Mechanical
V.A Gravitational
Electricity 1009 © clectric= «=0.
VB cctrict y OOA) Wi electric 3 Il tot,electric 0 87 Mechanica]
VC EleCtriCity 50% Wi e:]eclric:3 rl tot e]ectric:0'87 GraVitaﬁonal
V.D Solar energy 50% Wisotar =0 1 tot, sotar= 0.89 Mechanical
VLA Gravitational
Heat 1009  um=0 =0.87
VLB cat pump & Wipump = T tor, pump Mechanical
VI.C Heat pump 50% Wi pump =0 1 tot pump =0.87 Gravitational
VI.D Solar energy 50% Wisolar =0 1] (o1, solar— 0.89 Mechanical
VILA Gravitational
———— District heat 100% i =0.8 «=0.87
VILB istrict fiea ’ Wit T ot uni Mechanical
VILC District heat 50% Wi anit =0.8 1 1ot unie =0.87 Gravitational
VllD SOlar energy 50% Wi,solar :O l’l tot, solar 089 MeChanical

w;— coefficient of input of non-renewable primary energy for the generation and delivery of the final
energy carrier to the building,
N— average total seasonal efficiency of the system

The research assumed the following unchanging climatic, location and operating data
for the variants:

climate classification: II,

location: Poznan,

outside air temperature: -18°C,

building shading: a building in the city surrounded by buildings of similar height,
indoor temperature: 20°C,

ventilation air stream: 200 m*/h — calculated with a simplified method based on [9],
coefficient of solar radiation permeability through glazing g=0.75,

unit daily water consumption: VCW =1.4 dm*/m? day,

type of receiver: underfloor water heating with central and local regulation with
a two-joint or proportional regulator P.
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For the purpose of the analysis, it was assumed that the demand for domestic hot water
0f 5735.06 kWh/year is provided by the same source as the heating. Depending on the energy
source, the corresponding type of heat source was selected as shown in Table 4.

Table 4. Summary of the heat source depending on the type of energy

Energy source Type of heat source
Low-temperature gas condensing boilers (55/45°C)
Natural gas with nominal output up to 50 kW
Heating oil Indoor oil furnaces
Hard coal Coal boilers manufactured after 2000.

Biomass boilers (wood: billets, briquettes, pellets,
chips)
Electricity Electrothermal heaters

Biomass (wood, pellet)

Glycol/water heat pumps (55/45°C), compres-
sion-type, electro-powered

Compact district heating unit with casing with
nominal output up to 100 kW

Heat pump

District heat

4. Research results

For the examined object the analysis of the primary energy demand (EP index) was carried
out, depending on individual variants I-VII. The value of the EP index below 70 kWh/(m?-year)
was assumed as the criterion. It was determined by means of a simplified method of calculating
the heat demand of the building, using the Regulation of the Minister of Infrastructure and
Development on the methodology of determining the energy performance of a building or
part of a building and energy performance certificates [8].

The following graphs show the calculated primary energy demand calculated in 2 stages.
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Fig. 2. Primary Energy coefficient (EP) for different types of source of heat

The first part of the study focused on the comparison of EP index for variants
I-VIL A, I-VIL B, i.e. in which the heat demand is provided in 100% by one source. The
data are presented in Fig. 2. Each fuel type was calculated with the assumption of natural
ventilation — A and mechanical ventilation with heat recovery — B. The green line in the graph
indicates the limit value of the £P index (70 kWh/m? year) required from 2021, while the red
line indicates the current limit value (95 kWh/m? year). Analyzing the above graph it can be
seen that in the case of fossil and liquid fuels (variants I-III), with the regulations in force, only
the variant with mechanical ventilation ensures that the maximum E£P indicator is met at the
borderline, while from 2021 no variant from I-III, regardless of the type of ventilation, will
meet the requirements. Mains heat meets current and past requirements only if mechanical
ventilation is used. Renewable energy sources, including biomass boilers and heat pumps —
variants IV and VI — are characterized by more than three times lower £P index than required,
while the highest electricity — variant V.A V.A- 346 kWh/m? year V.B — 222 kWh/m? year
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Fig. 3. Primary energy coefficient (EP) for different types of source of heat supported by photovoltaic panels

In the next stage of the research, an analysis was carried out concerning the influence
of the assembly of photovoltaic panels on the EP indicator for the object under study. For
each variant it was assumed that 50% of the demand is covered by solar energy. The results
are shown in Fig. 3. The differences between variants A — B and C — D are significant. Only
electricity, despite being supported by a 50% renewable energy source, still deviates signif-
icantly from the results of other sources and exceeds the maximum indicators. The use of
mechanical ventilation (variant D) in all other cases is sufficient for the £P indicator to meet
the new standards. For popular fossil (I.D, I11.D) and liquid (I1.D) fuels, EP is around 50 kWh/
m? year, while for variants with gravity ventilation — I.C, IIC, and IIIC still exceeds them and
is around 80 kWh/m? year. For renewable energy sources (IV and VI) the use of photovoltaic
panels has a slight impact on the EP ratio.

In the last stage of the study, an attempt was made to determine what conditions would
have to be met in order for the variants I.C.II.C.III.C, V.C and V.D to be applied from 2021.
The use of both natural gas, coal and fuel oil with gravity ventilation will only be possible with
an additional photovoltaic installation that will provide more than 60% of the energy demand.
To be able to design a building based solely on electricity, the solar installation would have to
provide more than 83% of the energy demand for gravity ventilation and 71% for mechanical
ventilation. A graphical overview is presented in Figure 4
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Fig. 4. Demand of primary energy (EP) for different types of source of heat

According to the analyses, the type of ventilation used in the facility has a large impact
on the EP indicator. In a building with mechanical ventilation it is about 35% lower than in
the case of gravity ventilation. As can be seen from Figure 2 in the light of the current WT
2017 regulations for variants I-I11I, the key to meeting the requirements turned out to be the
choice of mechanical ventilation with heat recovery. For example, for variants III.A, i.e.
using a coal-fired boiler together with gravity ventilation, the EP ratio was about 145 kWh/
m? a year, while for variant III.B it was already within 90 kWh/m? year. The lower the value
of EP ratio as in the case of variants with renewable energy sources (IV.A — 32 kWh/m? year,
IV.B — 20 kWh/m? year) the less important the type of ventilation.

The presented differences are mainly due to the fact that in the case of gravitational
ventilation, heat losses for air exchange in the facility constitute 40% of total losses. The use
of mechanical ventilation with heat recovery significantly reduces them to 14%. The list of
heat losses for the analyzed object is presented in Table 5 and Figure 5.

Tab. 5. Comparison of heat losses in a building depending on the type of ventilation

o - Mechanical ventilation
Gravitational ventilation

[recovery 80%]
Heat loss by penetration 13742.38 (60%) 13742.38 (86%)
Heat loss for ventilation 9188.62 (40%) 2192.34 (14%)

Total heat loss 22931 (100%) 15934.72 (100%)
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Fig. 5. The percentage share of heat loss in a building depending on the type of ventilation

5. Summary and conclusions

It is a current priority in all Member States of the European Union to introduce measures
to reduce energy consumption mainly from fossil fuels and promote the use of renewable
energy sources in the construction sector. More and more stringent regulations in this area
will result in limiting the use of non-renewable energy sources. Currently, with respect to
single-family construction, which is the subject of analysis, predominantly solid fuels are
used for heating purposes, including coal and wood, and increasingly often gaseous fuel.
Since 2021, after tightening the guidelines for maximum energy consumption coefficient EP
and heat conduction ratios, it will be more and more difficult to choose an appropriate way of
heating a facility that will meet them.

Consequently, the article analyzes how selected installation solutions, including the
selection of the heat source and ventilation system of the object, affect the value of the build-
ing’s EP ratio assuming the construction of building partitions characterized by the maximum
permissible U-values. This analysis shows that traditional boilers, even with high efficiency, will
not be able to meet the restrictive standards. In order to obtain the £P ratio below the required
value, a significant share of renewable energy in the total energy balance will be required.

A detailed analysis shows the directions of development of single-family housing in
installation issues and leads to the following conclusions:

The use of traditional heating systems fired exclusively with hard coal, fuel oil or natural
gas will be hardly possible from 2021.

Mechanical ventilation with heat recovery reduces the total heat loss for the building by
about 30%, which significantly reduces the EP ratio.

New restrictions will result in a significant increase in design as the main heat source
for biomass boilers, heat pumps or mixed production with photovoltaic panels.

A heating system based only on renewable energy sources will not force the use of
mechanical ventilation in single-family facilities.
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Abstract: The paper analyses the influence of modelling the cross-section of a beam
in two-storey reinforced concrete frame of industrial warehouse with dimensions: 18.0 m %
32.0 m using bar elements on the results of bending moments, the value of elastic deflection
and the dimensioning of reinforcement due to bending. Six options were considered: a beam
as a rectangular section and five T-beam variants with different definitions of effective flange
width. The differences in obtained results were commented on. Conclusions useful for the
designing of reinforced concrete structures were presented. The procedure for determining the
effective flange width in the context of PN-EN 1992-1-1:2008 and PN-B 03264:2002 standards
with a commentary on the use of effective flange width in calculations and construction of
reinforcement in reinforced concrete structures were described. Brief description of deter-
mining the reinforcement due to bending according to the simplified method given in PN-EN
1992-1-1:2008 was presented. In addition, the standard formula for determining the minimum
cross sectional area of reinforcement (9.1N) in PN-EN 1992-1-1:2008 with a proposal for its
strict determination for the T-beam with the flange in tension was analysed.

Keywords: reinforced concrete structures; effective width of flange, minimum cross
sectional area of reinforcement, PN-EN 1992-1-1:2008, PN-B 03264:2002

1. Introduction

Nowadays, designers of engineering structures have a wide range of programs for deter-
mination of internal forces and reinforcement dimensioning in reinforced concrete structures
[1],[2]. The use of spatial calculation models of objects is becoming increasingly popular. By
creating a single design file, the designer has a full spectrum of internal forces values. However,
it also has its disadvantages — due to the multitude of design combinations, the interpretation
of results may be difficult [3]. The calculation time of spatial models is substantial. Creating
a 3D model requires considerable experience for the designer. It is necessary to accurately
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map the location of subsequent elements of the structural system, which was pointed out by
Starosolski [4], Kossakowski [5], [6], Godycki-Cwirko et al. [ 7], Nagrodzka-Godycka et al. [8]
and Wojdak [9] in their publications.

In the case of frame structures, they are most often modelled as plane frame. This
approach allows the subsequent parts of the frame to be modelled as beam elements. The
most important task in a cast structures is to determine the cross section of beam of the
frame between the beam and floor slab.

The paper analyses the effect of the beam cross section of a reinforced concrete frame
on the results of internal forces, elastic deflection values and reinforcement dimensioning.
Six models with different definition of effective width of the flange have been analysed. An
in-depth numerical analysis of the effective flange width (spatial model) is presented in [10].

In addition, the paper presents a procedure for determining the minimum cross-sectional
area of the longitudinal tension reinforcement according to the recommendations of standard
[11] for a T-section with the flange in tension. The issue of minimum reinforcement due to
cracking was raised by Knauff [12], [13], [14] and [15] in his publications.

2. Effective width of flange in standard terms

The effective width of flange, in addition to its use in the definition of the construction
model, is necessary to determine the dimensioning of the reinforcement due to bending.
Section 3.2.3 of [16] states that: The appropriate flange width calculated for considered
span and the position of the section should always be used to check the ultimate resistance
of the beam sections.

Moreover, the effective width is necessary for determining the minimum cross-sec-
tional area of longitudinal tension reinforcement according to the formula (9.1N) in [11]. It
depends on the size b, — mean width of the tension zone. Its determination may cause some
complications in case of the flange in tension.

According to the recommendations of standard [11], section 9.2.1.2 (2), the effective
width is additionally used to determine the width at which the tension reinforcement is to
be spread at intermediate supports of continuous beams (Fig. 1.): At intermediate supports
of continuous beams, the total area of tension reinforcement A, of a flanged cross-section
should be spread over the effective width of flange. Part of it may be concentrated over the
web width.
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Fig. 1. Placing of tension reinforcement in flanged cross-section; source: Figure 9.1 in [11]

The effective flange width must be determined to define the longitudinal shear stress at
the junction between one side of a flange and the web in the shear between web and flanges
procedure according to clause 6.2.4 in [11].

The effective flange overhang can be determined from formula (5.7a) in [11]:

0,2-5,+0,1-/,
by ; =min 0,21, (1)
b;
The effective flange width can be determined from formula (5.7) in [11]:
. by +b
b, =min {Z eﬁb” i )

The designations given in formulas (1) and (2) are defined in Fig. 2 and Fig. 3.

& a =

=085/ ly=0,15(4 + 1) ly=10,70 Iz ly=0,150L+13

I I8 I

Fig. 2. Definition of /, for calculation of effective flange width; source: Figure 5.2 in [11]
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Fig. 3.  Effective flange width parameters; source: Figure 5.3 in [11]

Standard [17], in addition to the recommendations given in [11], introduces an additional
restriction on the width of the flange when checking the ultimate limit state (ULS). It is to
be assumed that for a double-sided overhang b g, or b g, < 64, (according to formula (19a) in
[17]), and for a single-sided overhang b, < 4h; (according to formula (19b) in [17]). The
publication [18] treats the consequences of the choice of design standards [11] or [17] for
material consumption on the example of a flat ceiling.

3. Parameters of the analyzed reinforced concrete plane frame

The paper analyses the influence of modelling the beam of a reinforced concrete plane
frame using bar elements on the results of internal forces — bending moments and elastic
deflection values. The calculations were performed in Autodesk Robot Structural Analysis
(ARSA) version 2015 [1]. The object of the analysis is two-storey frame in building with
dimensions (width % length): 18.0 m % 32.0 m forming part of construction of an industrial
warehouse. A single beam has a span L = 9.0 m. Subsequent frames are set at a distance
of B = 4.0 m. The structure is made of concrete class C25/30. Steel class A-IIIN, grade
B500SP is used to dimensioning the reinforcement. The storey height is # = 4.0 m. The
supports of the frame beams are reinforced concrete columns with dimensions (width x height):
30 cm % 60 cm. The columns are fixed in foundation footings. The total height of the frame
beam is # =75 cm. The width of the beam web is b,, =30 cm. The height of the flange which
is a one-way floor slab is equal to 15 cm (Fig. 4).

b,

J—

i
ht

b

b X

"

_HH—

Fig. 4.  Description of dimensions of the T-section; source: Figure 5.3 in [11]
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A steel truss with a span of 18.0 m was used as a construction of roofing. The following
were assumed as the loads: the self-weight of the structure (from the ARSA program excluding
the beam — a characteristic load of 19.5 kN/m was transferred on it). Also added the comple-
mentary load from the finishing layers located on the floor: 1.5 kN/m? (estimate; characteristic
value), which gave the load on the frame of 6 kN/m and an imposed load — according to Table
6.3 in [19], the areas where goods can be accumulated belong to category E1; according to
Table 6.4 in [19], the characteristic imposed load on floor for this category is 7.5 kN/m?* which
gave the load on the frame of 30 kN/m. The complementary load from the finishing layers of
roof is assumed as characteristic value equal 5 kN/m.

Following calculation combinations were assumed (according to point 6.4.3.2 in [20]):
ULSI1 with imposed load on the left span of frame beam, ULS2 with imposed load on the right
span of frame beam and ULS3 with imposed load on both spans simultaneously.

Due to the course of the bending moments in the frame beam (rigid connection of exter-
nal column to the beam), the distances /, between points of zero bending moment have been
established by modifying Fig. 5.2 in [11] as shown in Fig. 5.

2y

Iy = 0,151, By = 0,70 f, fo = 01504, + Iy Iy =070 13 =015

I ly

- -

Fig. 5.  Definition of /, for calculation of effective flange width — adaptation to the task under consideration;
source: Figure 5.2 in [11]

The article analyses six different ways of modelling a beam of reinforced concrete plane
frame using bar elements:

— variant 1 — frame beam assumed as a rectangular beam with dimensions b, x 4 (Fig. 6),

— variant 2 — frame beam assumed as a T-section with a flange width equal to the spacing
of successive frames B = 4.0 m,

— variant 3 — frame beam assumed as a T-section with a flange with widths determined
by the standard [11] with the definition of different widths for subsequent sections
between points of zero bending moment using recommendations [11] (Fig. 8),

— variant 4 — frame beam assumed as a T-section with a flange with widths determined
by the standard [11] with definition of different widths for subsequent sections between
points of zero bending moment using the bending moment diagram obtained from
variant 1 of the calculations,

— variant 5 — frame beam assumed as a T-section with a flange with widths determined
by the standard [11] with definition of different widths for subsequent sections between
points of zero bending moment using the recommendations [11], but taking into
account a gradual change of the effective width of flange along the length of the beam
(varying linearly from the support to the middle of the span),
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— variant 6 — frame beam assumed as a T-section with a flange along the whole length
of an element of width equal to the effective width of flange calculated using the
standard [11] in the span section.

The calculations in variant 3 fulfil the recommendations given in section 4.4.3.2 in [17]:
For the calculations, the effective flange width b, in T-sections — constant over the entire length
of the element under consideration where the moment of the same sign occurs —may be taken.

Variant 6 of the calculations fulfils the recommendation of clause 5.3.2.1 (4) in [11]: For
structural analysis, where a great accuracy is not required, a constant width may be assumed
over the whole span. The value applicable to the span section should be adopted, and from
Section 9.2.6 in [21]: In the calculation of statically indeterminate system, the cross-section is
usually assumed to be constant over the entire length, and in the calculation of beam deflec-
tions, the decisive stiffness is determined from the cross-section in the span.

As shown in Table 1. the most similar values of the distances /, to the ones recommended
in [11] are obtained for the calculation in the ULS3 combination corresponding to the loca-
tion of the imposed load on both spans which leads to extreme bending moments at the inner
support. These values were used to calculate the effective flange width in variant 4.

Table 1. Comparison of /, values for different calculation variants

External support Span between Inner
Calculation variant node 2 and 6 nodes 2 and 4; support

—see Fig. 6 4 and 6 node 4
As recommended in [11], Fig. 5 1.35m 6.3 m 2.7m
Variant 1), combination ULS1 1.38m 6.0 m 4.53 m
Variant 1), combination ULS2 2.08 m 4.0l m 4.54 m
Variant 1), combination ULS3 1.46 m 5.54m 4.0m

Table 2 shows a comparison of the effective width of flange b, calculated for the value
l, determined according to the recommendations [11] and for the moment diagram in the
ULS3 combination in variant 1 of the calculation. The greatest differences occur in the effective
width of flange for the inner support — about 25%.

