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HYDRAULIC CONDUCTIVITY TENSOR OF ANISOTROPIC SOILS:
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ABSTRACT

Natural or artificial changes in soil stratigraphic-plane (i.e., the deposition of soil and sediments into
distinct layers) orientation can cause variations in hydraulic conductivity in different directions. Hydraulic
conductivity must, therefore, be considered — in this case — as a nondiagonal, full tensor to appropriately
represent the effect of the orientation of soil stratigraphic planes on the seepage flow pattern. This paper
introduces the derivation of the formula for the three-dimensional nondiagonal hydraulic conductivity
full tensor calculation in terms of azimuth and vertical angles. Furthermore, two-dimensional numerical
simulations of the seepage flow beneath a concrete dam are presented to demonstrate the need to account
for the nondiagonal elements of the hydraulic conductivity tensor in anisotropic soils of varying degrees of
stratigraphic tilt with respect to the coordinate system.

Keywords: full tensor, hydraulic conductivity, seepage flow, soil stratigraphy, numerical simulation

INTRODUCTION

Particle orientation, compaction, illuviation and sedimentation are some soil-forming processes that can cause
anisotropy in any soil (Assouline & Or, 2006; Peng, 2011). Certain natural soils possess substantial anisotropy,
resulting in significant variations in their mechanical or physical characteristics in various directions. This
tendency is especially noticeable in clayey soils compared to other soil types (Nguyen, Rahman & Karim,
2023). Anisotropic soils may exhibit varying transport characteristics depending on the direction of principal
flow and directional hydraulic conductivity. Therefore, analysis of seepage flow through anisotropic soils
might necessitate tensorial representation instead of the scalar values of hydraulic conductivity observed in
isotropic soils (Assouline & Or, 2006). In anisotropic soils, the permeability of the porous medium in various
directions is described by the hydraulic conductivity tensor, a matrix that depends on the flow direction and soil
stratigraphy — the deposition of soil and sediments into distinct layers. The hydraulic conductivity tensor has
conventionally been regarded as diagonal, which signifies that the permeability remains unaffected by the flow
direction. This assumption, nevertheless, might not apply to anisotropic soil — a medium in which permeability
can vary substantially in various directions — where the principal directions of hydraulic conductivity differ
from the system of coordinates used for flow simulation. One instance of this is the fluid-flow equations
utilised to model numerous commercial reservoirs (Ertekin, Abou-Kassem & King, 2001; Fanchi, 2005). These
equations operate under the supposition that nondiagonal elements of the tensor can be disregarded, leading to
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inaccurate flow calculations (Fanchi, 2008). Thus, Fanchi (2008) introduced a formula that enabled the precise
computation of a two-dimensional full-hydraulic conductivity tensor, including nondiagonal components, at
any rotation angle in a plane. In a subsequent study, Alam and Farid (2023) derived and utilised a similar
formula to conduct numerical simulations of seepage in unsaturated soil. They investigated multiple scenarios
using two-dimensional models and demonstrated that neglecting nondiagonal factors leads to erroneous
seepage flows. Nonetheless, a three-dimensional model is needed to simulate more realistic circumstances,
necessitating the development of a formula for the three-dimensional nondiagonal hydraulic conductivity full
tensor, subject to the soil stratigraphic planes’ tilt angle.

This paper presents a novel set of formulas to compute the diagonal and nondiagonal components of
the three-dimensional hydraulic conductivity full tensor. Furthermore, this study employs two-dimensional
numerical simulations to examine the necessity of incorporating the full-hydraulic conductivity tensor when
simulating seepage flow beneath a concrete dam, considering the varying degrees of stratigraphic inclination.

BACKGROUND

Darcy’s law

If vy, v, and v, are the components of Darcy’s velocity () — which represents the discharge velocity of
groundwater flow in X, Y and Z directions, respectively — Darcy’s law in the case of anisotropic soil takes the
following form:

% = — kVh, (1)

which can be rewritten in the matrix form as follows:

—
h

Uy kxx
[vy] =—|kyx kyy ky, o | ()
Vz kzx kzy kzz K2
0z
where:
h — total (hydraulic) head,
kyx, kyy, k;, — diagonal elements,
kxy, Kxz» Kyx> Kyz, Kzx, k7, — nondiagonal elements of hydraulic conductivity tensor k; the nondiagonal

elements of k are symmetrical.