Table 2. Comparison of effective width of flange b ; values in characteristic points of beam of reinforced
concrete frame

External support Span between Inner
Calculation variant node 2 and 6 nodes 2 and 4; support

—see Fig. 6 4 and 6 node 4
As recommended in [11], Fig. 5 84 cm 230 cm 138 cm
Variant 1, combination ULS3 88.4 cm 214.8 cm 184 cm

4. Analysis of bending moments and elastic deflection in the frame

Fig. 6 and Fig. 8 show the geometry of the analyzed reinforced concrete frame in variant
1 and 3 of calculations respectively. Fig. 7 and Fig. 9 show bending moment envelope from
the combination of ULS1, ULS2 and ULS3 in variant 1 and 3 of calculations respectively.
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Fig. 6.  Geometry of reinforced concrete frame in variant 1 of calculations
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Fig. 7. Envelope of bending moments for calculations in variant 1

Fig. 8. Geometry of reinforced concrete frame in variant 3 of calculations
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Fig. 9.  Envelope of bending moments for calculations in variant 3

Table 3 presents the values of bending moments [kNm] and elastic deflection [cm] read
from the calculations results in the ARSA program at characteristic points of the considered
reinforced concrete frame, depending on the calculation variant (see also Fig. 7 and Fig. 9).

Table 3. List of bending moments [kNm] and elastic deflection [cm] at characteristic points of considered
reinforced concrete frame

Location Variant 1 Variant 2 Variant 3 Variant4 Variant5 Variant 6

External support
(node 2 and 6 — see Fig. 6)

Span (between nodes 2 and 4; 4 and 6)  357.17 399.56  405.06 39494 40229 393.33

407.05 327.99 33633 3395 33328  340.27

Inner support (node 4) 597.79 63231 603.61 62034 61474 627.28

External column upper node
(node 2 and 6)

External column lower node
(node 1 and 5)

Inner column upper node

(node 4)

Inner column lower node

(node 3)

Span — elastic deflection
(between nodes 2 and 4; 4 and 6)

181.41 12191  128.78 13245 127.6 130.47

61.55 47.61 51.02 51.39 49.3 49.76

169.85 105.85 11492  120.95 119.56  114.46

85.72 59.19 63.07 66.18 65.02 62.96

0.73 0.37 0.42 0.44 0.44 0.41

Table 4 compares the percentage differences of bending moments and deflections with
the calculation in variant 6 (according to the simplified recommendation from section 5.3.2.1
(4)in[11]) — considered to be the effective solution in terms of the amount of work involved
in creating the calculation model and generating loads. The positive percentage difference
represents an overestimation of the magnitude, while the negative magnitude represents an
underestimation.



Influence of effective width of flange on calculation and reinforcement dimensioning. .. 49

Table 4. Comparison of bending moment values and elastic deflection in the span in relation to the variant
6 of calculations

Location Variant 1 Variant2  Variant3  Variant4  Variant 5

External support

0 _ 0 _ o N 0 _ 0
(node 2 and 6 — sce Fig. 6) 19.63% 3.61% 1.16% 0.23% 2.05%

Span 0, 0, 0, 0, 0,
(between nodes 2 and 4; 4 and 6) -9.19% 1.58% 2.98% 0.41% 2.28%
Inner support (node 4) -4.70% 0.80% -3.77% -1.11% -2.00%

External column upper node
(node 2 and 6)
External column lower node
(node 1 and 5)

Inner column upper node (node 4) 48.39% -7.52% 0.40% 5.67% 4.46%

39.04% -6.56% -1.30% 1.52% -2.20%

23.69% -4.32% 2.53% 3.28% -0.92%

Inner column lower node (node 3) 36.15% -5.99% 0.17% 5.11% 3.27%

Span — elastic deflection
(between nodes 2 and 4; 4 and 6)

78.05% -9.76% 2.44% 7.32% 7.32%

The calculations in Variant 1 — rectangular beam, overwhelmingly exceed the bending
moments compared to the calculations in Variant 6. This is particularly true for columns,
where the differences can be up to 50%. For the beam, the span moment is lower by about
10% and at the internal support by about 5%. In the case of the external support, the differ-
ence is much greater — an overvaluation of about 20%. The magnitude of elastic deflection
varies significantly — as much as about 80% of variant 1 revalues the deflection compared
to variant 6.

The calculations in Variant 2 for bending moments are similar to the values obtained
from calculations in variant 6, especially in the beam where the differences do not exceed
5%. Slightly larger differences occur in the bending moments in the columns, but do not
exceed 10%. However, it is worth noting that this modelling of the beam results in an
underestimation of the elastic deflection by about 10%.

In variant 3 and variant 4 only in a few places the bending moments in the column are
overestimated by more than 5%.

The most accurate calculation model is variant 5, but due to the difficulties in creating
model and applying loads — it is not a solution often used in designing of structures. It is
worth noting that the calculations in variant 6 in bending moments at each of the charac-
teristic locations of the considered reinforced concrete frame do not exceed 5%, which can
be considered as a satisfactory degree of accuracy. Only the elastic deflection of the beam
is overestimated by about 7%.

5. Reinforcement dimensioning due to bending using simplified
method

In this section, the procedure for dimensioning of reinforcement due to bending using
simplified method is presented.
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Auxiliary coefficient (according to formula (4.51) in [22], taking into account the recom-
mendations [11]):

My,
Hyr =752 A3)
Y obd’n- Sei
where: My, —design value of the applied internal bending moment, b — the width of the compres-
sion zone, d — effective depth of a cross-section, # — coefficient defining the effective strength

(according to formula (3.21) and (3.22) in [11]), /., — design value of concrete compressive
strength (according to formula (3.15) in [11]).

Range of the effective compression zone (formula (4.52) in [22]):

o =1=1-2- gy “4)

Limit range of the effective compression zone (according to formula (4.19) in [22], taking
into account the recommendations [11]):
86‘”
éeﬂ,lim =4 —= 5)
f vd
gcuB +
E

S

where: A — coefficient defining the effective height of the compression zone (according to
formula (3.19) and (3.20) in [11]), &,; — ultimate compressive strain in the concrete for the
bilinear stress-strain relation (according to Table 3.1 in [11]), f,, — design yield strength of the
reinforcement, £, — design value of the modulus of elasticity of reinforcing steel (according
to Section 3.2.7 (4) in [11]).

The cross-sectional area of the tension reinforcement when & < &4y, (according to
formula (4.52) in [22], taking into account recommendations [11]):

As1=<:eﬁ-d'b-% ©)
BY

The minimum cross-sectional area of the tension reinforcement is determined by the
formula (9.1N) in [11]:

O,26-fci-bl-d

=max Yk

0,0013-5,-d 7

A

s, min

where: f,,,, — mean value of axial tensile strength of concrete, £, — characteristic yield strength
of the reinforcement, b, — mean width of the tension zone; for a T-beam with the flange in
compression, only the width of the web is taken into account in calculating the value of b, .

It should be noted that standard [11] also provides a simplified method to determine the
minimum cross-sectional area of the tensile reinforcement. Note 2 to Section 9.2.1.1 in [11]
states that: Alternatively, for secondary elements, where some risk of brittle failure may be
accepted, A, ;, may be taken as 1,2 times the area required in ULS verification. However, the
standard [11] does not define the term “secondary elements” anywhere, which is a serious
problem in the interpretation of this recommendation. The minimum reinforcement should
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be used to limit the effects of unexpected change in the stiffness of the element during the
transition from phase I (uncracked) to phase II (cracked) [23].

Determining the mean width of the tension zone b, in the case of a flange in the tension
may cause some design complications. The simplification of considering only the web part of
the section is on the unsafe side — it underestimates the value of the minimum cross-section
area of the tension reinforcement. Formula (9.1N) in [11] is given for the rectangular section.
It can be determined by calculating the cracking moment on the basis of theory of phase I and
on the basis of theory of phase II.

Cracking moment calculated according to the theory of phase I (right before cracking):
M o = f‘ctm : VVX (8)

where: W, — section modulus before cracking calculated for the extreme tensile fibers of the
element.

Cracking moment calculated according to the theory of phase II (right after cracking):

McrzAsl'fyk'( _%j (9)

where: x;; — height of the compression zone after the cracking (phase II).

By comparing the values obtained from formulas (8) and (9), it can be obtained a formula
for determining the minimum cross-sectional area of the tension reinforcement:

A _ fctm i I/Vx

s,min (10)
gt
. (d 3)

The value of the minimum cross-sectional area of the tension reinforcement given by
formula (10) depends on the material data (mean value of axial tensile strength of concrete
and characteristic yield strength of the reinforcement), but also on geometrical values. The
height of the compression zone in phase I depends on the cross-sectional area of the tension
reinforcement (and so on A, ;). Therefore, equation (10) becomes an iterative equation. This
is not a significant problem in nowadays numerical calculations.

The procedure of determining the minimum cross-sectional area of the tension reinforce-
ment for the tension of the upper fibres (according to Fig. 4) of the T-section is presented below.

First moment of area in phase I calculated in relation to the upper edge:

S, =b,h, %+bwhw (hf +hzj +(a, 1) 4, .4, (11)
where: i, — web height; A, = h-h;, a, — the ratio of modulus of elasticity of reinforcing steel
to secant modulus of elasticity of concrete: a, = E/E,,; if the cracking is expected to appear
in the element for loads with duration causing creep, the effective modulus of elasticity ratio
can be used: a, = E/E, ;, where the effective modulus of elasticity for concrete can be deter-
mined from formula (7.20) in [11]: E, ;= E./(1+¢(0,1,)); ¢(0,t,) — the final value of the creep
coefficient, a, — the distance from the extreme tension fibre of element to the centre of gravity

of the tension reinforcement.
Equivalent cross-section area of the T-beam:

A = be[f’hf + bwhw + (ae - 1) As,min (12)
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Distance from the extreme tension fibre of element to the neutral axis of the equivalent
cross-section:

oS (13)
A

Second moment of area of the equivalent cross-section in phase I (uncracked):

bk hY b h,Y 2
_ S S wity ' W '

I, ==+ byh, {v 2) b, .(V —h, 7?j +(a,-1)4,,,, (v'-a)) (14)

The section modulus of equivalent cross-section:
1

W, :_1’ (15)
v

The height of the compression zone in phase II (cracked) can be determined from formula
(7.1) given in [23]:

X :d(\/(ae—l)pl((ae—l)pl+2)—(ae—l)p,) (16)

where: p, — reinforcement ratio for longitudinal reinforcement; p, = 4; .../(b,'d).

If x;; > h,, the cross-section is actually T-shaped and the height of the compression zone
should be determined by solving a quadric equation:

(d—h,—x)—b,h, [hz‘uxj—bw.x; =0 (17)

where: x — the height of the part of compression zone located only in the flange of T-section.

(a,-1)4

S, min

The height of the compression zone is then:

Xy =x+h, (18)

By knowing the section modulus determined by formula (15) and the height of the
compression zone in phase I — formula (16) or (18), the minimum cross-sectional area of
the tension reinforcement can be determined from formula (10).

The following parameters were assumed and calculated: d = 70 cm (the same for
the dimensioning of the reinforcement in the span and on supports); f., = 16.67 MPa;
Jam=2.6 MPa; 2.=0.8; n=1.0; .5 = 0.0035; f;, = 500 MPa; f ;= 434.78 MPa; E =200 GPa;
Coriim = 0.493.

The result of the strict minimum cross-sectional area of the tension reinforcement
(10) can be compared to that given in standard formula (7). Then the equivalent rectangu-
lar cross-section corresponding to the T-section can be determined. The difference in the
minimum cross-sectional area of the tension reinforcement determined between formula
(10) and (7) can be presented in relation b/b,,, which is shown in Table 5.

cu3

As shown in Table 5, the minimum cross-sectional area of the tension reinforcement
determined from formula (10) differs from that determined from formula (7) on the assump-
tion that b, = b,, (assuming calculations for a rectangular cross-section — variant 1). In the
case of variant 2 of the calculations, the difference is more than five times, for the calcula-
tions in variant 3, 4 and 5, depending on the section under consideration, the difference is
not more than three times. For variant 6 of the calculations, the difference is slightly greater
than three times.
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Table 5. Minimum cross sectional area of reinforcement with specified of width b ; and b,

Parameter  Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6

2
Aswin [e05] 5 ) 14.58 441 4.58 221 9.61
eq. (10)
External  berlem] - 400.0 84.0 88.4 30.0 230.0
support by [em] 234 154.0 46.6 48.4 234 101.5
eq. (7)
b,/ b, 0.78 5.13 1.55 1.61 0.78 338
2
Asin [e0] 5 ) 14.58 6.45 8.08 6.45 9.61
eq. (10)
Inner bylem] - 400.0 138.0 184.0 138.0 230.0
support by [em] 234 154.0 68.2 853 68.2 101.5
eq. (7)
b,/ b, 0.78 5.13 227 2.84 227 3.38

Tables 6, 7 and 8 shows the reinforcement dimensioning due to bending for: the external
support, the span and the inner support respectively. In each cases (except for the reinforcement
at the external support in variant 2 of the calculation) the cross-sectional area of the tensile
reinforcement determined due to bending in ULS is larger than the minimum cross-sectional
area of the tension reinforcement — formula (10). Moreover the assumed cross-sectional area
of tensile reinforcement A, ,,, in the span and on the inner support in each of the calculation
variants is equal, which proves that from a practical point of view (reinforcement made directly
on the construction site) the calculation variant is of little importance. The difference occurs
on the extreme support, however it is shown for the calculations in variant 1 and 2, which may
be considered too far-reaching simplification in the construction modelling.

Table 6. Dimensioning of the reinforcement on the external support

Parameter Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6
Mpy [kNm] 407.05 327.99 336.33 339.5 333.28 340.27
b [cm] 30.0 30.0 30.0 30.0 30.0 30.0
Hen [] 0.166 0.134 0.137 0.139 0.136 0.139
eq. 3)
Car[] 0.183 0.144 0.148 0.150 0.147 0.150
eq. (4)
Cer < Cormiim yes yes yes yes yes yes
2
A [em?] 14.72 11.61 11.94 12.06 11.82 12.09
eq. (6)
) 2
Asmin [e] 221 14.58 4.41 4.58 2.21 9.61
eq. (10)
Ag = Agnin yes no yes yes yes yes
Asl.pm\' [sz] 5 4)20 5 ¢20 4 ¢20 4 ¢20 4 ¢20 4 ¢20

15.71 15.71 12.57 12.57 12.57 12.57
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Table 7. Dimensioning of the reinforcement in the span

Parameter Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6
My, [kKNm] 357.17 399.56 405.06 394.94 402.29 393.33
b [em] 30.0 400.0 230.0 214.8 230.0 230.0
Her [] 0.146 0.012 0.022 0.023 0.021 0.021
eq. (3)
S [-] 0.158 0.012 0.022 0.023 0.022 0.021
eq- (4
Eer < Eemtim yes yes yes yes yes yes
2
Ay fem’] 12.74 13.21 13.46 13.13 13.36 13.06
eq. (6)
2

Aswin [c10] 2.84 2.84 2.84 2.84 2.84 2.84
eq. (10)
Ag = Agmin yes yes yes yes yes yes
Aoy [on] 5 ¢20 5 ¢20 5 ¢20 5 ¢20 5 ¢20 5 ¢20

stprov 1€ 15.71 15.71 15.71 15.71 15.71 15.71

Table 8. Dimensioning of the reinforcement on the inner support

Parameter Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6
My, [KNm)] 597.79 632.31 603.61 620.34 614.74 627.28
b [em] 30.0 30.0 30.0 30.0 30.0 30.0
Hen [] 0.244 0.258 0.246 0.253 0.251 0.256
eq. (3)
S [] 0.284 0.304 0.288 0.297 0.294 0.301
eq. (4)
Eon < Lemim yes yes yes yes yes yes
2
Aq [em?] 22.90 24.51 23.17 23.94 23.68 24.27
eq. (6)
. 2

Asnin [om°] 221 14.58 6.45 8.08 6.45 9.61
eq. (10)
Ay > Agnin yes yes yes yes yes yes
Ay [on] 8 ¢20 8 20 8 20 8 ¢20 8 ¢20 8 ¢20

sLprov 25.13 25.13 25.13 25.13 25.13 25.13

6. Summary and conclusions from the calculations

As shown by the comparative analysis of bending moments, the method of defining the flange
width of the T-section has no significant impact on the results. Modelling the beam of a frame with
variant 3, 4 and 5 may present problems in defining the section along the length of the element,
especially for more complex structures. In addition, it generates a considerable amount of work
time. Variant 1 of the calculations (rectangular beam) is too approximate. The bending moment
and the elastic deflection values differ significantly from those obtained with T-section of the frame
beam. Variant 2 underestimates the deflection values, which may disqualify this solution in the
design of reinforced concrete structures due to the Serviceability Limit State in later calculations.
Variant 6 of the calculations (recommended by [11]) is rational in terms of the values of internal
forces, as well as in terms of time of structure definition in computer program. However, it should
be emphasized that the effective width should be determined for all cross-sections along the length
of the beam due to the calculations of reinforcement at the Ultimate Limit State, shear between
web and flanges and spread of reinforcement on the intermediate support of continuous beams.
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Furthermore, significant differences in the minimum cross-sectional area of the tension
reinforcement should be noted. In each case of T-section beams with a flange in the tension
zone, this value should be determined precisely. However, from the engineering point of
view, a simplified criterion can be assumed — if the cross-sectional area of the tension rein-
forcement in element A4, (value from calculations in the Ultimate Limit State) for flange in
tension is more than three times larger than the minimum cross-sectional area of the tension
reinforcement determined from the standard formula — as for rectangular cross-section (7) —
the exact verification of the 4, ;, can be omitted. However it may be the decisive condition
for the section resistance and the minimum cross-sectional area of the tension reinforcement
must be determined precisely.
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Abstract: Knowledge of fracture mechanics parameters can help for a more accurate
assessment of frost degradation of high-strength concrete. High strength concretes, despite
the tight structure, are characterized by increased brittleness. Cracks in the concrete structure
are places of accumulation of significant stresses. Additional stresses resulting from cyclic
freeze/thaw stimulate the material destruction processes. The basic strength parameters of
concrete do not take into account structural defects of the material and do not give a complete
description of susceptibility to damage caused by, e.g., frost degradation. This study aimed to
determine the relationship between frost degradation of high-strength concretes and changes
in the value of their fracture energy associated with the initiation of cracking after 150, 250,
350 and 450 freeze/thaw cycles. The research was carried out using 100 x 100 x 400 mm
samples, with a pre-initiated 30 mm deep notch. The I load model under a three-point bending
test was used, based on the procedure recommended by RILEM. Concrete with a compressive
strength of 90 MPa with steel fibres and a mixture of steel and basalt fibers was tested. The
obtained results allow for the evaluation of frost degradation using fracture energy Gy and
critical crack tip opening displacement CTOD..

Keywords: fracture energy, frost resistance, high strength concrete, fiber, fiber reinforced
concrete

1. Introduction

Internal material defects associated with manufacturing inaccuracies and loss of durability
are avoided in standard calculations and the dimensioning of components. Despite the use
of safety factors, the analysis results are random. The basic information about the concrete
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is assumed on the basis of dimensions, material data and the standardization of its parameter
(compressive strength, longitudinal modulus of elasticity, tensile strength). Even minor defects
in the initial period of the structure’s use, together with the destructive impact of the external
environment, lead to the progress of degradation and loss of durability. A more detailed analysis
of the effect of material defects on the loss of HSC durability as a result of cyclic freeze/thaw
is possible by analyzing changes in the concrete fracture mechanics parameters [1]. Modern
material engineering aims to ensure the best possible durability of concrete structures. At the
same time, it aims to minimize the cross-sectional dimensions of the structure and comply with
the conditions of sustainable development. During the design process, it is the following the
rational use of building materials that ensures high insulation of buildings and minor material
losses. For this purpose, structural elements are increasingly frequently made of high-strength
concretes, characterized by a tighter structure and more favourable mechanical parameters than
normal concretes, which allows to reduce the consumption of materials. The use of HSC as
a material for vertical structural elements leads to larger usable spaces. High strength concrete
facade elements are much thinner and lighter [2].

To ensure the high durability of external concrete structures, their frost resistance should
be guaranteed. Cyclical freeze/thaw leads to the accumulation of significant internal stresses
and, as a consequence, to degradation of the concrete structure. The degree of damage caused by
freeze/thaw depends primarily on the size and distribution of internal pores in the concrete, as
well as the presence of discontinuities and defects. The larger and less frequently the pores are
spaced, the more frozen water will accumulate in them. It can create more tensile stress when
the ice forms and then defrosts concrete components (aggregates, cement, water), which vary
in thermal properties [3]. However, if the structure of the material is compact, with no internal
defects, then there is less chance of freezing water accumulating in certain areas. By reducing
the water-cement ratio and using various additives to increase the strength of the concrete, it
is possible to achieve a more airtight HSC structure compared to standard concrete. However,
high strength concretes are prone to sudden cracking due to their quasi-brittle behaviour, which
in combination with internal damage developing as a result of external factors may lead to
a loss of load-bearing capacity of the structure [4]. Changing the material characteristics of
high-strength concrete from quasi-brittle to quasi-plastic is possible by adding fibers with high
tensile strength (steel, basalt) to the concrete mix [5]. Fibers in reinforced concrete members
can also completely or partially replace standard reinforcement with steel rods. This change
contributes to a reduction in production costs, material consumption in the bar plant, pollution
emissions, and overall construction costs. The right amount of steel fibers added to the concrete
matrix, correctly distributed, increases the bending tensile strength [6].

Degradation of high-strength concretes as a result of cyclic freeze/thaw is revealed by
the development of discontinuities initially occurring in the concrete element. Due to the
complex microstructure of the concrete, the strength properties are not sufficient to describe
the behaviour of the material. The highest stress concentration is associated with the tip of
the gap, discontinuity, or crack. A coherent model representing the destruction of concrete
can be shown by the fracture energy changes. It is the basic parameter of fracture mechan-
ics, describing the susceptibility of a material to crack propagation, as the amount of energy
absorbed during the crack formation in the material subjected to degradation. The use of
fracture mechanics in the analysis of the structure can lead to avoiding many design errors and
a better understanding of the material behaviour. The higher the fracture energy, the material
is less susceptible to failure [7].
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This work aimed to present the relationship between the degree of frost degradation of
high-strength concretes with the addition of steel and mixed steel and basalt fibers and without
fibers, described by the durability factor DF [8], and changes in fracture energy values G;. after
150, 250, 350 and 450 freeze/thaw cycles. Based on the load—deflection relationship function,
the focus is on the area related to crack initiation and on the cover area. The tests were carried
out on the basis of RILEM [9] recommendation under a three-point bending test. Changes in
the HSC brittleness parameter due to cyclic freeze/thaw were also determined [10].

2. Experimental program

2.1. Materials and sample preparation

In the study, the specimens with dimensions of 100 mm % 100 mm x 400 mm were
used, according to the method of determining the parameters of fracture mechanics recom-
mended by Jenq Y. S. and Shah [10]. The concrete was made of Portland cement CEM
142.5 R (440.5 kg/m?). Gravel limited to 11 mm and river sand 0-2 mm was applied. The
content of the 0/2 mm aggregate fraction in the mixture was 346 kg/m* (18% by mass), the
2/5 mm fraction — 372 kg/m? (22% by mass), and the 5/11 mm fraction — 1112 kg/m* (60%
by mass). A superplasticizer was used in the amount of 1.65% of the binder mix. Concrete
with compressive strength of 90 MPa was tested. A constant water-binder ratio w/s=0.31 was
provided. The consistency of fresh concrete by the slump test was determined as S3. Three
categories of concrete were prepared: MB1 — high strength concrete without fibers, MB2 — high
strength concrete with 0.50% (by volume) steel fibers, and MB3 — high strength concrete with
0.25% (by volume) steel fibers and 0.25% (by volume) basalt fibers. Dramix steel fibers with
a length of 50 mm and a diameter of 1 mm and a tensile strength of 900 MPa and a modulus of
elasticity of 200 GPa were used. Also, basalt fibers were used with an equal length of 50 mm
and diameter of 0.02 mm, tensile strength of 1 680 MPa and modulus of elasticity 89 GPa.
Steel fibers had a hooked end with a 3D structure. Mixtures with the addition of fibers had an
increased content of superplasticizer to 1.85% to obtain uniform consistency and to prevent
the formation of compact fiber forms. After demoulding, the specimens were kept in a water
bath at a temperature of 18 +/- 2° C until the start of the test. The concrete curing process
lasted 28 days. In each test piece, a 3 mm wide and 30 mm deep primary notch was cut in the
middle of the span using a circular saw. The dimensions of the test specimen, as well as the
place of load application and support points are shown in Fig. 1. Altogether, eighteen beam
specimens from each of the three series (MB1, MB2, MB3) were prepared: 3 test pieces not
subjected to cyclic freeze/thaw, 3 test pieces frozen up to 150 cycles, 3 test pieces frozen up to
250 cycles, 3 test pieces frozen up to 350 cycles, 3 test pieces frozen up to 450 cycles, 3 test
pieces intended for the initial estimation of the fracture strength. After each 50 freeze/thaw
cycles, the changes of modulus of elasticity were checked using a non-destructive method.
After another 100 cycles, starting from 150 freeze/thaw cycles, another 3 specimens were
set aside for fracture mechanics parameter analysis. When the DF value of all the series of
tested concretes fell below 60%, then the fracture mechanics parameters of the concretes were
determined after 150, 250, 350 and 450 freeze/thaw cycles respectively
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Fig. 1. The geometry of test specimens and the way of load application. Source: own research

2.2. Test methodology

Examination to determine fracture energy was carried out using the Zwick/Roell
7250 testing machine, based on RILEM TC 89-FMT [9] recommendations. The force was
applied by controlled displacement of the piston to reach its maximum value after 5 minutes.
The study was carried out under mode I of concrete fracture (tensile at bending) in a three-
point bending test. The value of fracture energy was determined based on the field under
the diagram of the relation between the applied load and the deflection at the point of force
application (P — ) and the Eq. 1, proposed in [11].

P(§)d5+mg§
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5
where: jP (6)dS — field under the force-deflection diagram; m — mass; D — depth (100 mm);
B — width (100 mm); a,— deep of the initial notch (30 mm).

The fracture energy is a measure of the resistance of the material to brittle failure. The
value of fracture energy consists of numerous causes, the most important of which are: surface
energy, the energy of formation of new cracks, the energy of plastic deformation, energy
related to fracture bridging, the energy of polymorphic transformation, the energy related to
crack entanglement [ 12]. It is assumed that a crack propagates when the stress reaches a value
exceeding the tensile strength of the given material at its tip and the further behavior of the
material passes into the plastic area, as shown in Fig. 2. The measurement of the relationship
P — 5 was carried out until half of the maximum force of the specimen in the plastic state is
reached. The evaluation of frost degradation of high-strength concretes was carried out using
the ASTM C 666 methodology (Procedure B: rapid freezing in air and thawing in water) [8],
which is used to determine the concrete durability index DF, according to the Eq. 2
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PN
DF =——100[% 2
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where: N —number of freeze/thaw cycles, P — relative value of dynamic modulus of elasticity.

Concrete is considered resistant to cyclic freeze/thaw when the DF index is above 60%.
Determination of the HSC resonant frequencies was done with the Resonant Frequency Meter
Controls C311-R. The frequency measuring station for 0, 150, 250, 350, and 450 freeze/thaw
cycles is shown in Fig.3.

Present static plastic zone cotresponding
with the maximal value of cyclic loading

Present cyclic plastic zone corresponding
with the/irange of cyclic loading

Fig. 2. Plastic zones before fracture Source: [13]

®sensor point
2-longitudinal P- force
frequency

1- transverse
, frequency

Fig. 3.  Determination of the durability index according to ASTM C 666. Test sensor application points and
dynamic actions. Source: own research
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Jenq and Shah [10] suggest measuring an additional diagnostic parameter O for concrete,
which is of great importance for high-strength concretes. This parameter is a measure of
concrete brittleness and depends on its modulus of longitudinal elasticity and characteris-
tic fracture mechanics parameters: stress intensity factor K. and critical crack tip opening
displacement CTOD,, according to Eq. 3. It is believed that the higher the value of parameter
0, the lower the concrete brittleness.

E-CTOD, )
o-(2322) ®

where: E—modulus of elasticity; CTOD, — critical crack tip opening displacement; K, — critical
value of stress intensity factor.

The analysis also determined the changes in the critical value of the release of potential
energy Gy as a result of cyclic freeze/thaw, according to Eq. 4, respectively in a flat defor-
mation state. This value is directly related to the critical stress-intensity value of primary K,
Young’s E-modulus, and Poisson’s factor, assumed for concrete of 0.2.

1-v?)K
X :% @)
where: v—Poisson’s factor; £ — Young’s module; K — the critical value of the stress intensity
factor.

3. Results and discussion

The average values of longitudinal modulus of elasticity £, fracture energy Gy, tough-
ness index Q, and durability index DF of concretes after 150, 250, 350, and 450 freeze/thaw
cycles are presented in Tab. 1. The loss of frost resistance described both by the DF factor and
a significant decrease in fracture energy values for HSC without fibers (MB1) and with steel
fibers (MB2) occurred after 450 freeze/thaw cycles. The fracture energy for the MBI series fell
by more than 60% after 450 cycles compared to unfrozen concrete. The value of the durability
index after 450 freeze/thaw cycles dropped to 16.12% and according to ASTM C 666 [8],
when this index falls below 60%, then the concrete loses its resistance to cyclic freeze/thaw.
Concrete with steel fibers (MB2) after 450 freeze/thaw cycles was characterized by almost
three times higher fracture energy than concrete without fibers (MB1). However, there is also
a 45% decrease in fracture energy compared to non-frozen concrete and a low DF value of
18.70%. The addition of steel fibers to HSC leads to crack bridging when a fracture process
develops in the concrete, despite the matrix-fiber boundary stratification. This mechanism
contributes to an increase in the fracture energy value while propagating the internal defects
in the concrete, which is reflected in the low DF factor. In the case of concretes with mixed
fibers (MB3), the loss of durability was observed already after 150 freeze/thaw cycles based
on a decrease of DF factor to 6.50%. The presence of steel and basalt fibers with high tensile
strength values contributed to the fact that, despite a very low DF value, the fracture energy was
higher than that of HSC after 450 freeze/thaw cycles without fibers when the frost resistance
loss of this type of concrete was determined. The relatively low resistance of high-strength
concretes with mixed steel and basalt fibers (MB3) to cyclic freeze/thaw described by DF
was due to a possible lack of adhesion of basalt fibers to the cement matrix. The concrete of
the MB3 series has undergone numerous cracks and the aggregate has been separated from
the cement matrix. In the case of concretes with steel fibers (MB2) and without fibers (MB1),
an increase in the DF factor became apparent between 150 and 250 freeze/thaw cycles. This
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is due to an increase in the strength of the concrete during the time before the loss of frost
resistance and is shown in the analysis of fracture energy values at the very beginning of the
test to 150 freeze/thaw cycle. It can be assumed that the loss of resistance to cyclic freeze/
thaw occurs when the energy associated with resisting crack growth decreases. Without added
fibers, the change in fracture energy associated with the loss of cyclic freeze/thaw resistance
was greater than 60%. For HSC with steel fibers, it was greater than 45% and for mixed fibers,
it was 30%.

Table 1. Fracture mechanic parameters, brittleness parameter and durability factor determined on the basis
of research. Source: own research

Sample Number of freeze/thaw cycles E GF 0 DF
n [GPa] [Nm/m?] [mm] [%]

MBI

*
fibreless 0 45.73 (0.90) 15.01 210.47 100.00

MBI

*
fibreless 150 4523 (0.33) 3593 189.59 50.04

MBI

%
fibreless 250 45.80 (0.45) 20.16 190.45 83.67

MBI

*
fibreless 350 45.63 (0.53) 19.89 190.31 70.68

MBI

*
fibreless 450 8.10 (0.32) 5.85 190.93 16.12

MB2

with steel 0 44.60 (1.02)* 27.03 190.57 100.00
fibers

MB2

with steel 150 43.87 (0.68)* 41.16 189.57 48.53
fibers

MB2

with steel 250 42.30 (0.79)* 34.57 190.73 80.03
fibers

MB2

with steel 350 43.60 (1.06)* 18.64 191.50 68.40
fibers

MB2

with steel 450 9.30 (2.59)* 14.73 190.76 18.70
fibers

MB3

with mixed 0 48.27 (2.59)* 35.67 192.00 100.0
fibers

MB3

with mixed 150 3.50 (1.07)* 23.57 182.00 6.46
fibers

The improvement of frost resistance of HSC described by durability factor DF anal-
ysis based on ASTM C666A method by adding 0.10% (by volume) polypropylene fibers
is presented in [14]. The decrease in DF index below 60% HSC with fibers occurred after
about 460 freeze/thaw cycles, while without fiber addition, concrete with 80 MPa compres-
sive strength lost its frost resistance after 390 cycles. During the study of frost resistance of
high-strength concrete with the addition of 0.5% steel fibers analysed in [15] by weight loss
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and decrease in compressive strength after cyclic freeze/thaw, the loss of frost resistance was
already noted after 100 freeze/thaw cycles in the case of no air-entraining and freezing in water.
In the case of air-entrained concrete mix and freezing in air, no significant decrease in weight
and compressive strength was observed after 100 cycles. In the analysis [16] of the high-per-
formance concrete with steel fibers and mineral additives, after a period of 300 freeze/thaw
cycles, the relative elastic modulus was 85.7%, indicating that the concrete did not undergo
significant frost degradation during the test period. Analyzing the frost resistance of ultra-
high-strength concretes with the addition of 1% steel fibers, it was found that after 180 freeze/
thaw cycles, with a DF factor of 89%, there was a significant reduction in the weight of the
concrete specimens (>7.14%), which was due to the difficulty in proper fiber placement [17].

The parameter O describing the brittleness of concrete indicates a slight influence of
the addition of steel fibers and a mixture of steel and basalt fibers in the amount of 0.5% on
the brittleness. In order to observe the change in concrete characteristics from quasi-brittle to
quasi-plastic, the fiber addition in the mixture should be greater. Also, cyclic freeze/thaw did
not significantly change the O parameter.