Seepage
In terms of the specific/elastic capacity (i.e., retention) of water (m,,) and temporal variations of the hydraulic
head (h) for transient seepage equation (Fredlund & Rahardjo, 1993; Genetti Jr, 1999) can be written as

follows:

= _ _a_g

¥ = -2, 3)
where:

0 — volumetric water content.
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o . _ a0 . oh
For unsaturated soils with constant porosity temporal, the variations of 8, (E) can be written as m,, e where

m,, is the slope of the soil water-retention characteristics curve (SWRC). For the purpose of this paper,
the SWRC is approximated to a two-segment polynomial with the two values for its slope, m,, # 0.001 m™!
for unsaturated soils and m,, = 0.00001 m™! for saturated soils.

DERIVATION OF HYDRAULIC CONDUCTIVITY TENSOR

In general, the tensor k has three categories of major (k,), intermediate (k,) and minor (k3) principal

hydraulic conductivity scalar values, where k3 is normal and k; and k, are aligned within the soil
stratigraphic plane. However, if there is a tilt in the stratigraphic planes due to natural deposition (e.g., tectonic
plate movements) or human activity (e.g., tillage and field traffic), (Pulido-Moncada et al., 2021), the
elements of k that are not on the diagonal need to be taken into account (i.e., will be non-zero). Nevertheless,

due to the mesoscale axisymmetry of the soil, typically, the equality of k; and k, exists within the
stratigraphic planes. When analysing seepage in an orthogonal coordinate system aligned with the three
principal orientations of the tensor (such as horizontal stratigraphic and XY planes), the tensor is diagonal;
otherwise, the hydraulic conductivity tensor k will be nondiagonal.

Two-dimensional hydraulic conductivity tensor
In a two-dimensional system of coordinates XZ and the stratigraphic plane with a positive slope « (i.e., the
tilt angle is above X axis), the components of the hydraulic conductivity tensor k (kyy, Kz, Kxz , kzx) are

computed in terms of k; and k5 as follows:

ky, = (%) + (%) cos2a, (4a)
Kyyz = kg = (%) sin 2a, (4b)
k,, = (kl;rk3) - (%) cos 2a. (4¢)

Derivation of three-dimensional hydraulic conductivity tensor
In the case of the three-dimensional system of coordinates XYZ, Darcy’s velocity equation represented by
Eq. (2) can be rewritten as follows:

Vy = Kyx 9x + kxy gy + ky; 9z (5a)
vy, = kyx gx T kyy 9y + kyz 9z, (5b)
Uy = Kpx gx + kzy gy + k.z g2, (5¢)
where:

oh oh oh
Ix = v 9y = _aandgz = ~ oz
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Suppose orthogonal unit vectors a;, a, and a; and velocity vectors vy, U, and V5 are in the orientation of k;,
k, and k5, Darcy’s velocity ¥ can then also take the following form:

U =v,a; + 1,0, + v30a3, (6)

where:
@y = agd + ayyf + ag.k, @y = agl + ayyf + ay.k and ag = as, i + asyf + as,k,

L], k — unit vectors along the X, Y and Z axes.

If the positive values of g,, g, and g, are projected on the k;, k, and k3 axes, then the flow velocity vy
along the 1, 2 and 3 directions can be simplified as follows.

v = (1) g, + 1)y, + (1), (7
where:

(1) g, = [(gxD) " @Tky = [(gxD) * (arl + agyf + ayk)|ky = grascky, (8a)
W1)g, = [(9,)) - @lks = [(97) - (aul + asyf + as k)]s = gyany ks, (8b)
W1y, = [(9:k)  @ills = [(9:k) - (aral + aryf + @y k) ]ky = g,a1,k,. (8¢)

Substitution of these values on Eq. (7) reduces to the following form:

U = (gxalx + gyayy + gzalz)kl- )
In a similar manner:

Uy = (gxa2x + gyayy + gzaZZ)kZa (10)

V3 = (gxa3x + gyaszy + gza3z)k3- (11)

Employing Eq. (9) through Eq. (11) on Eq. (6) and rearranging results as follows:

U= [(gxalxz + gyai1x01y + gzalxalz)kl + (gxazx2 + gy oy yy + gzaZvaZ)kZ + (gxa3x2 +

+ gyazxazy + gza3xa3z)k3]i + [(gxalyalx + gya1,° + .gzalyalz)kl + (gxa2ya2x + gy0,,% +

+ gzaZyaZZ)kZ + (.gxa3ya3x + gyazy® + gza3ya3z)k3]f + [(gxalzalx + gya1;a1y + gza1z2)k1 +

+ (gvaZaZx + gyaz,05y + nglzZz)kz + (gxaBZan + gya3,03y + gza3zz)k3]ff- (12)