3.00
2.50

2.00

—8— GF/GF28frozen

G/Gazs
-
[Sg]
o

—4— GF/GF28 not frozen
1.00
-G1/GI28 frozen

0.50 °

0.00
0 50 100 150 200 250 300 350 400 450

n- number of freeze/thaw cycles

Fig. 4. Changes in fracture energy Gyand critical energy release G after n freeze/thaw cycles for MBI series
concretes. A description of the designations is included in the text. Source: own research
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Fig. 5. Changes in fracture energy and critical energy Gy and critical energy release G after n freeze/thaw
cycles for MB2 series concretes. A description of the designations is provided in the text. Source:
own research

Figs 4-6 show an analysis of changes in fracture energy values versus the number of
freeze/thaw cycles to concretes tested after 28 days of curing and concretes not subjected to
freeze/thaw cycles. Changes in the critical release of G- energy release in flat deformation
state after 150, 250, 350, 450 freeze/thaw cycles were also determined. The markings in the
diagrams are respectively: G./Gy,, frozen — change of fracture energy of frozen concrete after
n freeze/thaw cycles compared to fracture energy after 28 days of curing of unfrozen concrete;
G/Gpys not frozen — change of fracture energy of unfrozen concrete after n freeze/thaw cycles
to fracture energy after 28 days of curing of unfrozen concrete; G,/G,,; — change of the rate of
fracture energy release of unfrozen concrete after n freeze/thaw cycles to unfrozen concrete
after 28 days of curing. Up to 150 freeze/thaw cycles, a homogeneous increase of fracture
energy of frozen and unfrozen concretes is visible for both HSC without fibers (MB1), were
G/Gpy=2.42 as well as HSC with steel fibers (MB2), where G/Gr=1.51. Concrete with
mixed, steel, and basalt fibers (MB3) has been characterized by decreased fracture energy
up to 34% after 150 freeze/thaw cycles since the beginning of the cycle. Concrete of the
MBS3 series not subjected to cyclic freeze/thaw with an increase in strength over time is
characterized by an increase in fracture energy up to 67% after a period equal to 150 freeze/
thaw cycles (50 days). The critical rate of energy release of fibreless concrete is constant up
to 350 freeze/thaw cycles, followed by a sudden drop. This indicates the hardly predictable
characteristics of high-strength concrete material, which changes its properties. In the case of
HSC with steel fibers, an alternating increase and decrease in the critical rate of energy release
in subsequent freeze/thaw cycles is noticeable, due to the presence of bridging fibre scratches.
In the MB3 series, up to 50 freeze/thaw cycles, there is a sharp 89% drop in the energy release
rate, followed by a constant value until the end of the test
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Fig. 6. Changes in fracture energy Gy and critical energy release G after n freeze/thaw cycles for MB3 series
concretes. A description of the designations is provided in the text. Source: own research

4. Conclusions

The frost degradation of high-strength concretes, assessed on the basis of changes in
fracture energy values, made it possible to obtain a more accurate description than in the case
of classical methods of processes taking place in concrete as a result of cyclic freeze/thaw.
Analyses using the parameters of fracture mechanics of concrete structures exposed to the
destructive external environment show the progress of propagation of initial discontinuities
and internal cracks — the cyclic freeze/thaw of high-strength concrete results in a significant
reduction of fracture energy. As frost degradation progresses, the rate of release of the energy
required for crack growth is reduced. The addition of 0.5% of steel fibers to high-strength
concrete results in a slight improvement in the mechanical characteristics of the degraded
material but does not significantly increase its durability under cyclic freeze/thaw conditions.
The loss of adhesion of basalt fibers to the cement matrix leads to a reduction in frost resist-
ance of high strength concrete. Cyclic freeze/thaw, as well as the presence of 0.5% of fibers
(steel and basalt), did not significantly change the parameter describing concrete brittleness
Q. Research should be continued on the fiber content in HSC, which would have a decisive
influence on the improvement of fracture mechanics and durability parameters.
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Abstract: The calculation method presented in ISO 13790 was developed during the
research project PASSYS. It aimed to work out the way of estimating energy demand while
taking into account different passive solar systems. The standard includes two calculation
methods for sunspaces — a full and simplified method. They differ in terms of basic assump-
tions and the treatment of solar gains in the sunspace and conditioned rooms. There are some
doubts about the interpretation of equations presented in the standard, especially when it
comes to modelling the solar radiation distribution within the solar space. The paper presents
a discussion on the basic hypotheses applied in full and simplified methods, together with
the author’s suggestions regarding modifications to the ISO 13790 calculation methods. The
modified methods allowed to satisfactorily predict the functioning of the exemplary sunspaces
with a smaller area of glazed partitions and higher radiation absorptivity of the casing, that is
spaces similar in terms of solar radiation utilisation to traditional living spaces. The phenomena
typical for sunspaces with a high degree of glazing, such as the retransmission of reflected
radiation, were not sufficiently taken into account in the calculation methods of the standard.

Keywords: passive sunspace systems, heating demand, ISO 13790, dynamic simulations

1. Introduction

The current version of the ISO 13790 [1] standard was accepted by The European
Committee for Standardization in 2008, and its Polish version was approved one year later
as PN-EN ISO 13790 standard “Energy performance of buildings. Calculation of energy
consumption for heating and cooling”. Although the policy regarding technical conditions
that the buildings and their location should have [2] does not include the Polish version of the
standard, the current methodology for preparing energy performance certificates for build-
ings [3] is based on it. The calculation method was developed during the PASSYS research
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project [4], aiming to work out a way of estimating the energy demand taking into account
the influence of passive systems. The ISO 13790 norm was replaced by ISO 52016-1 [5] in
2017, also presenting calculation procedures for sunspaces. However, this method requires
information about the direct and diffuse components of solar radiation. It may restrict its use
in Poland because climatic data included in publicly available Typical Meteorological Years
contain only total solar radiation incident on planes with different slopes.

Quasi-stationary methods of the standard [1] are based on the hypothesis of constant
heat flow in building partitions. Calculations are performed by averaging climatic parameters
for quite long periods (e.g. one month or the entire heating season). Phenomena related to the
dynamic behaviour of the building, such as the accumulation and release of heat, are taken
into account indirectly through the introduction of a heat gain utilization factor.

Appendix E of the standard [1] contains two calculation methods for non-conditioned
sunspaces — a full and a simplified one, differing in fundamental concepts and the way of taking
into account solar gains in the sunspace and the adjacent heated rooms. Equations included in
the standard are formulated in a quite generalised way, and the interpretation of calculation
methods raises certain doubts, especially in the area of modelling the distribution of solar
radiation in the sunspace. These problems were discussed in the subject literature many times
[6], [7], however, a comprehensive solution has yet to be found.

This article presents the author’s suggestions for modifying both methods, as well as
correcting the discrepancies of calculation algorithms. Results obtained with the use of the
modified full and simplified methods of the quasi-steady state were compared with the results
of more accurate dynamic simulations with an hourly step, which allowed to determine the
recommended scope of the use of each method.

2. ISO 13790 methods

Heating demand in a monthly, quasi-stationary method is set out as in Eq. 1:
QH,nd = QH,ht _nH,gnQH,gn (1)

where: Oy ,,— energy demand for heating during the time step [MJ], Oy, — total heat transfer,
including heat losses through building partitions, and heat losses for heating ventilation air
[MJ], Oy — total heat gains, including internal gains and gains from solar radiation [MJ],
Nug— gain utilisation factor, calculated as in Eqs 2 and 3:

aH

Nign = 1__ YJLI fory, > 0andy, # 1 )
Yu
__ 9 _
Nit.gn a, +1 fory,=1 (3)

vu — heat gains and losses relation (Eq. 4):

QH gn
y, = Znm (4)
QH,hz
ay, — dimensionless numerical parameter (Eq. 5),
T
Ay =0y +t—— (5)

o



The influence of sunspaces on the heating demand in living spaces. .. 71

ay o— referential numerical parameter set out on the national level, for a monthly method,
ayo= 1 [-], 1y, — relative time constant, set out on the national level, for a monthly method,
Ty,0= 15 hours, T—time constant of the building zone characterising the internal thermal inertia
[hours], (Eq. 6),

_C, /3600

! HZV + Hve ’

C,, — the internal thermal volume of the zone [J/K], H, — total coefficient of heat loss
through partitions [W/K], H,, — total coefficient of heat loss through ventilation [W/K].

(6)

2.1. Heat gains from the sunspace — full method

The method presented in the standard can be used only for the evaluation of non-condi-
tioned sunspaces, i.e. neither heated nor cooled. In the partition wall between the living space
and the sunspace, the presence of permanent openings allowing airflow is excluded. If they
do exist, the sunspace should be regarded as a part of conditioned space.

Heat losses through the partition wall between the conditioned space and sunspace
are determined with the inclusion of temperature reduction factor b, < 1, which means that
heat is transmitted into the environment of higher temperature than external conditions. The
temperature reduction factor is determined as follows (Eqs 7 and 8):

b — eint,H _65 — H;g
! eint,H - ee His + Hse (7)
e eint,HHis + eeHse 8
o Hi: +Hse ( )

where: 0, ,;,— set-point temperature for heating in the living space [°C], 6, — average external
temperature in the given calculation step [°C], 0, — average internal temperature of the sunspace
in the given calculation step [°C], H;, — coefficient of heat transfer through the partition between
the living space and sunspace [W/K], H,, — coefficient of heat transfer through sunspace casing
to the outside [W/K].

In the calculation of the coefficient b, (Eq. 7), it is the heat transfer through the partition
and the casing of the sunspace that is taken into account, rather than the influence of solar
gains on the sunspace temperature 0; It is compensated for by including indirect gains from
the sunspace Qg in the energy balance of living spaces.

Heat gains in the building’s heated zone obtained through a sunspace O, [MJ] are treated
as a sum of direct O, and indirect QO gains (Eq. 9):

st = Qsd + Qsi (9)

Direct gains reach the conditioned zone through the partition wall between the sunspace
and living space. These gains are derived from multiple transmissions (first through the
sunspace glazing, and then through windows or doors in the partition wall) or from radiation
absorbed on the partitions’ surface. Indirect gains are determined by ISO 13790 as (Eq. 10):

H
0,=F,.(1-F,,)e. [(I—FF,W)gwAw +o, 4, HL’"’]IJ (10)

p.e
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where: F;, .—reduction factor taking into account shading of the sunspace by external obstacles

(buildings, trees, hills, elements of the same building) [-] (Eq. 11):

Fl'h,e :Fhur E)vFﬁn (1 1)
F,,,. — reduction factor from horizon [], F,, — reduction factor from overhangs [], F};, —

reduction factor from pilasters [-], F;..— frame area fraction in the sunspace outer glazing area [],
Fy,,— frame area fraction in the total area of the window in the partition wall [-], g, — total solar
energy transmittance of the sunspace glazing [-], g,, — total solar energy transmittance of window
glazing in the partition wall [-], 4, — window area of the partition wall [m’], 4, — opaque area of
the partition wall [m’], o, — absorptivity of the partition wall [], /, ,— heat transfer coefficient
from the internal environment through the opaque part of the partition wall and the sunspace to the
external environment [W/K], H, . — heat transfer coefficient from the absorbing (external) surface
of the partition wall through the sunspace to the external environment [W/K], /, — solar irradiance
of the partition wall in a given calculation step [W/m?],  — duration of the calculation step [Ms].

Indirect gains are released to the air in sunspace volume through convection, coming from
the energy absorbed on the surface of the casing. They are treated as gains derived from non-con-
ditioned space with the temperature reduction factor (1 — b,,). They are calculated by summing
up the gains from each opaque absorption area in the volume of the sunspace and subtracting
the gains transmitted by conduction directly through the partition wall, included in O, (Eq. 12):

H
0, = (l_btr)F;h,e (I_FF,e)gez(IjajAj)_F;h,e (l_FF,e)ge(x‘pAp I_Ip,mz 1t (12)

J p.e

where (the remaining nomenclature as above): b, — temperature reduction factor in the given
month [-], /; — solar irradiance on the “j”” opaque interior surface of the sunspace in a given
time step [W/m?], a; — absorptivity of the “’”” opaque interior surface of the sunspace [-], 4; -
area of the “j”” opaque interior surface of the sunspace [m?].

2.2. Heat gains from the sunspace — a simplified method

On the national level, the use of the simplified method is allowed, subject to the follow-
ing modifications:

* in the living space, solar gains from the sunspace are ignored — direct gains “supplied”
by opaque and glazed parts of the partition wall or indirect gains from the sunspace
casing are not included in the heat balance,

* these gains are included as a substitute, through the use of the temperature reduction
factor b,* while calculating heat transmission from the heated space to the sunspace;
it is assumed then that temperature in the sunspace 6,* is the result of not only inflow
and outflow of heat through the casing (as in the full method), but also of solar gains
in its volume (Eqs 13 and 14):

*

. 0,,,-06
_ Vint,H Sib H

b‘ - o = =

! eint,H _ee His +Hse (13)
* q)u +9int HHis +9eHse
0, = :

' His +Hse (14)

where: @, — average solar gains in sunspace volume in the calculation step [W].
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2.3. Proposed modifications of both methods

The abovementioned methods require some kind of commentary because the equations
provided in the standard are not entirely consistent. Firstly, in Eqs 10 and 12 the multiplier
Fy, (1 = Fg.)g.is related to the exterior casing of the sunspace. It should be therefore related
to the intensity of the radiation incident on the external casing, not with the intensity of
the radiation reaching the partition wall /, or the interior part of the casing /. Secondly, the
subtraction of the element regarding direct gains by the casing in the Eq. 12 means that these
gains are not at all taken into account in the calculations (it is shortened with the analogical
element in the Eq. 10). The subtracted element should also be multiplied by (1 — b,,), which
can be physically interpreted as diminishing the indirect gains from the partition wall by
a part conducted directly to the interior of the living space. Such notation was placed in
the draft of the standard, which was made available by CEN in 2007 to submit comments
before the final version was published [8]. Thirdly, the multiplier “#’ meaning the duration
of the calculation step occurs in Eqs 10 and 12 with the component /, but is omitted in the
component /;. Moreover, the standard does not precise the way the radiation intensity in the
sunspace should be specified.

Taking the above into account, it was proposed that the calculation of gains O,  and Qs
performed as follows (Eqs 15-19):

=|(1-F, A 4, Hy I
0,=|(1-F,,)g.4,+a, L | Lt (15)

p.e

where (remaining nomenclature is as above):

p ZEsh ek Awl k1s01 k 16
A4,+4,

J, — the part of solar radiation that is transmitted into the sunspace, incident on the area
of the partition wall [-], £ — the number of collecting (glazed) surfaces of the external casing
of the sunspace facing the given direction, F, , — shading reduction factor of the collecting
surface “k” of the sunspace, connected with external obstacles [-], 4, — an effective area of
the sunspace’s collecting surface “A” [m?] (Eq. 17), I, — the intensity of solar radiation on
surface “k” of the sunspace’s exterior casing [W/m?],

Asolk _(1 FFek)gekAek (17)
Fyq— frame area fraction of the sunspace external glazing in the surface “k” [-], g, — total

solar energy transmittance of the sunspace glazing on plane “k” [], 4, — the area of external
glazing of the sunspace in surface “4” [m?].

Hp,mt
Qsi :(l_btr)(Z(I.ia.fAj)_apAp H Ith (18)

J p.e

where (the remaining nomenclature is as above):

I _f z sh,ek So/k ro/k (19)
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J;— the part of solar radiation transmitted into the sunspace, incident on the surface
of its internal wall [].

Suggestions for the calculation of coefficients f, and f; were presented in part 4.

3. Dynamic simulations

More complex simulation methods are used to carry out computer calculations. The
calculation step estimated here is much shorter than in quasi-stationary methods — it can be,
for example, one hour or several minutes. This allows to include heat exchange processes
that are dependent on temperature change and exposure to solar radiation as discreet dynamic
processes [9], [10]. Dynamic simulations can also be used as validation methods for the less
accurate procedures (such as quasi-stationary methods) [11], [12].

Postulates concerning the possibility of using the commonly available simulation tools for
modelling sunspace systems formulated based on various research works ([13] —[15], among
others) were included synthetically in work [16]. The main requirements that the computer
programmes should meet to correctly calculate the solar gains in rooms with a high degree
of glazing are as follows:

* the capability of defining the actual geometry of the room as well as glazed elements,
considering their dimensions, placement in partitions, and orientation in terms of the
direction they are facing,

* detailed analysis of solar radiation reaching the walls of the living space, taking into
account the division into direct and diffuse components, and also relevantly accurate
modelling of radiation incident onto leaning surfaces (e.g. using the models which are
taking into account scattered radiation anisotropy),

* description of the radiation transmitted into the living spaces, considering the actual
beam path through glazing; the distribution of direct radiation incident on individual
internal partitions with the help of weighted proportionality coefficients (taking into
account surface area and optic features of the partition, i.e. the ability to absorb and
reflect the radiation) or configuration coefficients used for modelling radiative heat
exchange is not sufficient,

* the capability of taking into account radiative heat exchange with the sky.

In this work, calculations are performed with the use of BSim simulation program, which
meets the above requirements [17]. The algorithms of the program are based on the control
volume method, in which building construction elements and air zones are represented by
nodal points of specified physical properties, such as density, conduction, and heat capacity. For
each of the air zones, there is a balance equation that takes into account the heat flux flowing
through the casing, the transmission of solar radiation by transparent elements, heat fluxes
generated by installation systems and carried through ventilation, infiltration, or interzonal
mixing of air. Processes that are constant in time are modelled via the division into time steps
of finite duration, usually lasting up to 1 hour.

The user’s data (e.g. from own measurements) can be inputted into the program as
climatic data, or data representing typical meteorological years prepared under the procedures
binding in a given country. The essential input parameters include air temperature, the inten-
sity of the direct and diffuse solar radiation, and the relative air humidity. Data regarding the
direction and speed of the wind may also be desired, especially if more detailed modelling of
the natural exchange of air is being planned. In this research, a Typical Metrological Year for
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Warsaw created under the procedures described in [18], available on the https://dane.gov.pl
website, was used.

4. The comparison of presented calculation methods

Below there is presented the energy demand obtained for an exemplary living space
adjacent to the sunspace, calculated with the help of the proposed modification of algorithms
of the full and simplified method. The results were compared with dynamic simulations of
the same living space arrangements carried out with assumptions as close as possible to the
assumptions of steady-state methods.

The living space has two exterior walls — the wall facing south is adjacent to the sunspace
(glazed balcony), and the full, eastern wall is exposed to the external air (Fig. 1). Insulating
properties of the partitions are quite high, which corresponds to constructions built after
2014 (Tab. 1). Apart from solar gains in the living space, internal gains on the 3.0 W/m? level
(according to Appendix G ISO 13790) were assumed. The air exchange in the room equals
0.5 1/h, and the air is supplied from the outside to meet the requirement of the standard [1] of
the lack of infiltration between the sunspace and conditioned space.

Fig. 1. A diagram of the living space and the sunspace in BSim program

Table 1. Chosen parameters of external partitions

Heat transfer coefficient U Total solar energy transmittance g
Type of space [W/(m*-K)] [

Full part Window joinery Glazing
Living space 0.24 1.20-1.23 0.63
Sunspace 0.50 1.66 — 1.69 0.62

All the balcony walls are glazed (Fig. 1). Two types of glazing were analysed:
+ on the entire height of the balcony — variant 1,
* above the height of 1.1 m, with a full casing below — variant 2.

Absorptivity of the interior surfaces of the sunspace was assumed to be equal to 0.2, 0.5,
or 0.8. In dynamic simulations, radiation losses caused by the retransmission to the outside were
taken into account, which is consistent with the physical characteristics of these phenomena.
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In the full method of the ISO 13790, it is assumed that the solar gains in a conditioned
space are derived from the radiation absorbed on the surface of full partitions of the sunspace
or let through the glazing in the partition wall, making them dependent on the optical proper-
ties of the surface. This means that only the radiation dose reaching the given surface before
the first reflection is used and the remaining part of the radiation is lost. Phenomena related
to multiple reflections in the sunspace are omitted, which causes the underestimation of air
temperature in the sunspace.

In the calculations following the simplified method, the retransmission of the radiation
on the outside of the sunspace was omitted. Such hypothesis is assumed in the literature of the
subject [6] as consistent with the general methodology of the standard and compensating for the
fact that the simplified method diminishes the effects of the exposure to solar radiation caused
by omitting solar gains transmitted through the glazing of the partition wall of the living space.

In reality, the radiation on individual surfaces of the sunspace is not identical. Because
of the sun’s movement in the sky, it can be expected that the intensity of the direct radiation
will be the highest on the partition wall and the floor. Accurate analytical methods determine
these values by tracing the path of the sun’s rays (“ray tracing”), as in [14], [19].

The distribution of diffuse solar radiation incident on the given surface can be determined
in several ways:

* by assuming that radiation division is proportional to surface absorptivity and size; it
is the simplest method described in the literature [6, 14, 15],

* using view factors, determining which part of radiation derived from one surface
reaches the other surface, depending on their location and geometry; these factors are
available in [20], for example.

In the example, the first method was used by deriving factors f, and f; from the general
formula (Eq. 21)

f _ a-A

L @n
Yn(1-pn)An

where: n — the number of the opaque internal surfaces of the sunspace, a — absorptivity of

a surface [—], p — reflectivity of a surface [], 4 — surface area [m?].

These factors were used in total radiation division, which is the sum of direct and diffuse
radiation. It is not quite physically correct, however, such simplification was accepted because
ISO 13790 methodology does not assume the division of the radiation into individual compo-
nents. This assumption understates direct solar gains (through the partition wall) in the living
space, and therefore it is on the “safe” side.

When comparing the chosen calculation methods below, basic parameters of the system
functioning characteristics were presented: air temperature in the sunspace and energy demand
in the living space (Tabs 2 and 3).
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Table 2. Air temperature [°C] in the sunspace during the heating season, SD — dynamic simulations, ISO p
— full method, ISO u — simplified method

Air temperature in the sunspace [°C] MAPE
Month IX X XI XII 1 11 11T v \% [%]
SD 17.9 125 72 5.1 42 4.8 10.2 12.2 18.0
a=02 ISOp 14.1 104 6.1 4.4 2.7 3.0 7.3 8.8 13.6  24.6
ISOu 37.1 24.6 13.3 10.2 12.6 150 268 348 46.7 1455
SD 20.8 14.3 8.1 5.7 5.3 6.0 12.5 148 215
Variant1 a=0.5 ISOp 14.1 104 6.1 44 2.7 3.0 7.3 8.8 13.6  36.1
ISOu 37.1 24.6 13.3 10.2 12.6 150 2638 348  46.7 1052
SD 222 15.2 8.5 6.0 6.0 6.7 13.7 162 234
a=0.8 ISOp 14.1 104 6.1 44 2.7 3.0 7.3 8.8 13.6  40.8
ISOu 37.1 24.6 13.3 10.2 12.6 150 268 348 46.7 89.0
SD 19.2 136 84 6.3 5.6 6.2 11.6 13.7 19.3
a=02 ISOp 142 104 6.2 45 2.8 3.1 7.4 8.9 13.7  34.0
ISOu 273 18.6 10.3 7.8 8.5 10.0 185 237 326 488
SD 21.1 148 9.0 6.7 6.3 7.0 13.2 154 216
Variant2 a=0.5 ISOp 14.2 104 6.2 4.5 2.8 3.1 7.4 8.9 13.7 402
ISOu 27.3 18.6 10.3 7.8 8.5 10.0 185 237 326 342
SD 22.0 15.3 9.2 6.8 6.6 7.4 13.8 16.1 22.6
a=0.8 ISOp 142 104 62 4.5 2.8 3.1 7.4 8.9 13.7  42.0
ISOu 27.3 18.6 10.3 7.8 8.5 10.0 185 237 326 290

Table 3. Heating demand in the living space [kWh] during the heating season. SD — dynamic simulations,

ISO p — full method, ISO u — simplified method

Heating demand in the living space [kWh] Sum Change MAPE
to SD*
Month X X X XII I il m v v [kWh] [%] [%o]
SD 1.3 628 1354 169.5 177.1 1555 962 663 182 8823
a=02 ISOp 04 493 1398 1763 183.5 1541 734 266 0.1 8034 -89 322
ISOu 0.0 351 133.0 170.6 1739 1434 540 1.6 0.0 711.6 -194 442
SD 0.0 36.0 1245 1614 163.7 140.7 668 360 04 7294
Variant] o=0.5 ISOp 0.0 233 1250 1639 1625 1309 359 45 00 o646.1 -114 309
ISOu 0.0 351 1330 170.6 1739 1434 540 16 0.0 7116 -24 26.4
SD 0.0 227 117.7 1564 1555 131.6 49.1 240 00 657.1
a=0.8 ISOp 00 79 1102 151.6 1415 1079 123 0.6 00 5319 -190 304
ISOu 0.0 351 1330 170.6 1739 1434 540 16 0.0 711.6 83 22.3
SD 04 59.5 130.8 1646 1714 1504 923 639 17.1 8504
a=02 ISOp 82 78.0 153.7 187.8 2034 176.0 113.0 73.1 3.7 996.8 172 348
ISOu 0.0 66.8 1482 183.2 1956 1674 97.6 532 0.0 9120 72 31.6
SD 0.0 42.1 1242 1598 1633 1415 742 43.6 6.1 7547
Variant2 a=0.5 ISOp 12 602 1450 180.5 1909 1624 885 428 03 8718 155 24.6
ISOu 0.0 66.8 1482 183.2 1956 1674 97.6 532 0.0 912.0 208 31.6
SD 0.0 35.0 121.1 1575 1594 1373 657 360 1.1 713.0
a=0.8 ISOp 02 43.0 1362 1732 1785 1487 645 191 00 7634 7.1 23.6
ISOu 0.0 66.8 1482 183.2 1956 1674 97.6 532 0.0 9120 279 41.2

* The change of heating demand in the entire heating season under the ISO method compared to dynamic

simulation results.
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Fig.2.  Air temperature in the sunspace during the heating season: a) variant 1, a = 0.5, b) variant 2,
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Fig.3. Heating demand in the living space during the heating season: a) variant 1, o = 0.5, b) variant 2,
a=0.5

In ISO 13790 methods, both in full and simplified versions, the absorptivity of the interior
surfaces of the sunspace does not influence its interior temperature. This temperature is deter-
mined as dependent only on inflow and outflow of heat through transmission (full method), or
as a derivative of solar gains through glazing and thermal features of the construction (simpli-
fied method). As a result of these hypotheses, the full method understates, and the simplified
method quite significantly overstates interior temperatures, which is especially noticeable in
spring and autumn months (Fig. 2). The results of dynamic simulations indicate the increase
of interior temperature along with the increase of surface absorbency. The temperature takes
intermediate values between the results obtained for the full and simplified method, which can
be regarded as a kind of upper and lower limit of the actual inside temperature

The course of average monthly temperatures and the heating demand in the subsequent
months of the heating season were compared with the results of dynamic simulations, deter-
mining the Mean Absolute Percentage Error MAPE (Eq. 22):

mape =12 Pi;Sf

i=1 ;

(22)
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where: n —number of forecast values, P — forecast value (according to ISO 13790), S — accurate
value (according to dynamic simulations).

If MAPE > 15% (which was the case in all instances), the forecasts are inaccurate, and
they should not be accepted in the analysis of the phenomenon [21]. This does not disqualify
the methods presented in the standard, because they are expected to produce a result of the
seasonal heating demand that is merely close to the more accurate calculations.

In assumption, quasi-stationary methods ISO 13790 should be “on the safe side”, over-
stating the seasonal heating demand compared with the calculations with the hourly step,
whereas the full method (which is more accurate) should produce a lower heating demand.
Such regularity is noticeable only in two calculation cases — variant 2, a = 0.5, and 0.8 (Fig. 3,
Tab. 3). In these instances, the differences between the full method and simulations, are 15.5%
and 7.1%, and between simplified method and simulations — 20.8% and 27.9%. This sort of
approximation in engineering calculations can be regarded as satisfactory.

The results obtained for the lowest surface absorptivity (in casing variant 2) can raise
some doubts in terms of the correct mapping of the psychical processes by both methods of
the standard [1], even though differences between them and dynamic simulations alone are,
in the worst case, close to 17%. If the absorptivity of the sunspace casing is low, the full ISO
method gives the highest heating demand, which is the result of joining smaller indirect solar
gains with the incomplete consideration of the buffer effect of the sunspace as a result of
lowered inside temperature and indirect gains. In this variant, the simplified ISO method, which
overstates the buffer effect of the sunspace, turned out to be closer to dynamic simulations.

Modelling of solar spaces with a high degree of glazing (variant 1) according to the ISO
13790 standard should be regarded as unsatisfactory. The simplified method overstates energy
gains when large, glazed surface areas are involved, which is a result of the omitting of radiation
retransmission. The significance of this phenomenon diminishes only in the instances of the
highest surface absorptivity. In the full method, in turn, omitting the retransmission causes the
overstatement of direct and indirect gains, which causes a drop in the heating demand, which
is particularly noticeable when the absorptivity increases.

5. Summary

Summing up, ISO 13790 methods (after proposed modifications were taken into account)
allowed to satisfactorily predict the functioning of the exemplary sunspace with a smaller area
of glazed partitions and higher radiation absorptivity inside of the casing, that is space similar
in terms of solar radiation utilisation to traditional living spaces. The phenomena typical for
sunspaces with a high degree of glazing, such as the retransmission of reflected radiation, were
not sufficiently taken into account in the calculation method of the standard. This effects in
bigger discrepancies in results obtained for the sunspace glazed on all surfaces, and for high
reflectivity inside the casing.

It is important to remember that the above analyses were carried out for a specific radi-
ation distribution in the sunspace. A better estimation of surface irradiation could affect the
accuracy of calculations. However, a detailed analysis of the radiation path goes beyond the
area of engineering calculations, which is to be used by the methods contained in ISO 13790.

Among the presented calculation methods, dynamic simulations are a tool that allows
taking into account the largest number of factors determining the functioning of a sunspace,
i.e. primarily:
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« the spatial nature of solar radiation,

* optical properties of the glazing as a function of the angle of incidence,
« radiation retransmission due to reflections in the sunspace,

* varied surface absorptivity,

« ventilation of the sunspace and airflow between the greenhouse and the conditioned
room.

Therefore, it is a method with the greatest research potential, if it is consciously used

and, if possible, validated in the conditions of the actual operation of the tested objects.
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Abstract: The aim of the paper is to present some experiences of using modern technol-
ogies to historical buildings digitalization. The emphasis is placed on the possibilities of spatial
data collecting, as well as on subsequent 3D modelling. The paper describes the proposed
survey techniques which are based on the Terrestrial Laser Scanning and photogrammetry.
The authors obtained the point cloud by using the laser scanner Faro Focus 3D and dedicated
software to combine scans (target based and cloud to cloud methods). The paper also provides
an introduction to issues related to a method of building structure modelling based on a point
cloud. The authors proposed some computer software tools that could improve work with
a point cloud and the modelling process. The resulting 3D model could be both a source of
information about historical building and a sufficient base to create computational model with
spatial finite elements. The subject of the case study is the St. Hubert Chapel located in Rzeszow
(Poland) and built in the middle of the 18th century under the patronage of the Lubomirski
family. This rococo chapel is one of the most valuable architectural monuments in the region.
Historical Building Information Model (HBIM) could be helpful in analysis, visualisations
and conservation practice of this precious monument. Diagnosing the current object state and
assessing its technical condition could be the purpose of creating a computational FEM model.

Keywords: digitalization of heritage buildings, laser scanning, Historical Building
Information Modelling, point cloud, 3D modelling
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1. Introduction

Monuments and heritage structures are an important factor for the economic development
of many countries. The protection of monuments includes all actions taken to preserve their
values and enable the society to use them. This protection can be equated with the concept
of historical buildings conservation. Their preservation and maintenance require a balance
between architectural values and construction safety [1]-[4].

When rapid changes take place in the world, heritage conservation should be multidis-
ciplinary, as well as tools and methods should reflect scientific progress [5]. Laser scanning
technology is emerging as a potential opportunity to be utilised in this area.

The main purpose of the paper is to present the possibility of applying reverse engineering
in analysis and monuments conservation practice.

The case study presented in this paper is the St. Hubert Chapel in Rzeszéw (Poland),
an eighteenth-century sacral building from the rococo period. Digitalization of this object is
important to preserve its cultural heritage and promote this monument in the region.

In the paper the authors used reverse engineering to create a solid model of the chapel
from the TLS data. The 3D model contains information about geometry of the elements. The
implementation of a BIM idea to this model allows to obtain a dataset of information and
current documentation, which would be useful during maintenance and restoration of this
building. In the future this model could be used for various types of analysis, for example
structural stability analysis because of the railway line nearby.

2. Methodology

This paper presents some experiences of 3D structure modelling of a historical heritage
building. The combination of contactless, non-invasive measurement techniques together with
Building Information Modelling (BIM) and the finite element method can be an excellent
tool for digitizing cultural heritage, assessing technical condition and determining ways to
strengthen and secure the structure.

In accordance with the regulation, laser scanning is a method of terrain surface imaging,
consisting in measuring the distance between the measured object and the device (scanner).
The scanner can be installed on an aircraft, car or stationary structure, emitting and receiving
laser pulses reflected from the object [6].

The scanner sends a laser beam towards the object (Fig. 1), which reflects it back to the
device. Distance, vertical angle and horizontal angle are polar coordinates, which are then
converted into the Cartesian system.
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305°
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Fig. 1. Vertical and horizontal measuring range of the laser scanner used [7]

The measurement result of laser scanning technology is a point cloud — a set of meas-
ured points of space with coordinates (X, y, z). Points can contain information about the RGB
colour. Their number depends on the quality settings for scanning and measurement time [7].

In order to create a point cloud for the whole measured object, it is necessary to combine
individual scans (or measurements) taken from various positions by using dedicated software.
The point cloud is a source of information about the object, its dimensions, geometry and colours.

The process of matching scans can be manual, semi — automatic or automatic. Much
research has been carried out in automatic registration scans. Efforts have been made to create
algorithms which merge scans without using the reference point as landmarks, targets and
with small overlapped area to make registration faster and less data gathering time consuming
without reducing accuracy [8].

Photogrammetry is another source of obtaining a point cloud. This is a field of technical
sciences dealing with the acquisition, transformation, presentation and collection of information
(quantitative and qualitative) related to the site (or object) based on photogrammetric photos
(the so-called photograms) or their digital representations [9]. With this method, the accuracy
of the resulting image -based point cloud is lower than that generated by the scanners [10].

The source of a point cloud could be also a combination of laser scanning and photogram-
metry. These two methods of mapping space allow combining their advantages. Laser scanning
ensures the accuracy of measured points, whereas photogrammetry ensures the accuracy of
color reproduction [11]. Computer programs allow combining object photos and create a point
cloud based on them. One of such programs is ReCap Photo, which processes photographs to
create 3D representations of current sites or objects conditions. It allows creating and editing
a point cloud based on both photographs and laser scans.

Point clouds can be used as a design background in programs such as AutoCAD, Navis-
works or Inventor Professional. In 3D modelling programs, for example Revit or Archicad,
the point cloud is a base layout for which it is possible to set views of projections, sections,
perspectives or axonometry.

Inventorying by laser scanning technology allows to maintain a high level of detail,
therefore using this technology for inventory of historic buildings allows digitalizing their
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complex, intricate shapes (often with irregular walls, haunches and curvatures) in 3D. These
modern methods can also be used to create technical documentation for existing buildings in
a process called reverse engineering [1, 12, 13]. Comparison of the point cloud with 3D CAD
model allows for use in as-built modelling [14].

Reverse engineering largely allows to restore knowledge about the building and to adopt
its management strategy. This technology, combined with parametric object modelling, is
extremely useful for modernization, renovation and conservation of architectural monuments.

Designs of new buildings are increasingly based on the ideas of BIM (Building Informa-
tion Modelling). It gives the possibility of accurate planning of the entire investment, making
cost estimates or work schedules as well as easier coordination of all involved industries. The
BIM idea can also be applied to existing buildings. This is especially important for historic
buildings with or without the outdated documentation — it is called the HBIM (Historical
Building Information Model) [3]. The main requirement to use BIM for the analysis and
representation of historical objects (HBIM) is the high model quality and reliability regarding
to its geometry.

After receiving the point cloud, a further step is a process of object modelling. Possible
methods, for example in Revit, are manual modelling (a time-consuming and labour-intensive
process) or the use of program add-ons (accelerating the work in automatic or semi-automatic
way). Examples of such solutions are: As-Built for AutoCAD Software, As-Built for Autodesk
Revit, VirtuSurv. The As-Built (FARO) software provides a whole range of advanced tools
for analysis and modelling based on a point cloud data directly in AutoCAD and Revit. It
contains among others features such as: automatic polyline matching, creating 2D projections
using automatic line extraction, matching cylinders and planes to point groups or drawing
and dimensioning building elements (for instance windows, doors or staircases). Moreover, it
allows to generate detailed images by expanding point clouds and photos into the plane (for
example towers, arches, frescoes on the vaults and external facades) or to adjust and align
walls, pipes and planes inside the generated point cloud. VirtuSurv software enables to process
photographic laser scans containing a large amount of graphic data as well as drawing which
use coordinates sent directly from the scan view [12, 15]. Academic and industrial research
make efforts towards to fully automated recognition scans and extract CAD objects from point
cloud to BIM models or 3D as-built models [10, 16].

From the created geometric model in Revit, it is possible to generate projections,
cross-sections, elevations, 3D views and statements of data needed to complete the technical
documentation of the modelled object.

The geometric model can be used as the basis for generating a computational model.
The possibilities of exporting the Revit file format are as follows:

* Files in CAD format (.dwg). Exporting the solid model enables its import into FEM
calculations programs. The advantage of this approach is the ability to use solid
modelling to recreate the existing state of the object. After importing the file into the
FEM program, it is necessary to suitably prepare the solid model for the discretization
process.

» Automatic export between Revit and ARSA (Autodesk Robot Structural Analysis)/
RFEM. During physical modelling, elements marked as structural (for instance beam,
column, wall, slab, foundation) automatically contain the analytical models that are
transferred to calculation programs. Such an analytical model is ready for discretiza-
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tion. It is greatly useful for modelling newly designed objects due to the ideal state
of geometry assumptions. In the case of existing objects, it is necessary to idealize
the existing state regarding to the fact that structural elements were used only at the
stage of modelling. For historical objects with complicated, irregular geometry, it may
be necessary to use solid modelling elements that do not contain analytical models.
Regarding structural elements, there is a need to create them in the calculation program
using its tools and appropriate finite elements.

The authors used laser scanning (Faro Focus 3D) to survey the chapel outside and
inside. Targets such as spheres and checkerboards were used as reference points. Individual
scans were combined by using dedicated Faro Scene software . The point cloud was obtained
by merging scans with target based and cloud to cloud methods. The model of building was
done manually in Revit on the point cloud. Structural elements (walls, slabs) and solid blocks
were used to create the model of the chapel. Then the project was exported to ARSA. Better
results were obtained when the model was exported to a dwg file and imported into FEM
program — ANSYS. A detailed description of the procedure and settings are presented in the
“Case study” section.