4 aspa.sggw.edu.pl
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Comparing Eq. (12) with ¥ = v, i + v,f + v,k results in:

Uy = (alxzkl + a2x2k2 + a3x2k3)gx + (alxalykl + aZvaykZ + a3xa3yk3)gy + (alxalzkl +

+ ApQy,ky + A3503,k3) g5, (13a)
vy = (a1y @ik + agyaorks + azyasyks) gy + (a1y2ky + azy%ks + asy?ks) gy + (a1ya:,k, +
'y 1yA1xft1 2y Aax 2 3ya3xK3)9x 1y K1 2y K2 3y K3)3y 1yQA1zK1
+ azya;.k; + a3ya32k3)gza (13b)
v, = (a1,a1x5ky + az,02.k; + az,a3,k3) g, + (alzalykl + az,a;,k, + a32a3yk3)gy +
(13c)

+ (a1.2ky + az,%k, + az,’ks) g,

Equating the left-hand sides of Eq. (5) with Eq. (13) provides the diagonal and nondiagonal components of
the hydraulic conductivity tensor k in terms of k, k, and k5 as follows:

Kyx = a1x2k1 + a2x2k2 + a3x2k3 )

kyy = a1y%ky + azy %k, + azy’ks

ky, = a122k1 + a222k2 + a322k3 \ (14)
kxy = kyx = a1xa1yks + azxazyk; + azyazyks
kyz = kzy = alyalzkl + a2ya22k2 + a3ya3zk3
kzx = Kxz = Q17010ky + az,050k; + az,a3,k3

The unit vectors a;, a, and a3 are orthogonal to each other and @3 is normal to the soil stratigraphic plane
(Fig. 1). The figure shows the projection of a; and a; on the X, Y and Z axes, respectively — from which the
unit vectors a;, a, and a; can be expressed in terms of the vertical angle and azimuth.

z
a N b z
h
Sin
e
A
/ -
4 i A
g I s
2 P
8 Sy
— : _, ) /
ks & ky a
cos 0 cos( @, — 61) N
A »Y NATA »¥
Ry 8.
7 O ol
» @
bﬁS\'
o
3\ B
. . . N
o f
Fig. 1. Projections: a—a; on X, Y and Z axes; b—a; on X, Y and Z axes

Source: authors’ compilation.

aspa.sggw.edu.pl



Alam, M.K., Farid, A.(2024). Hydraulic conductivity tensor of anisotropic soils: the impact on seepage flow. Acta Sci. Pol. Architectura, 23,
1-11, DOI: 10.22630/ASPA.2024.23.1

Assuming unit vectors @, a, and a; can be expressed as follows:

a; = ag,l +ag,f + a,,k = cos 6y, 1+ cos 601y ] + cos b, k, (15a)
Ay = Ayl + ayyf + a,,k = cos 6,, 1 + cos 02y J + cos 6, k, (15b)
@3 = Ayl + azyf + as,k = cos O3, 1 + cos O3, f + cos 05, k. (15¢)

From Figure 1a, it can be concluded that:
@3 = C0S O3, § + COS O3, f + cos 03, k = a3 = sin Os sin 5 § + cos O3 sin @3 j + cos @3 k. (16)

For any given vertical angle (VA), where @5 = (90° — VA); and azimuth A,;, where 8; = A,3, a; can be
found from Eq. (16).

Similarly, from Figure 1b, it can be deduced that:

@; = cos B0y, L+ cos By, j+ cosOy, k = a; =sinb; cos(p; — 0;) 1+

+cos 6, cos(@p, —01) ]+ cos @, k. 17

Since a; and az are orthogonal, their dot product is zero (i.e., a; - az = 0), which is essentially the dot product
of Eq. (16) and (17) results in the following form.

sin 8, cos( ¢, — 6;) sin B3 sin @3 + cos B; cos( @, — 6;) cos B5 sin @3 + cos @4 cos @3 = 0. (18)

For a given azimuth A,,;, where 8; = A,,, the value of ¢,,0 < ¢; < 1 can be found from Eq. (18) to obtain
a, from Eq. (17).