3. The case study of St. Hubert Chapel

The process of 3D scanning and HBIM discussed in this paper are based on the St.
Hubert Chapel located in Rzeszow (Poland) (Fig. 2). The chapel is a rococo building and
it was built in the mid-18th century. The monument has a central system on an eight-sided
projection. The eastern, western, southern and northern sides are developed into rectangular
apsis. The chapel is arched with a dome. The structure is a brick wall with limestone mortar.
It is plastered on both sides (Fig. 3).

» Chapel i
Rzesz6w g
&
Fig.2.  Location the St. Hubert Chapel in Rzeszéw Fig. 3.  The St. Hubert Chapel

The St. Hubert Chapel, also known as the Hunting Chapel, is one of the most valuable
architectural monuments in the region. It was built during the Lubomirski patronage period.
St. Hubert Chapel was built in the forest. It was a favourite hunting place of gentlemen from
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Rzeszow. The chapel was forgotten after the fall of the Lubomirski latifundium in the late 18th
century. Around mid-19th century it was already heavily devastated. Settlements developed
in this area in the next decades. The chapel functioned as a parish church in Mitocin. On all
sides the chapel is surrounded by farm buildings and arable fields. The chapel is situated on
a circular plot, surrounded by a wreath of trees. The entrance to the church grounds is from
the road leading through the village. After the construction of a new parish church (early 21st
century), the chapel stands unused. In the years 2010-2011, it was possible to renovate the
window and door joinery, lightning protection and facade. In the years 2011-2012 and from
2014, conservation works were carried out on the wall paintings in the dome and on the walls
of the nave of the altar with the illusionist painting of St. Hubert. In 2018, conservation works
were carried out on the dome [17-19].

The starting point of the research was data collection, carried out with contactless
surveying methods — laser scanner (Terrestrial Laser Scanning). Point clouds were obtained
with a laser scanner Faro Focus 3D. It was selected scanning profiles ,,Outdoor 20 m...” and
“Indoor 10 m...” and scan registration in colour. In the scanner software the resolution was set
to % for outdoors measurements and 1/5 for indoor measurements. In real numbers it means
6.136 mm/10 m (10240 pt/360°) and 7.67 mm/10 m (8192 pt/360°) respectively, where point
distance mm/10 m is the distance between the captured scan points in mm with respect to
a scan distance of 10 meters. The device had the measuring speed of 122000 points/s. Size of
the scan in points (horizontally x vertically) was 10242 x 4339 for outdoor and 8196 x 3471 for
indoor. A set of 10 outdoor measuring stations were planned (Fig. 4).

)

Fig. 4. Location of measuring stations (1-10) outside the building



Digitalization of historic buildings using modern technologies and tools 89

Measurements were made outside and inside the building (Fig. 5a, b). Due to ongoing
conservation work, inside measurements were hampered by scaffolding set from floor to dome
(Fig. 5¢). For this reason, 13 measuring stations were required inside the building. Reference
points such as spheres and checkerboards were used.

Fig. 5. Measurements with the Faro Focus 3D scanner: a) outside, b-c) inside

In this case 23 terrestrial scans were registered through Faro Scene. The scans were
combined using the semi-automatic and manual methods (Fig. 6a, b). Reference points like
spheres and checkerboards were detected automatically. Outer scans and scans in the basement
have well measured targets so registration was target based. Additionally for inner scans, it
was necessary to manually detect the reference planes and the registration method was cloud-
to-cloud. To merge outer and inner clusters of scans cloud-to-cloud matching was used. In
cloud to cloud subsampling average point distance after uniform subsampling of scans was
10 mm. The maximum number of iterations allowed for the algorithm to find the best solu-
tion is 30 iterations. The registered point cloud was composed of 3.273 milion points and the
obtained mean point error was equal to 2.1 mm.

Fig. 6. Point cloud after connection in Faro Scene: a) perspective, b) top view
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Geometric model (architectural and structural) was created in Autodesk Revit. Model-
ling was done manually. Initially, in modelling the use of structural elements (walls, slabs)
was attempted in order to transfer their analytical properties after exporting project to ARSA
(Autodesk Robot Structural Analysis). Unfortunately, Revit does not contain the family of struc-
tural elements related to dome structures. Its remodelling in ARSA (with 8% solid curve
panels) allowed to obtain FEM model, but it could not be uploaded to Revit in order to show
the dome architecture.

>
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Fig. 7. View from point cloud: a) projection, b) cross section ~ Fig. 8.  Geometric solid model in Revit

Finally, it was not possible to fully match the architectural and computational model
obtained in Revit and ARSA. In the future work, due to the quite complicated geometry of
this historical building (Fig. 7a, b), it would probably be necessary to manually idealize
geometry after all.

The next stage was to use solid modelling, which allowed to recreate the object geom-
etry (Fig. 8). Problems and difficulties with modelling were caused by the irregular geometry
of the object (for example, a problem associated with joining walls, vertical walls deviation
or mapping niches in the walls). Despite the assumptions of the chapel’s design as a symmet-
rical object, the actual state of the object is asymmetrical, which probably results from the
execution inaccuracies during the construction of the object. These aspects increased the
labour-intensiveness of chapel modelling.
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Fig. 9.  Export of solid model to .dwg format Fig. 10. Import of solid model into Ansys

Finally, the solid blocks were exported to a .dwg file (Fig. 9) which enables their further
processing and discretization in FEM programs (Ansys or Inventor). In this case, a geometrical
model defined in Revit was exported to ANSYS (Fig. 10). This way, a very precise computa-
tional model with spatial finite elements can be obtained and used for static or dynamic analyses.

4. Conclusions

Point clouds are definitely a good source of information about a historical building,
especially when there is no existing documentation or it is unavailable. Point clouds can be
archived and reused when needed.

The authors encountered some difficulties during the measurements inside the chapel.
The reason was the ongoing conservation work. The solution was adding more measuring
stations, also on the scaffolding from the floor to the dome.

Problems with modelling of the chapel were caused by the irregular geometry (irregular
dome, off—centre lantern, complex staircase geometry). It increased the labour—intensiveness
of the modelling process. The use of only construction elements such as walls or slabs has
failed to reproduce the existing geometry. Solid modelling was a helpful strategy. The applied
manual modelling is time—consuming. Automatic or semi—automatic methods would accelerate
this process but their application was not considered in this paper.

The HBIM model contains full engineering drawings (projections, sections, details)
for the conservation of historic structures. Moreover, it also includes 3D and orthographic
documentation.

Obtaining a computational FEM model consistent with the actual state of the structure
elements is a complex task. It requires taking into consideration many factors, which is
the goal of the further research. Obtaining a computational FEM model that illustrates the
real work of the structure allows diagnosing the current object state and designing necessary
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structure reinforcements. Repeating this process periodically may allow monitoring structural
health of historic buildings.

[14]
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Abstract: The concept of multi-sensory perception of cities is one of the elements
shaping the complete image of the city. It is an aspect as important to the recipient as the
urban structure. The study of the multisensory record of public spaces gives a better chance
to understand: the identity of the place, the changing dimensions of cultural heritage, local
social problems, and even conditions influencing spatial decisions. Multisensory research
has an implementation value and can be an important, previously unaccounted for factor,
influencing the revitalization program and planning decisions. Therefore, it is so important to
analyze the available literature on the subject, conduct scientific observation of the research
area, create a proposal for a hybrid research methodology on multi-sensory recording of space
and determine their relationship with activities in the field of urban planning. The trial area
— selected public spaces of the Praga — Pétnoc district in Warsaw was adopted according to
predetermined criteria, the most important of which were: authentic urban tissue, downtown
area, architectural and functional diversity of buildings.

Keywords: multisensory research, multisensory space, public space, Praga — Péinoc

1. Introduction

1.1. Justification and purpose of the undertaken research

The city is a multi-spatial work, the perception of which is based on multi-sensory
perception. The study of multisensory recording of space allows to obtain information on
multisensory perception, valorization and their relation to space also as part of in situ assess-
ment. This is important for holistic assessment of the quality of public spaces, their potential
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and cultural heritage. This knowledge allows for fully conscious organization and transforma-
tion of public spaces. It has an implementation value and may constitute an important factor,
previously not taken into account in urban planning, influencing the revitalization program and
planning decisions. This is the basis for constructing an assessment and conclusions regarding
the transformation of public spaces, taking into account its invisible dimensions. The essence
of multi-sensory research is defined sociologically by B. Jatowiecki — contemporary interest
in research on the perception of space has become important due to the degradation of the
natural environment [of the city — ed. author] and the living conditions of inhabitants of large
cities deteriorating despite the development of civilization [1]. Problems such as, for example:
destruction of historical buildings, poor technical condition of residential buildings, developer
pressure, lack of green areas, recreation and rest, long journeys to work, uniform architecture,
spatial disorder or lack of basic services affect the multi-sensory perception of public spaces.
These problems worsen the health of the inhabitants and, consequently, lead to pathologies,
acts of vandalism, affect social migrations, suburbanization and urban sprawl.

The aim of the work was, after analyzing the existing data and conducting scientific obser-
vations and reviewing the literature on the subject, to create a proposal for a hybrid methodol-
ogy of multisensory research in public spaces and verify it on a trial group of respondents, and
to present urban design suggestions based on the conducted hybrid multisensory research. The
proposed research methodology may turn out to be useful in urban planning activities, serve to
construct a multi-sensory record of space and urban design suggestions. An attempt was made
to describe the reasons for the obtained initial multi-sensory assessment of public spaces. A trial
study of the proposed methodology confirmed the possibility of its wider application in other
areas and revealed the differences between the recording and sensory valorization of space in
the context of various senses. Some spaces, assessed positively in terms of visuals, received
a low score in terms of the sense of hearing or smell, which affects the overall multi-sensory
image and constitutes the legitimacy of taking up the title methodology. The article ends with
considerations on finding design solutions that take into account the multi-sensory record of
space and favor the improvement of the current situation. The legitimacy of research is also
based on the activity to support innovative development strategies related to the cooperation
agreement between the Capital City of Warsaw, the Praga-Péinoc District Office, and the
Department Geodesy and Cartography of the Warsaw University of Technology.

2. Analysis and review of literature

The senses were first described by the Greek philosopher Aristotle around 350 BCE. distin-
guishing five senses: sight, hearing, smell, taste and touch [2]. According to the Maty Stownik
Psychologiczny [3], the concept of sense is “sensitivity, the ability to perceive a specific
category of stimuli in the form of impressions”. The number of senses includes sense of
sight, hearing, smell, taste, touch, temperature, kinesthetic, balance, joint and muscular,
cenesthetic, pain. It definitely exceeds the colloquial five mentioned as the number of human
senses. According to Stownik Psychologii [4] sense is “each of the faculties by which one can
experience the outside world or the internal states of one’s own organism.”

The sensual record of public space was initiated with the publication of “The Image of
the City” in the 1950s, where the American urban planner and writer Kevin Lynch created the
memory-related visual sense method of mental maps in city studies. The theory of research
on the multisensory perception of public spaces was later developed in many disciplines:
environmental psychology, sociology, geography, cartography, ethnography, urban anthropol-
ogy, cultural studies, geographic information systems and psychocartography. The K. Lynch
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collective map is the most common and cited — the quantitative signature method involving
the counting of objects. He created a method that was effective in research on the urban
landscape and urban composition, in which sketchy cognitive maps were used. The elements
presented in them were counted and assigned in 5 categories: paths, borders, nodes, landmarks
and regions, and compared with the frequency of indications. According to Lynch, the title
“image of the city” is based on social relations and staying in given spaces, and depends on
the sensitivity of the senses. However, this method applies mainly to the sense of sight, and
freehand sketches made by the respondents are drawn outside the area covered by the study
and contain distortions of distance or direction. As part of this method, the respondent does
not specify the assessment, but only a distorted drawing of the projection of a part of the city
with the marking of points that are the material in the quantitative method. The answer to the
search for a method of sensual study of space with the character of valorization is the research
of another architect and urban planner — K. Wejchert. He created a qualitative method covering
the meanings and assessments of sensations, a graphic representation of the record of these
sensations and the perception of urban spaces [6], [7]. He also developed a methodology of
research and valorization, useful in urban planning, showing the aesthetic value of urban spaces
using a graph known as the “Wejchert impression curve”. This study, covering only the sense
of sight, inspired the development of the title methodology to include other senses as well.

Previous research in the disciplines of sociology and environmental psychology was
aimed at examining the mechanism of perception, mapping real space and determining the
impact of perception on society. The problems of the city in the experiences of individuals and
communities as well as human behavior in the urban environment were studied. In Poland, the
precursors of research on the perception of the environment and cognitive maps of the environ-
ment were, under the supervision of T. Tomaszewski [8], [9] — M. Sustowska and M. Sawicka
in Krakow, and A. Eliasz, K. Skarzynska and T. Szustrow in Warsaw. The development of the
theory of cognitive maps was investigated by A. Hauzinski in the publication “Evolution of
the concept of a cognitive map in psychology. Review of research on the hierarchy of plans
and action goals” [10]. It distinguishes several types of cognitive maps, including: image of
oneself, the closest surroundings, a diagram of the environment, a map of the world, a map
of the universe and a worldview — representation of the real world. In his opinion, cognitive
maps are used to acquire, use and formulate assumptions based on knowledge about oneself,
the spatial and social environment and one’s orientation in it. However, in the publication
“The evolution of the concept of a cognitive map in psychology and its use in urban planning,
architecture and geography” [11] he describes disciplines outside of psychology in which
cognitive maps are used, inter alia, urban planning, architecture and geography. Environmen-
tal psychology issues have also been included in numerous publications by R.G. Golledge
“Methods and methodological issues in environmental cognition research” [12], GW Evans
“Cognitive mapping: Knowledge of real-world distance and location information” [13], “Envi-
ronmental cognition” [14], “Environmental learning and cognitive mapping. Environment and
Behavior” [15],“ The effects of pathway configuration, landmarks and stress on environmental
cognition. Journal of Environmental Psychology” [16] or J. E. Foley* Working mental repre-
sentations of the environment. Environment and Behavior” [17]. J. O’Keefe, J., Nadel, L. in
“The hippocampus as a cognitive map” [18] proposed two types of thematic and topographic
cognitive maps, and in the structure of the image of spatial knowledge they proposed two
basic categories of road and maps. The research on the relationship between environmental
psychology and architecture is described by: A. Banka, among others, in the publications
“Architecture of the psychological space of life. Behavioral foundations of design.” [19] and
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“Social environmental psychology” [20]. It determines that everything that is covered by human
senses or images must exist in real or mental space. It presents architectural and urban spatial
problems, their causes and recommendations for design based on psychological knowledge.
Numerous observations turned out to be also important in the title article due to the reference
to many senses in space and the explanation of problems and proposals for spatial solutions
related to it. However, it does not address the question of the methodology of researching these
senses in space, and the conclusions are a set of general knowledge about implementation
values. The publication “Environmental Psychology” [21] P.A. Bell, T.C. Greene, J.D. Fisher
and A. Baum defines that the term cognitive maps has a different meaning and that the term
“cognitive collage” is appropriate.

The issues of using the senses in the perception of the surrounding space in the socio-
logical aspect were described, among others, by B. Jatowiecki in “Perception of the space of
Warsaw” [22] and B. Jalowiecki and M.S. Szczepanski in the publication “City and space in
a sociological perspective” [1]. The chapter devoted to the sociological concept of space is
descriptive and emphasizes the importance of perception and valorization of urban spaces.
However, it does not contain a proposal of a research methodology on the multisensory study
of space. The cultural and psychological aspects of urban anthropology in the perception of
space have been described in the publications of E. Szkurtat “Psychological and cultural
determinants of the perception of the environment” [23] and “Beyond writing / reading the
city” by E. Rybicka [24]. Another researcher, Ewa Rewers, stated. “I wrote about cities that
I not only saw and met, but also experienced in the practical effort of my mind and the kinetic
experience of the body. It is rather a record of multidirectional, but not chaotic movement,
than forcing urbanity into a ready-made network of concepts and terms “ [25]. Nevertheless,
in the field of social sciences, the research of B. Kietlinska in the article entitled “Research
on the sensual perception of the city using qualitative methods” is the closest to the subject of
the title [26]. Georg Simmel devoted his text “Sociology of the Senses” to the subject of the
senses in society [27]. Sarah Pink described sensory ethnography in the publication “Doing
sensory ethnography” [28]. These are sociological, ethnographic and descriptive research.
These studies do not contain a deformation-free graphic record of multisensory research
or reference to functional, spatial and compositional aspects. They are used to analyze the
phenomenon of perception and it is not important to place them in a specific space.

The issues of social geography in terms of the perception of space, urban planning and
planning based on the ideas contained in mental maps were included in the publication by
M. Bartnicka “Wyobrazenia Miejskiej Warszawy” [29]. This is shaped by the trend of the geog-
raphy of perception developed by other researchers, H. Libura [30] and S. Mordwa [31], who
undertake the problem of comparing spatial images of different cities. Standardized Esthetic
Landscape Estimation — SBE — Scenic Beauty Estimation was created and published by Daniel
T.C., Boster R.S. in “Measuring Landscape Esthetics: The Scenic Beauty Estimation Method”
[32]. Further research in this area was performed by M.A. Okolowicz and J.M. Kowalska in the
publication “What kind of nature do we want in cities? Measurement of the aesthetics of the
landscape on the Vistula River in Warsaw using the Scenic Beauty Estimation method* [33].
The riverside areas located in the central part of the city were examined in terms of spatial
order by analyzing the visual assessment of the inhabitants. The study area was divided into
elements of spatial composition: forest, path, shore, beaches, bridges, playgrounds and boule-
vard. The respondents assessed individual places on the basis of photos solely. Thus, they may
not even have had experiences with them. Nonetheless, the aim of the title article is to create
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a methodology of research carried out in situ — in place, by people who know a given space,
e.g. residents, employees or students.

Research on the border of psychology and cartography can be divided into two trends:
structural and evaluative mapping. Structural mapping derived from the research of K. Lynch
was developed by R. Kitchin in numerous publications, including: “Cognitive maps: what are
they and why study them?” [34], “Methodological convergence in cognitive mapping research:
Investigating configurational knowledge” [35], or “The cognition of geographic space” [36].
He introduced two-dimensional regressions and pointers to reduce the sum of position errors.
Sonia Maria Vanzella Castellar and Paula Cristiane Strina Juliasz in the publication “Mental
map and spatial thinking” [37] describe the issues of relations of mental maps and their
reference to the real space of cartography. The publication of S. Waterman and D. Gordon
“A quantitative-comparative approach to analysis of distortion in mental maps” [38] presents
a quantitative procedure for the analysis and comparison of distortions in mental maps. In
studies of cognitive maps in the structural trend, the interpretation of the results of sketch maps
is hindered by differences in style, scale and detail. However, information is provided on the
significance of selected spatial objects in the study area for the social community. Another trend
of research on cognitive maps is evaluative mapping, the precursor of which was P. Gould,
which he described in the publication “On mental maps” [39]. He examined the valuation of
fragments of space by a certain community. These studies were further developed — H. Libura
in “Some Cartographic Aspects of Imaginary Maps” [30]. Information is obtained using the
choropleth method by ranking areas or marking areas by the respondent on the prepared maps.
Evaluative mapping, although associated with the mechanisms of stereotyping, is important
in planning and spatial decisions.

Research in the field of psychocartography by A. Gendzwitt [40], A. Foland in “Psycho-
kartography — a method of studying urban space” [41], or M. Lewicka [42] usually present
a broader, more general and developed in larger areas cartographic image of the valorization
of areas. Unlike Gould maps, they are not limited to the administrative boundaries of areas.
However, imaging the “psychological properties of space” on a city scale does not allow for
a detailed assessment of, for example, a single street or building, which is obtained by combin-
ing various methods carried out on the spot: interview, valorization and questionnaire. This
problem is described by B. Iwanczak in “Research methods for the overall perception of city
space on the example of Warsaw” [43], who at the outset proposes functionally and spatially
coherent research areas of the city using GIS tools. The issues of using the geodetic and carto-
graphic information system as well as the presentation of mental maps are also described by
K. Niescioruk in the publications “Cartographic image of mental maps of urban space and its
presentation and analysis with the use of geographic information systems” [44], “The use of
mental and sketch maps as a tool to evaluate cartography teaching effectiveness “[45]. These
studies became an inspiration to include in the title methodology of research multi-sensory
functional and spatial analyzes of the area performed in a traditional way and preceding the
next stages of the research process. So far, research in the field of psychocartography has not
covered multi-sensory studies of spaces, but only, for example, the assessment of attractiveness
or a sense of security performed outside the place subject to assessment. The location of the
valorization not in real time and in isolation from the studied area allows only the memory of
the senses to be used. Therefore, it would not be applicable in this case.

Interactive tools are used more and more often in the study of public spaces: geo-ques-
tionnaires, computer programs, mobile applications, virtual reality [46]-[48]. However, these
methods were not taken into account when constructing the title research methodology due
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to the target lack of possibility to include digitally excluded people (the poor, the elderly, the
uneducated) and the negative impact of electronic devices, such as smartphones or tablets, on the
actual perception of space, or even its limitation. Development of the title methodology in the future
would make it possible to introduce, depending on the preparation of the respondent, traditional
questionnaires and geo-questionnaires and to compare the results.

However, the concept and definition of “public space” have been precisely defined in the
Charter of Public Spaces [49], “as a common good, deliberately shaped by man, in accordance with
social principles and values — serving to meet the needs of local and supra-local communities”. On
the other hand, The Act on Spatial Planning and Development [50] contains the following entry:
“An area of particular importance for meeting the needs of residents, improving their quality of life
and conducive to establishing social contacts due to its location and functional and spatial features,
specified in the study of the conditions and directions of spatial development of the borough.*

The current state of research does not include literature that focuses on linking the content
of multi-sensory field research and the functional and spatial characteristics of places. So far, in
Poland, no publication has appeared devoted solely to multi-sensory research in public space and
its relationship with urban design.

3. Research procedure in hybrid research methodology
— basic theoretical assumptions

So far, the research methodologies used and described in the literature are limited to one or
two research techniques. Some of them are descriptive and concern only purely psychological issues
related to the phenomenon and mechanism of perception. Some analyze representations of reality
deformed by the respondents, but made outside the research site. Others relate only to the sense
of sight or the assessment of attractiveness. Currently, no methodology has been developed that
would lead to direct use in urban planning activities, the process of shaping and transforming public
spaces. Therefore, an innovative solution was proposed that combines various research methods
and presents a hybrid methodology covering at various stages: literature and data analysis, photo
documentation of the areas covered by the study, in situ observation, functional and spatial analy-
sis, discussions with experts and interviews, a scientific walk, a questionnaire and valorization of
space. This allows, among others, to study multi-sensory perception while actually being in space.

The conducted research procedure (Fig. 1) consists essentially of several stages remaining
in a hierarchical or more complex relationship, as presented in the diagram. The empirical part of
the hybrid test method was conducted in the field. In large cities, the number of potential research
points — public spaces, and the distances between them and their size are significant. The research-
er’s financial and time constraints do not allow for a detailed examination of everyone. Therefore,
it is necessary to delimit the area and the number of points on the basis of the previously adopted
criteria. The site selection process followed is complex and has several steps. It was necessary to
carry out such a classification based on the analysis of aerial and satellite photos, archival plans and
maps, publications and planning documents concerning the studied area. Some of the components
of'this procedure do not concern the subject of the article, and therefore have not been discussed in
more detail. Arbitrary selection of the site influences the efficient conduct of research in the field
and limits the impact of the respondent’s abilities and context on the results. The research is limited
by the physical condition and time disposition of the respondents (route length). Imposing on the
respondents both the area and points selected for sample surveys also allowed for focusing the
assessment of all respondents in pre-adopted places and the subsequent aggregation of the
obtained data.



Hybrid methodology of multi-sensory research of public space in urban planning

101

Fig. 1.
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4. Basic criteria for selecting the area and research points

The area and test points should be the same for all groups participating in the study. They
are proposed by the person who conducts the study on the basis of the results of the previously
conducted delimitation based on the established selection criteria. However, you can define
the initial criteria for selecting the area and research points:

« authentic urban fabric (historic building structure and street network, preserved squares
and other elements of the urban structure)

* downtown area with multi-family housing and inhabited by the local community

presence of public utility buildings of local and supra-local importance

partially degraded area,
* area covered by the revitalization program or planned for revitalization

architectural and functional diversity

* the location of subsequent public spaces at a distance of no more than 500 m from each
other (maintains the level of attention of the recipient, and at the same time allows for
a smooth interpenetration of multi-sensory experiences)

e aminimum of 10, but not more than 15, public spaces within the route, including
those of different nature and functions (streets, squares, marketplaces), too little space
does not give a representative research area, and too much space requires more than
2 hours for carrying out research and is at risk of obtaining superficial and random
multisensory assessment, and the obtained results would be unreliable

attractiveness in terms of tourism, the presence of unique elements in the city scale
described in the theory of K. Lynch (outstanding architecture, historical urban layout,
landscape and natural values, but also social significance — e.g. memorial sites, impor-
tant for the local community)

* linking the paths with the pedestrian function — a common trail

When using this methodology in another area, it is allowed to slightly modify the crite-
ria, e.g. in small areas or on the outskirts of large cities. The route, the image of which on the
map allows you to create a circumference of a closed figure, allowing for a cyclical scientific
walk, and at the same time delimiting an area which, together with a buffer zone of at least
1 km, may constitute an intermediate zone of influence on the senses (heard sounds, visible
architectural dominants). Such a route allows for re-examining and reading the senses in the
public space after the expiry of the time allocated for one cycle. The study covered a trial area
of the Warsaw district of Warsaw — Praga — PoInoc, as it met the set criteria.

5. The area of trial hybrid multi-sensory research of public space
in urban planning

The scope of the research procedure included the most important public spaces of Praga
— PoInoc on a continuous route, including: Rézycki Bazaar, Zabkowska Street, Targowa Street,
Wilenski Square, Weterandw Squarr 1863, Florianska Street, but also commercial places such
as Koneser Square. The reasons for choosing these particular parts of the district were: the
historical significance of the area, the concentration of services and trade, and the associated
greatest social, as well as cultural and tourist popularity. The dynamics of functional and spatial
changes, but also social and economic changes, were important. The area of Praga — Pétnoc
selected for research is the only area in Warsaw where the process of spatial transformations of
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the city in the 19" — 20" centuries is visible in the urban tissue, mainly industry. The left-bank
development of Warsaw was demolished in 85% during World War II, Praga — Pétnoc only in
25%, therein mainly industry. This area also presents Christian, Jewish and Orthodox cultural
and religious heritage. It is an area containing, among others, fragment of the UNESCO buffer
zone, areas included in the register of monuments and in the municipal register.

@ places of sensory evaluation
@  dominant for evaluation
= = the route
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Fig.2.  The route of the field study on the creation of mental maps of public spaces, October 2019, source:
author of the graphic presentation of the map, M.Sc.Eng. M. Delnicki on the basis of research by
the author. Public spaces: 1 — near Wtadystawa IV High School, 2 — Veterans Square in 1863, 3 —
4 Florianska St, 4 — square at Praska Kapela, 5 —square at the Tax Office, 6 —intersection of Targowa
St. and Jagiellonska St., 7—Rozycki Bazaar, 8 — Zgbkowska St., 9 — intersection of Zabkowska St. and
Markowska St., 10 — entrance to the Koneser Praga Center, 11 — Koneser Square, 12 — Biatostocka
St., 13 — corner of Brzeska and Bialostocka streets, entrance to the shopping center, 14 — Dworzec
Wilenski entrance zone

The route starts near Wilenski Square (Fig. 2, no. 1), which is currently the largest
communication junction (15 thousand 176 to 31 thousand 628 passengers a day) [52] and the
most recognizable place in the district. This intersection of multi-lane roads is located next to
the Vilnius Railway Station (Fig. 2, no. 14), and at the location of the metro station. Together
with the development and domination of the communication function, this square no longer
meets other social needs. It is rarely chosen by individual users for recreational or interpersonal
integration purposes, and these functions are performed by users in the shopping center located
above the Vilnius Railway Station. Then, the route leads through Veterans Square of 1863.
(Fig. 2, no. 2), an important element of the local spatial order and a historical fragment of the
urban layout associated with the Royal Castle from the times of Tsar Alexander II. according
to a design by J. Kubicki. It is definitely one of the most recognizable places in the district,
mainly due to the Praga Hospital operating in the historic buildings and the landscape domi-
nant visible from the left bank of Warsaw, which is the Cathedral of St. Florian the Martyr
and Michael the Archangel. The route continues along one of the most charming streets of
Praga — Pétnoc — along Florianska Street (Fig. 2, no. 3; Fig. 5), where the modern architecture
blends harmoniously with the historic buildings, and the spatial order is complemented by
rows of trees, creepers growing on the walls and urban details such as lanterns type of the
Warsaw crosier, authentic pavement, or the famous Monument to the Praga Backyard Band.
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The route continues through the space between the Tax Office, the Warsaw-Praga Curia, and
the Marshal’s Office (Fig. 2, no. 4-5; Fig. 5), which, despite its potential, currently serves as
a car park. Subsequently, the research was carried out along the frontage of historical buildings
at Okrzei St., which together with Zabkowska Street, commonly known as the “Praga New
World”, is a part of the Praga Princely Route. Next, the route of the research leads through
Targowa Street (Fig. 2, no. 6; Fig. 4), which in the urban structure also includes the preserved
elements of the medieval street layout related to the original physiographic conditions of
the area and a spindle-shaped commercial settlement. The former large market, which was
a city-forming element, was transformed into the settlement of Targowe Wielkie in the 14"
century, which gave its name to the most important street in Praga. Then, the route leads to
the adjacent Rozycki Bazaar, built in 1901, which used to be the “functional heart of Praga”.
Currently, less popular, although it still has a commercial function and due to its importance
for local heritage, it is revitalized (Fig. 2, no. 7; Fig. 6). The course of the route returns to
Zabkowska Street (Fig. 2, no. 8-9; Fig. 4) and then into Praga’s Koneser Center Square (Fig. 2,
no.10-11; Fig. 3) —a commercial multi-functional public space constituting a juxtaposition of
contemporary facilities and adapted to new historical functions of the former Koneser Vodka
Factory. Due to the supra-local functional and spatial attractiveness, historic, unique buildings,
aesthetics, and cultural aspects, the space is focused on tourism and social life. Next, the route
runs through the opposite exit from Koneser Square along Biatostocka St. (Fig. 2, no. 12-13;
Fig. 3) passes the 1980s multi-family housing development by the railway line and ends at
the square in front of the Vilnius Railway Station (Fig. 2, no. 14)

Fig. 3.  Koneser Square, October 2019, Source: Fig.4. The intersection of Zabkowska and
author’s own archive Targowa Streets, 2016, Source: author’s
own archive

6. Hybrid multi-sensory research of public space in a trial area —
case study

The area of trial research was selected on the basis of the criteria adopted previously
and discussed in the preceding chapter, the most important of which are: authentic urban
tissue and architectural and functional diversity of buildings. 14 unique research areas were
distinguished, and each of them was assigned 1 point. They are located in close proximity and
allow you to create a pedestrian route — a closed-circuit route. In order to minimize subjective
classification, the methodology uses in the initial stages of the research: functional and spatial
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analysis, observation of the terrain in situ and discussion with experts. Photographs were taken
at the designated research points and observation protocols were prepared.

Fig. 5. Square at the intersection of Florianska and Fig. 6.  Rézycki Bazaar, 12:00 p.m, visible vari-
Klopotowskiego Streets, visible sculpture ety of colors at the stalls, October 2018,
and children interested in it, May 2016, Source: author’s own archive
Source: author’s own archive

The preparatory stage consisted in setting out, according to the established criteria and
after delimiting the areas by the author, the research route, places for reading multi-sensory
experiences, as well as dominants and frontages to be assessed. The route and test points
(dashed purple line, Fig. 2) were selected in such a way as to objectively present the complex
nature of Praga — PéInoc. The route covered the most important public spaces of the functional
center of Praga — Potnoc. It started at the school building Wtadystawa IV VIII High School
at the intersection of Jagiellonska Street and Solidarnosci Avenue, and then historical areas
dominated by monuments (Florianska St., Fig. 5; Zabkowska St., Fig. 4), very degraded areas
of great social importance (Bazar Rozyckiego, Fig. 6), large communication arteries (Targowa
St., Fig. 4), areas of a commercial character and high aesthetic value (Centrum Praskie Koneser,
Fig. 3). The examination lasted approximately 2 hours and proceeded at a pace adjusted to the
needs of the group, so that the multi-sensory assessment of the site could be carried out on an
individual basis. The study area (Fig. 2) was divided into sections, the most important point of
which was the selected public space with an assigned number and name in the table. For many
years, the author conducted research in the area of Praga — Potnoc and was based on the results
of the doctoral dissertation entitled “Praga — Potnoc in Warsaw as an” art district “against the
background of selected examples from the metropolises of Europe and North America” [S1].
During the site visits carried out many times from 2016 to 2019, a total of over 150 photos
were taken, 10 for each public space. The photos were taken from the observer’s level and
from viewpoints. The acquired knowledge and conclusions from previous consultations with
the local government, including the Head of the European Funds Department in the Praga-
Pohoc District Office, became the basis for choosing the route on which the assessment was
made as representative of the district.

As part of the study, in the last phase, questionnaires, multi-sensory valorization on
base maps, an interview and a scientific walk were performed. The following senses were
selected for the study: sight, touch, taste, smell, hearing, time perception and proprioception.
The technique allowed for scoring according to individual senses in the questionnaire in the
form of a table on the assessment of the place in terms of the specified senses and on the map
in the form of graphic symbols, as an evaluation. In addition, it made it possible to place
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other information that was also the equivalent of free interview, including those related to the
assessment of spatial order or subjective experiences in precise definition. The assessment
in the questionnaire was three-level and presented in a table in the window corresponding to
specific senses. Table — the questionnaire related to specific places on the map. The spaces
were scored with points from -1 to 1. The rating scale was (-1,0,1), where -1 means negative,
0 —neutral, and 1 — positive. The sum of points obtained in the assessment for a given place is
presented in the figure below in the charts. The participants of the study made an assessments
of all the places previously selected by the author without any exception.