Again, since @, is orthogonal to both a; and aj ; therefore, @, = a; X a3. Thus, the cross-product of Eq. (16)
and Eq. (17) produces @, as follows:

a, = (cos 6, cos( @, — ;) cos @3 — cos @4 €os O5 sin @3)i + (cos ¢4 sin O sin @3 — sin O; cos( @, —
— 6;) cos@s3) ]+ (sin 6, cos( @, — B,) cos B5 sin 3 — cos B, cos( @, — B;) sin O sin @3)k. (19)

Substituting Eqs (16), (17) and (19) into Eq. (14) gives the elements of the full three-dimensional hydraulic
conductivity tensor k as follows:

k., = sin? 0, cos?( @, — 01) ky + (cos 8; cos( @, — ;) cos g5 — cos @, cos 5 sin @3)%k, +
+ sin? @5 sin? @5 ks, (20a)

kyy = cos? 6, cos?( @1 — 6,) k1 + (cos ¢, sin 5 sin @3 — sin 6, cos( @, — 6;) cos p3)? k, +
+ cos? 05 sin? @5 ks, (20b)

k,, = cos? @, ki + (sin 8, cos( @, — ;) cos B3 sin @3 — cos B; cos( @, — ;) sin B5 sin @3)?k, +
+ cos? @32 ks, (20c¢)

6 aspa.sggw.edu.pl
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kyy, = kyx = sinf; cos cos?( @, — 0;1) ky + (cos 0 cos(p;, — 6;) cos @3 —
— €0S @4 €0s B5 sin ¢3)(cos ¢ sin O3 sin p5 — sin 6; cos( ¢, — 0;) cos @3) k, +
+ sin 5 sin @3 cos 63 sin @5 k3, (20d)

ky, = k;, = cos 8, cos( @1 — 0;) cos ¢; ky + (cos @1 sin B sin @3 — sin 6 cos( @, —
— 6,) cos ¢3) (sin 8, cos( @, — 0,) cos 65 sin 3 — cos B cos(p,; — B;) sinB5 sin ;) k, +
+ cos 85 sin @3 cos @3 k3, (20e)

k. = ky, = cos @, sin 6, cos( @, — 61)k, + (sin 8, cos( @, — 0,) cos 05 sin p3; — cos B, cos(p; —
— 6,) sin 65 sin @3 )(cos ; cos( ¢, — ;) cos @3 — cos @, cos B3 sin @3)k, + cos @5 sin O3 sin @5 k. (20f)

NUMERICAL SIMULATION

Seepage flow formulation
The seepage flow under a concrete dam is simulated here to demonstrate the impact of the nondiagonal k on

the tilted soil’s stratigraphic planes. In this model, the upstream and downstream lakes are simulated as inlet
and outlet, respectively — as schematically shown in Figure 2.

Downstream

Upstream
e—le—r
G285
=

b — —
G

Fig. 2. Schematic of the model for an upstream (inlet) and a downstream (outlet) at the top boundary

Source: authors’ compilation.

Mathematical model
The combination of Eq. (1) and Eq. (2) govern the seepage, which for a two-dimensional problem can be
reduced to the following form:

a
9 9 [kux  Kxz]|ox|, _ ., Oh
‘[a E] [kzx kzz] o |h= Mg @0
0z
which can be expanded as follows:

2 2 2 2
_[6kxx6h 6h+%6_h+k ah_i_%a_h_l_k ah+%a_h+k ah]=—mv3—'t’, (22)

ax ox | XX 9xz T Tax 8z ' "XZ3xaz ' 8z ox | X 9zax | 9z 9z | #Z9z2
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Finite-difference model development

A two-dimensional finite-difference numerical model was developed using the MATLAB interface, with
Dirichlet boundary conditions at the upstream (inlet) and downstream (outlet) (i.e., hydraulic heads are
constants (H; and H») and Neumann boundary conditions considered for the rest of the impermeable
boundaries). This model is used to demonstrate that in the case of tilted soil stratigraphic planes, the full-
-hydraulic conductivity tensor k is required to simulate seepage flow accurately.

The linearised form of Eq. (22), discretised over a rectangular grid using the forward finite difference
for first-order derivatives and central finite difference for higher-order derivatives, can be shown as:

Kxx(i) ptoer (kxx(i,j+1)_kxx(i,j) _I_zkxx(i,j) +kxz(i,j+1)_kxz(i,j) + zkxz(i,j) kzx(i+r,)=Kzx(ij) Zkzx(i,j) +