In addition to the scoring of public spaces in the questionnaire, graphic studies were also
prepared — multi-sensory valorizations with detailed information and handwritten on the printed
map with the use of sticky circle markers (of different colors depending on the assessment)
of arrows, colored lines symbolizing various information, markers, felt-tip pens and post-it
notes (Fig. 7). The individual graphic elements applied by the participants of the study had the
meaning assigned in the legend, e.g. attractive and unattractive space, negative and positive
dominants, socially important place, directions of population movement, valuable greenery
and tree stand, etc. It was also a rich study in terms of presenting subtle feelings. This method
also uses, among others, the assessment of areas by the respondents. Attractiveness or social
significance, and a dichotomous scale (attractive/unattractive space, dominant) was adopted
for the respondents’ points as well. The aggregation and processing of these data was based
on the research by A. Foland [41] and B. Iwanczak [43] in a simplified version — allowing for
the formulation of project conclusions and confirmation of the effectiveness of the developed
methodology. The respondents, using appropriate markings, assessed the following described
and categorized by K. Lynch: [5] knots, regions, landmarks — waypoints and selected edges
and bands with an assessment. This allows you to determine the importance of individual
elements in space. Table 1 presents the definition, identification and recording of descriptive
data formulated by the respondents.
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Fig. 7. Sample multi-sensory valorization — one of the many graphic studies created during the field research,
which are part of the hybrid research methodology, made by residents participating in the workshops
based on the graphic legend prepared by the author and additional records of impressions presented
according to their own graphic interpretation, November 2019, Source: own study

As an observer, the author accompanied the respondents in the study, conducted a free
group interview and noted their sensory reactions described in words and gestures during the
research walk. They were assigned to individual research points. The interviews and research
notes were coded in a descriptive manner in accordance with the principles of conducting
interviews, as presented in the table below. A method of coding the so-called a priori coding
(concept driven coding), focused on finding traces in the previously transcribed data refer-
ring to previously adopted concepts or constructed on the basis of other research methods of
conclusions (Table 1). In the case of this method, the subject of interest was everything that
accompanies multisensory perception in the functional and spatial aspect, i.e. the behavior and
actions of respondents in relation to the environment, events, feelings and emotions, states,
conditions (both atmospheric and related to natural and anthropogenic), limitations and barriers,
respondents’ attitude to space, their attitude and expectations, relations and interactions between
the social community and changes and processes in public space noticed by respondents.
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Table 1. Example of a coding fragment for multi-sensory perception interviews. Source: own study

Text Descriptive code

,,there are many services here and everyone will find something for
themselves “,” a beautiful place, I'll be happy to come back in here
“,” how good that there are no cars here *,” this environment is

inspiring *,” you can spend time here”

Freedom of action in space

,, it stinks, you can t breathe “,” you can't hear anything, you have to
go away from here *,” those old and dirty yards are terrible, damp
and musty everywhere “,” it smells like construction site and dust is
everywhere”

Irritation, excess stimuli, stressors

“ o

,, "vou can see the church tower from afar “,” this school is right at
the crossroads *,” you can see the church from here “,” the entrance
gate to the courtyard can be seen from a distance “,” everyone goes
one way in the morning and the other in the evening ”’

Proper orientation in space

, nice place and a lot of people “,” you can hear nice music in the
cafe garden *,” there are always a lot of people here *,” smells beau- Living space
tifully with donuts *,” wonderful smell of dinner”

,,empty, no people “,” smells of old age *,” It's boring in here, noth-

ing is happening A socially dead space

., this street is nice with trees and greenery, you can stay here longer

PR . o . ,  Positive value of urban greene
, " this is my favorite street because it's so quiet, green and pretty & y

., this is a special place, because I like these people and this building
“ " it is a very fashionable place now, even tourists come here “,” this The identity of the place
is the most popular street *,” epic place”

., this is the largest intersection, I drive this way every day, there is
always a lot of people “,” here, it is close to everything, close to Understandable space
services, to the center”

As part of the accepted research, the penultimate phase of research, was carried out on
various groups of respondents. The first research procedure in October 2019 involved 5 teams
of subjects of the same age but of different sex, included 35 people. Each group consisted of
5-7 people who were students of a secondary school located in the center of the study area.’
Most of the respondents were residents or everyday users of the studied areas of right-hand
Warsaw, i.¢. the studied area or its vicinity. The group of respondents was selected on purpose
—as a trial group. They were the students of Wiadystaw IV, VIII High School in Warsaw, which
is located in the studied area. It can therefore be assumed that these are people who meet the
requirements described by environmental psychology in the previously discussed sections,
including A. Banka [19] The respondents knew the studied spaces through the prism of personal
experiences and everyday social interactions. They efficiently and consciously moved around
the studied area and were able to work as a team on the development of the valuation and the
questionnaire. Children are also the social group which, quoting S. Mordwa [31] most willingly
makes graphic studies or a graphic presentation of ideas of space. This group of respondents
favored the achievement of the goal — efficient conduct of the survey, and thus checking the
entire innovative methodology. It is possible to perform the title methodology on another
community as well. In such research, it is also important to properly prepare the respondents
(A. Hauzinski) [10] [11]. Therefore, the field research was preceded by classroom activities
presenting the theory of the research and explaining the goals and method of execution.

1 The second study took place in November 2019. with the participation of a small group of municipal
authorities and residents. It has not been described in greater detail due to the slight influence on the
results of the research.
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Later, after the field research, another 2" meeting at the school allowed for the presentation
of the survey results to the respondents and a group discussion. The schematic appendix was
an instruction and a map with marked route, dominants and frontages requiring assessment.

The respondents received instructions on exemplary assessments and symbols, and
then entered information on the sensory assessment of public spaces in the table, which was
attached to the main graphic study — valorization on the prepared map.

Through field research, observations and graphical assessment, it was determined how
a given public space affects the senses, whether it is assessed positively or negatively, and
how the visual assessment differs from that made by other senses. As part of the visual assess-
ment in terms of the sense of sight, spatial order, aesthetics, dominants, architectural details,
greenery, etc. were assessed. Here, the assessment was similar to the “Wejchert impression
curve” [6] [7] however, the aspect of landscape elements on the left and right side of the evalu-
ator was taken into account, but also those located in a different spatial relationship, e.g. above,
below or behind it. The following elements of space have become important: balconies, tree
crowns, authentic pavement, closings and perspective openings seen in a given place, visible
church towers, or a panorama of the left bank of Warsaw.

Assessment by touch included a wide range of sensations, including: temperature, sun,
shade, humidity, dry air, the type of wind on the face (open and closed areas), and even mate-
rials or textures, sculptures, walls, paving, pavement or greenery. While examining by touch,
the participants gently or strongly pressed the surfaces, knocked, stroked, stomped, scratched,
nudged, squeezed, leaned against the walls of tenement houses, and even hugged, for example,
trees. The research revealed that sometimes people traverse a space and come into contact with
other people or buildings. Sometimes, while waiting for someone, they lean against the walls
of buildings. The following ratings appeared in the description: “grainy, rough, soft, smooth,
muddy, fluffy, spiky, dirty, dry, wet, cold, warm, hard, slippery, moss-covered, wooden, steel,
stone, brick, concrete, plastic, sticky, lumpy.

By examining the sense of hearing, for example, the following sensations were deter-
mined: music from a restaurant, rustling leaves, pigeons, rattling of wheels on pavement, noise
of construction sites, noise of streets, sound of a tram, train, church bells, chimes on the school
tower, conversations of passers-by, their language, nationality, vocabulary, dialect, tone of
voice, restaurant buzz, sounds of a performance event. The following sensations were defined
in the sense of smell: the smell of chocolate, donuts, stew, dumplings, tripe, dried mushrooms,
lord’s crust, cookies, construction, dust, concrete, autumn leaves, earth, cobblestones, concrete,
brick walls, decayed wood, pizza, stench gate and underground passages, exhaust gases, etc.

In addition, the perception of time was examined and here were defined: spaces in which
the passage of time or the circadian cycle is clearly visible, or where time stops or ceases to
matter. Clock towers, chimes, clocks on parking meters, open shop windows and restaurants,
neon signs, street lamps, lighting, visible increased traffic or traffic jams, other characteristic
events in public space that inform us about the passage of time, orientation towards the sides
of the world turned out to be important, people’s relationships in the space, rush or quiet
conversations in restaurants, birds singing in the morning, dogs barking in the evening and
more. In the study of the sense of proprioception — the feeling of balance, the sense of stability,
information about high curbs (e.g. Florianska Street), stairs (e.g. in front of the Warsaw-Praga
Diocese Curia), unevenness, e.g. authentic pavement, barriers or thresholds were determined.

The taste test was the most difficult to describe. According to the theory, we also taste
using the senses of smell and sight, we remember the flavors of food eaten in restaurants
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(goulash, pork chops) or on the street (dumplings, tripe, candyfloss). Where and how are
the dishes served (street, restaurant, milk bar, oriental cuisine, Polish cuisine, exotic dishes,
cafe, bar with alcohol only, etc.). Do people eat while standing up? Do they eat their meals
comfortably at the tables? Is it elegant? What’s the atmosphere like? s it fast food? Do people
enjoy the taste? Is it a to-go dish? Do we eat on a busy street, in the aisle? They can also be
childhood memories or dishes prepared by residents and eaten in apartments along the route.
As part of the study, there was no separate time for tasting, but the participants could consume
their own tastes that fit into the multi-sensory landscape of the district. These include, for
example, the famous and almost regional product “dumplings from the R6zycki Bazaar” made
in a traditional way and sold at the market stall.

In the next stage of hybrid research, the aggregation and interpretation of data on multi-
sensory perception of places obtained as part of: questionnaires, multisensory valorization,
interview and scientific walk were prepared. The results from the questionnaire were presented
in the form of a graph (Fig. 8) presenting the indications in the examined points in the field
for the three most important senses in a trial assessment: sight, hearing and smell. Whereas,
graphic studies — multi-sensory valorization (Fig. 7) with detailed information constituted
the background illustrating the decisions visible in the assessment. Information on the issues
accompanying the multi-sensory perception of public spaces was provided by the coding of
interviews (Table 1) and a science walk.

7. Findings

The graph (Fig. 8) with the assessment was prepared on the basis of questionnaires
concerning the multisensory assessment of research points. It presents a clear discrepancy
in the perception of some public spaces in terms of different senses. Places that were highly
rated visually (no. 1- at Solidarno$ci Avenue, Targowa St. — no. 5, Zabkowska St. — no. 9)
received an extremely low score in terms of the sense of hearing. You can also see that the
visual assessment of space is much higher than that made in terms of other senses. In terms
of smell, places where gastronomy is located and the aroma of meals is noticeable (square
in front of the church and the Rusaltka bar located there — no. 2, Zabkowska Street no. 8 and
9 and Konesera Square — no. 9 and 10) were highly rated. This illustrates the validity of the
above research and illustrates how much other senses affect the perception of space and the
importance of non-visual stimuli for the attractiveness of the place. Although the following
senses were examined: sight, touch, taste, smell, hearing, time perception and proprioception,
in the case of Praga-Potnoc, the senses of sight, hearing and smell played a key role in the
multi-sensory assessment.
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Fragment of multi-sensory analysis
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Fig. 8.  Summary of evaluation graphs in terms of the three senses in relation to selected spaces. 1-14 —
public spaces — assessment points. The graph shows the sum of the points received by each of the
individual places from all groups participating in the study

In the multi-sensory evaluation as well as the transcribed and interpreted interview, the
respondents noted primarily: “unusual historical architecture”, landscape elements: “nice
view”, “ivy on the wall”, “nice greenery”, “sunny street” details “ugly signboard”, « a red
brick that creates a mood, but also the “dying away” of public spaces: “decaying buildings”
or “no people”. In the landscape of Praga’s — Potnoc scents, incl. the smells of the restaurant
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were noticed: “smells like hot-dog”, “smells like black pudding”, “smells like ketchup”, “it
stinks”, but also “smells like rosebuds”, “smells like vodka”, “feels like there is construction
sight nearby”. Among the noises, the following were distinguished: heavy traffic, “renovation of
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a historic tenement house”, “noise of cafe gardens”, “rattling of wheels on pavement”, “rustling
of'leaves”, “nice music”. Terms referring to all the senses appeared: “nice atmosphere”, “cool
place”. The multi-sensory perception was fuller and richer in places where road traffic was

excluded or limited (eg Koneser Square, Florianska Street)

The multi-sensory valorizations of Praga-Potnoc, the questionnaires and interviews with
the research groups are consistent on the basic issues concerning the core elements of the
urban composition and the reactions caused by the strongest stimuli. The multitude of received
stimuli and observations clearly depended on the sex of the respondents and their individual
sensitivity. All those public spaces characterized by high spatial order, good technical condition
of buildings, greenery and a diverse offer of social infrastructure, mainly trade and services,
were positively assessed. (Florianska Street, Koneser Square, Zabkowska Street)

The following spaces were assessed negatively: with a lot of noise and traffic, urban
tissue degradation, “socially dead”, with visible phenomena of social pathology in the public
space (intersection of Targowa and Zabkowska streets with an underground passage, Bazar
Roézyckiego). The multi-sensory valorization of public spaces in Praga-Péinoc was similar



112 Ewa Jarecka-Bidzinska

in the assessment of all groups of respondents. However, in such a dynamically changing
socio-economic area, the valorization should be repeated in subsequent groups of respondents,
as this was only a sample group.

8. Summary

The multi-stage hybrid research procedure allows for a comprehensive multi-sensory
evaluation of public spaces, covering many complex stages, including consultations with
experts, functional and spatial analyzes, in situ research and other hierarchically related,
although sometimes in a complex relationship. One of the final stages is work with previously
selected respondents, taking various and parallel forms: questionnaire, multi-sensory valoriza-
tion, interview and scientific walk. This is an important element related to social participation
and the involvement of residents associated with the area in determining its potential, which
in turn may translate into the stage of formulating design guidelines. The final stages of the
hybrid research methodology concern the aggregation and interpretation of data on multisensory
perception of places. The research procedure culminates conclusions and proposals in terms
of the multi-sensory perception of public spaces in urban planning. Depending on the case,
however, they influence the re-verification of their characteristics in terms of the diagnosis of
problems related to public spaces, as demonstrated by trial studies.

New investments affect the “dying away” of other public spaces, and this in turn affects
their perception by the observer in terms of many senses. The investment of Centrum Praskie
Koneser, highly rated by the respondents, attracts visitors and residents. On the other hand, the
neglect of many other public spaces, both technically and socio-economically, visible in the
research results, contributes to low attractiveness and evaluation. The research in the trial area
reflects the desolation of Zabkowska St. much more negative among the surveyed observers
was the impression of “dead spaces” than unsightly architecture. The attractive commercial
offer of the CPK, neat, well-equipped and aesthetic spaces, and unique monuments made this
place a clear success. During the year, this drastically affected the number of users and the
structure of services and trade on Zabkowska St. Activities of the local government to revive
Zabkowska St, among others the “Otwarta Zabkowska” event, did not bring the expected
results. The multi-sensory valorization of these spaces confirms above mentioned observations.
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The respondents referred to it as “nothing is happening”, “lack of people” or “emptiness”.

What could be competitive or otherwise supplementary to the space of the Praga Koneser
Center, highly rated by the respondents, is authenticity related to multi-sensory perception.
Building a community of residents through events such as former backyard meetings under
the slogan “Neighbors to neighbors” and social participation with involvement in deciding
about changes in the public space. Individual public spaces should be adapted so that both
young and old residents of the immediate vicinity can comfortably spend their time there. Only
such action in space will allow for its permanent revival, also outside organized events or the
tourist season. Referring to A. Banka [19] [20], in order to enliven places, one should not study
history, but refer to the memory of events in places where life was vibrant. The influence on
increasing the attractiveness of the space is the creation of sequences of connections between
them — this is “kinostatic” memory — passages, promenades, piers or numerous pedestrian
precincts illustrate the remembering of urban spaces through movement. However, due to the
change in the social structure, cultural patterns, emotional attitudes and the concept of socially
important places are also changing. The historical significance of places such as the Rozycki
Bazaar does not function in the minds of young people and immigrant communities. They
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have not experienced social interactions in this public space and evaluate it through the prism
of the present. Thus, the value of the memory of the senses is also diminishing.

Quoting after A. Banka “The acoustic space is compulsory — you cannot close your
ears. Acoustic space control is important for the quality of life. ”The trial study showed how
important it is to limit car traffic, create a system of connections between individual public
spaces and introduce greenery and ecological solutions in various forms: green walls and
terraces, plant and architectural hybrids, pocket parks, community gardens , green tracks,
flower meadows, street retention canals, or renewable energy sources. Sensual spatial diversity
far from “bedroom districts” stimulates social behavior. In terms of multi-sensory aspects, the
attractiveness of space can be increased, among others, by: smells and calm, moderately quiet
music coming from the restaurant, introducing splash and noise of water, playing benches,
sculptures, playground equipment and reducing heat islands through greenery. Then, you can
obtain a sonic valorization of the space in which the rustling of leaves, children’s laughter,
barking dogs and singing birds in the morning reappear. Small architecture, and especially
sculptural forms, have a different temperature and texture, which triggers different spheres of
sensory perception. Additionally, it is important to keep the elements on a good “human” scale,
avoid glaring contrasts, and introduce soft lighting and related colors. All this determines the
harmony in multi-sensory perception.

In the light of these research processes, the concept of establishing a statutory form of
protection of the area by creating a Cultural Park [46] in Warsaw’s Praga — Péinoc district,
aimed at preserving the heritage and increasing its attractiveness, seems to be correct. It will
also be significant to use research on multi-sensory valorization in order to preserve these
important stimuli that are part of the landscape of the district, which constitute the multi-sen-
sory heritage: “rattle of wheels on authentic stone pavement”, “church bells”, “chimes on the
tower”, “market buzzing”, “ Praga band “,” Wedel chocolate fragrance “and others. As part of
the activities in the field of the Cultural Park, action on all senses should also be considered.
Hence, to revive the degraded Rézycki Bazaar. Introduce the Open Workshops of Craftsmen
available on one tourist route and open workshops (ceramics, seamstress, umbrella maker,
shoemaker, purse maker, furrier and others). This procedure, emphasizing the heritage of
Praga related to craftsmanship, would at the same time have a positive impact on all senses
to revive selected public spaces.

According to A. Hauzinski [10] [11] “An optimal environment should provide stimuli
of varying intensity, combine movement with activity, express the attitudes and values of the
inhabitants. Such an environment is conducive to shaping local identity among groups of
residents. “ The optimal space perceived in many senses allows for efficient orientation in the
environment, especially in a difficult situation related to the threat, when there is no support of
navigation devices, signs or other people. This reduces the feeling of aesthetic chaos, stress and
danger. The optimal sensory urban environment allows freedom of behavior and interpersonal
interactions, as well as the regulation of the supply of stimulation. On the daily journey from
home to school or work, an individual is exposed to an overload of information, of which only
some of it reaches them. Others, unaware, act as stressors on the psyche (A. Banka) [19] [20].
People also naturally strive to define their territory, which is difficult in an urban environment.
Then, the solution is space therapy — access to places with moderate environmental stimulation,
especially important for the elderly.

Comprehensive — hybrid research methodology allows for conducting research on
multi-sensory perception of space and its recording based on, inter alia, qualitative research
— multi-sensory valorization, but most of all it is preceded by an empirical method: literature
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on the subject was searched, collected and analyzed. Archival and present documents, plans,
cartographic sources and satellite photos were studied. A rich photographic documentation
was made, presenting the valorization of the space of places in the course of time, at differ-
ent seasons, different times and circumstances. Research stages include, among others work
with the social community, which means the proper selection of respondents (people who
know the given spaces from their own experiences and interactions) and preparation of the
group of respondents so that it is possible to later efficiently interpret the data and aggregate
it A. Gendzwit [40]. This led to the description and interpretation of research in the area and
sample group. Finally, conclusions related to the multi-sensory perception of space were
formulated regarding the proposed improvement actions in the functional and spatial aspect.
This illustrates the essence of the hybrid methodology of research into multi-sensory public
spaces in urban planning.

Knowledge about multi-sensory experiences can help urban designers in shaping space
in a way that reduces negative feelings, e.g. fear, and strengthens the positive ones — freedom
and liberty. The hybrid methodology of research on the multi-sensory perception of public
spaces allows for a full, more conscious and reliable assessment of the surrounding reality.
The use of multi-sensory valorization of public spaces, questionnaires, interviews and walks,
preceded by other studies, including analysis of literature and data, observation, discussion with
representatives of the local community and experts, functional and spatial analysis as well as
photographic inventory, allow for the creation of a multi-sensory image of selected places. The
development of these activities will lead to the determination of: connecting the city’s form
with the structure of the needs and goals of its inhabitants, establishing the elements important
for the multi-sensory character of the district and their significance in the local identity.
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