(ax)? iLj-1 (Ax)? (Ax)? AxAz AxAz AzAx AzAx
kzz(i+1,)=Kzz(i.j) kzz2(i.) mv(i,j)) trst (kxx(i,j+1)_kxx(i,j) Kex(i.j) kzx(i+1,j)—kzx(i,j)) trst
+ (Az)? + (Az)? + At hi.i + (Ax)? + (Ax)? + AzAx hi,i+1 +
kxz(ij) kzx(i j)) tk kzz(ij) tr kxz(ij+1)_kxz(ij) kzz(i+1 j)_kzz(ij) kzz(i J) tk
) . h +1' ). h +1’ ( ), ), . ), ) ) ; +1'
+ (AxAz + AzAx i-1,j-1 + (Az)2 -1 + AxAz (Az)? + (Az)? i+1,] +
Kz (i) kzx(i,f)) ther  _ _ TW()) ptk
+ (AxAz AzAx ) iHLj+L T At L) (23)
where hi’;. represents the hydraulic head on Row i, Column j (i.e., Node (i,j)) in the space and at time

instance ty; hl.t,’;.“ is the hydraulic head at Node (i, j) at time t;, and so on. For this model, in the case of
unsaturated soil — with each time step — each of the components of the k in Eq. (23) were updated using the

soil water-retention formula (Alam & Farid, 2023), which introduces nonlinearity back into the equation.
Thus, these nonlinear components of the k were updated using a modified iterated Crank—Nicholson scheme

(Tran & Liu, 2016) until they converged to their optimal value.

Simulation result and discussion

The subsequent conditions were applied for every scenario shown in Figures 3—5. The soil is initially
unsaturated, with a total head of h = 0, indicating capillary rise and suction at all elevations. All other soil
boundaries, apart from inlets and outlets, are impermeable. The assumed dimensions of the soil are 30 m for
the horizontal length (L) and 10 m for the vertical length — thickness (7). The initial hydraulic heads at the
inlet is H; = 50 m, and at the outlet, H, = 10 m. The seepage flow is simulated through an anisotropic soil
with a major principal hydraulic conductivity value of k; = 5.5 X 1072 m's™! and a minor principal
hydraulic conductivity value of k3 = 1.5 X 1072 m-s~! of the hydraulic conductivity tensor k. Each scenario

was examined for 5,000 s at a time step of At = 20 s.

The model was tested for various additional circumstances; however, only a few are shown below.
In all of the following scenarios, a tilt is present, resulting in estimated values of the diagonal components
of the hydraulic conductivity tensor as Ky, =5.03X102ms™! <k, and k, =197 x
x 1072 m's™! > k. In Figure 3, the first scenario, however, inaccurately depicts a symmetric seepage flow
pattern identical for both downward (¢ = — 20°) and upward (a = 20°) tilts due to erroneous assumption
of the values of the nondiagonal components of the tensor k as k,, = k,, = 0. However, for ¢ = —20° and

a = 20°, Figures 4 and 5 exhibit accurate seepage flow patterns, with calculated values for the nondiagonal
components as k,, = k,, = —1.29 X 1072 m-s™! and k,, = k,,, = 1.29 x 1072 m's™!, consequently.

8 aspa.sggw.edu.pl
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12

10

E
— 6
N 30
4 }r 25
2r 20
o] 15
0
Fig. 3. Equipotential lines and flow velocity vectors considering a forced diagonalised (erroneous approximation)

hydraulic conductivity tensor (i.e., k,, = k,, = 0), which has produced the same results for tilts (between
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CONCLUSIONS

This study introduces formulas to compute three-dimensional full-hydraulic conductivity tensor components.
Furthermore, seepage flow under a concrete dam is simulated using a two-dimensional finite-difference
numerical model to illustrate the failure of ignoring the nondiagonal components of the hydraulic conductivity
tensor inaccurately finding seepage flow for scenarios that involve tilted soil stratigraphic planes. Although
the provided formula analytically calculates both diagonal and nondiagonal elements of the three-dimensional
full-hydraulic conductivity tensor, there is still a need to develop a three-dimensional model for simulating
seepage flow that can employ the three-dimensional full-hydraulic conductivity tensor to replicate realistic
circumstances, enabling an exhaustive evaluation of the formula’s precision.
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WYZNACZANIE TENSORA PELNEGO PRZEWODNICTWA HYDRAULICZNEGO
GRUNTU ANIZOTROPOWEGO: WPLYW NA PRZEPLYW WYCIEKOW
POD ZAPORA BETONOWA

STRESZCZENIE

Naturalne lub sztuczne zmiany w orientacji ptaszczyzny stratygraficznej gleby (tj. osadzanie si¢ gleby
i osadow w odrgbnych warstwach) moga powodowa¢ zmiany przewodno$ci hydraulicznej w zaleznoS$ci
od kierunku pomiaru. Z tego powodu nalezy uwzgledni¢ w tym przypadku przewodno$¢ hydrauliczng jako
niediagonalny pely tensor, aby odpowiednio przedstawi¢ wplyw orientacji ptaszczyzn stratygraficznych
gleby na wzor przeptywu infiltracyjnego. W niniejszej pracy przedstawiono wzdr na trojwymiarowe
niediagonalne obliczenie tensora pelnego przewodnictwa hydraulicznego w aspekcie azymutu i kata
pionowego. Ponadto przedstawiono symulacje numeryczne dwuwymiarowych przeptywow wyciekowych
pod betonowa zapora, aby wykaza¢ potrzebe uwzglednienia pelnego tensora przewodnosci hydrauliczne;j
dla réznych stopni nachylenia stratygraficznego wzgledem uktadu wspotrzgdnych.

Stowa kluczowe: pelny tensor, przewodno$¢ hydrauliczna, przepltyw przesiakajacy, stratygrafia gleby,
model numeryczny
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ABSTRACT

The effects of the climate crisis disproportionately affect people living in densely populated urban areas,
presenting a major challenge for the 21% century. Urban administrators face a significant challenge
in implementing sustainable development goals into practice, especially within the constraints of the current
infrastructure. This paper evaluates how school zones — characterised by a significant amount of biologically
active areas — are integrated into the city’s infrastructure to support the multiple uses of natural resources that
improve urban living standards. A comprehensive analysis of current legislation, a review of the scientific
literature, and a case study of selected schoolyards and school campuses, and renovations of these types of sites
over the past decade focus on the evolution of school grounds and the formulation of green spaces and green-
-blue infrastructure. The paper’s conclusions outline the possibilities embedded in the evolution of schoolyards
in the pursuit of sustainable development functioning and a list of the potentialities of urban ecological initiatives.

Keywords: green-blue infrastructure, schools, smart city, sustainability

INTRODUCTION

The United Nations (UN) estimates that over half of the world’s population currently resides in urban areas,
a particularly pronounced trend in developing countries. By 2050, the number of people living in cities is expected
to increase to 68% (Allam, Bibri, Chabaud & Moreno, 2022). As a result, there is a growing need for intelligent
infrastructure to support human functioning in densely populated areas. Today’s accelerating urban development
must be supported by sustainable measures to minimise the consumption of natural resources and to change
the negative impact on the surrounding environment. The increasing awareness of designers and users contributes
to non-anthropocentric issues and bio-polises (Kleszcz, 2021). The new approach to sustainable cities treats them
as integrated systems like smart cities (Allam et al., 2022). The increasing population in urban areas requires
expanding living space for education and technical infrastructure such as roads and utilities to ensure the city’s
viability and the residents’ comfort. Sustainable development has three pillars: social, economic, and environmental
(Dalampira & Nastis, 2020; Jeronen, 2020). The presence of nature in the city is not only an important factor for water
retention, temperature regulation, and air purification.
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Residents also need to relax, rest, and enjoy recreation (Gu & Zheng, 2010; Shah et al., 2021). Due to
increasing urbanisation, green spaces in cities are becoming scarce (Brahimi, Benabbas, Altan, Nocera
& Costanzo, 2023), often a privilege of wealthy neighbourhoods (Shah et al., 2021). Modern urban development
involves green-blue infrastructure (GBI) to serve the city and its residents regardless of ownership status. In this
approach, green spaces become a focal point of the city’s purification grid, and the search for these spaces,
also associated with closed functions, is increasingly necessary. School campuses are among the areas worthy
of attention due to the usually significant amount of green space adjacent to them (Brandli, Salvia, da Rocha,
Mazutti & Reginatto, 2020; Zhu, Zhu & Dewancker, 2020). The article analyses the possibilities and ways
of using GBI on school campuses and related green spaces. This study analyses whether green spaces on
school grounds can be designed as part of a GBI that forms a local green enclave. The selected literature on
the subject is presented further, showing the state of research on the analysed problem, followed by an analysis
of the possibility of applying GBI in contemporary schools in the world and in Poland. The article concludes
with a roadmap for good solutions to support GBI in educational institutions.

LITERATURE REVIEW

Green-blue infrastructure

The rapid development of civilisation and human expansion has led to the deterioration of natural resources
and the quality of human life (Mittal & Ravi, 2015; Ahmad et al., 2020; Nathaniel, Nwulu & Bekun, 2021).
Constant exposure to poor-quality air and water and increasingly demanding access to the elements of nature
are leading to a deterioration in the condition of both nature and people. To prevent this, governments,
international organisations, and grassroots initiatives by residents are trying to reverse how people use
natural resources. An example of this is following sustainable development so as not to harm but also not
to live at the expense of future generations. One of the sustainable development goals (SDGs), adopted at
the UN Summit in September 2015 includes a movement towards greening, with the possibility of citizens
participation (Vidal, Barros & Maia, 2020; Moczek, Voigt-Heucke, Mortega, Fabd Cartas & Knobloch, 2021;
Goel & Vishnoi, 2022; Lombardia & Goémez-Villarino, 2023). Goals 3, 11, 13 and 15 address health and well-
-being, sustainable cities and communities, action on climate change, and the protection of life on land (Omer
& Noguchi, 2020; Xu et al., 2020). The need to integrate new solutions into the urban fabric assumes that
the GBI’s inherent multifunctionality will provide social benefits while supporting biodiversity conservation
and climate change mitigation and adaptation goals. However, a limitation of this approach is still the lack
of clear guidelines and the exact conditions that would prevail for social benefits to accrue from applying GBI
strategies for different ethnic and age groups (Andersson et al., 2022). Nevertheless, there is an apparent push
to introduce the GBI as a key link in urban planning focused on the SDGs goals.

Since no clear legal interpretation of the GBI exists, many different interpretations are emerging. Some
understand it as a system of different green and blue areas. Others see GBI as a planning strategy for networks
of natural and natural-based, semi-natural or protected areas with local and global impacts (Machac¢, Brabec
& Arnberger, 2022). Several reviews cover different aspects of GBI, including its potential as a climate
change adaptation strategy, its impact on ecosystems and human health, and its role in the food-energy-water
nexus (Almaaitah, Appleby, Rosenblat, Drake & Joksimovic, 2021; Shah et al., 2021). The reviews highlight
the importance of GBI in mitigating urban heat, managing stormwater, and promoting sustainability and
resilience in cities. While some studies highlight the benefits of integrating green-blue-grey infrastructure,
others point to further research to understand the complexities associated with this integration (Ying, Zhang,
Zhang & Bilan, 2022). Overall, the literature underscores the importance of GBI as a strategic planning and
design tool to address urban challenges and promote sustainable development.
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The role of GBI’s is to improve economic, social, and environmental indicators through the multifunctional
use of natural resources. The successful examples of green infrastructure (GI) in cities mitigate the urban heat
island effect and create more sustainable and comfortable urban environments. Such infrastructure appears to
be a socially acceptable solution that can be easily implemented in school park areas (Corrigan, 2023):

*  Green roofs: The adoption of green roofs has been effective in combating urban heat islands by providing
natural insulation, reducing surface temperatures, and promoting evaporative cooling.

*  Tree canopies: Planting and maintaining tree canopies in urban areas has proven to be an effective strategy
for shading and reducing surface temperatures, thereby mitigating the urban heat island effect.

* Rain gardens and bioswales: These GI features help manage stormwater, improve water quality, and
help reduce the urban heat island effect by promoting evaporative cooling and creating more thermally
balanced urban environments.

» Parks and green spaces: Creating parks, gardens, and other green spaces within cities has successfully
reduced the urban heat island effect by providing shade, lowering surface temperatures, and promoting
evaporative cooling.

City’s GI manifests itself as parks, gardens, plazas, open lawns, or forests. At the same time, blue
infrastructure (BI) consists of rivers, river tributaries and canals, retention ponds, basins, reservoirs,
bioretention ditches, infiltration ditches, and rain gardens. The GBI connections are most often green-
-blue corridors. Creating interconnected networks of water bodies and green spaces, known as green-blue
corridors, has proven successful in promoting biodiversity, improving air quality, and creating more
resilient and livable urban environments. This contrasts grey infrastructure, which consists of roads, paved
riverbanks, parking lots and other impervious surfaces (Machac et al., 2022). Surveys show that residents
value green spaces and, especially, the presence of trees (Trzaskowska, Renda, Adamiec & Kutak, 2023),
a sustainable development strategy. The GBI is one of the best practices in local systems management
for building urban resilience.

Smarter cities

The idea of smart cities based on smart solutions is to create infrastructural and technologically connected
urban areas (Kumar, Singh, Gupta & Madaan, 2020; Surdonja, Giuffré & Deluka-Tibljas, 2020). The concept
was defined in the 20™ century as the virtual city began to merge with reality. Smart cities are designed to
provide a high quality of life, efficient management of resources and progressiveness. It considers the basic
pillars: smart people, smart economy, smart governance smart mobility, smart environment. Smart city
focuses on the entire urban system, integrating all subsystems, and is designed to improve safety, support
urban development, and counter natural disasters (Jiang, 2020; Kutty, Abdella, Kucukvar, Onat & Bulu, 2020).
The amount of data collected for these purposes, supported by Internet of Things (IoT) systems, can make
predicting and proactively responding to weather phenomena possible. Natural resources such as parks and
waterways are just part of the infrastructure needed for sustainable development. When these resources are
well managed, cities will become smarter.

Urban infrastructure areas are primarily grey infrastructure. They are divided according to their
main functions: security, transportation, communication, lighting, water, and wastewater infrastructure and
heating. Smart city combines many different systems of the urban landscape. One of them could be ecosystem
services (ES). The key to success is a systems approach considering the individual context and situation.
The GBI helps mitigate the broader impacts of challenges such as climate change, outdoor recreation, and
social activity spaces. On the other hand, there is evidence of problems with the equitable availability of GBI
and its benefits. Harnessing the potential of GBI as a systems approach in ES, combined with the need for new
legal and ownership regulations (Andersson et al., 2019).
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Smart solutions such as advanced sensor technologies, data analytics, and IoT can improve the efficiency
and effectiveness of green-blue infrastructure. They enable real-time monitoring, informed decision-making,
and adaptive management for long-term urban development. Nature-based strategies include restoring and
maintaining natural bio-networks in urban environments. These measures provide numerous environmental
benefits and help adapt to and mitigate climate change (Hassan, Shahbaz & Gallardo Lopez, 2023).

Since 2010, New York City has implemented a GI Plan using a geographic information system (GIS)
that enables the collection, management, analysis, and mapping of various spatial data types. As part
of the plan, GIS is being used to monitor project progress and manage GI resources. In addition, a GI co-benefit
calculator has been made available. This publicly available web-based tool allows designers and planners to
identify different types of GI and their parameters to estimate costs and assess environmental, social and
economic aspects. The tool is also publicly available (Nowak, 2023).

Researchers’ interest in the GBI topic has increased since 2018 and this significantly growing trend
continues until March 2021 (de Macedo, Barda Picavet, Puppim de Oliveira & Shih, 2021; Veerkamp et al.,
2021; Janiszek & Krzysztofik, 2023), with a large lead in the United Kingdom (UK). After that time, interest
is still seen, but the topic develops slower. Poland ranks fourth behind Australia and Germany. Interest in this
strategy is emerging mainly in developing countries, but more and more countries are trying to implement
GBI solutions (Chandwani, Singh, Satpute & Dabir, 2021).

In Pakistan, federal, provincial, and local authorities launched the Clean and Green Pakistan Strategy
(CGPS) program in 2019 to promote green growth (GG). Among other things, the strategy relied on
the involvement of educational institutions. Promotion was done through research and encouraging young
people to develop innovative ideas (Mumtaz, 2021). Studies show that young people in Japan know the role
of GI (Tanaka, Mao & Furuya, 2022), which is also related to the mottainai approach (Jakimiuk et al., 2023).

Green-blue infrastructure in school areas

The city comprises people, and the next generation of innovators is in schools today. Improving educational
institutions’ operations also influences young people’s sense of responsibility for their surroundings, not only
those who will graduate in the future with majors related to the construction sector. The following aspects can
be considered in education while supporting the GBI of urban structures.

Water

Water at schools comes from canals, rivers, or ponds. They can also be rain gardens, retention ponds,
or cisterns. This prevents drought and protects against flooding. Elements of blue infrastructure can support
the GBI system in areas where flooding is possible. As global warming intensifies, storms are becoming
increasingly violent. Satellite data spanning nearly four decades has shown an increase in the frequency
of intense hurricanes, cyclones, and typhoons (Kornei, 2020; Alimonti, Mariani, Prodi & Ricci, 2022). Cities
struggle to handle such large amounts of water at once through its sewage system, resulting in flooding
(Dabrowska et al., 2023). This is often due to the outdated design of sewage systems, as seen in Warsaw,
where the system was built in the 1960s (Sobieraj, Bryx & Metelski, 2022). However, technologies exist to
combine sanitary and storm sewer systems into a combined sewer system. However, rebuilding the existing
infrastructure is very costly and incompatible with the principles of sustainable development. Cities are
considering such solutions for major infrastructure renovations and for new projects (Qin, 2020).

Trees and perennials

Older trees contribute much more to the environment; they produce more oxygen than newly planted trees.
Therefore, their cutting should be kept to a minimum. Native and non-toxic species should be planted. Trees
provide shelter for birds that nest in their crowns. Trees regulate the local microclimate, provide shade on
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hot days, and collect water, such as willow. European folklore and internet sources suggest that some trees
repel insects, including mosquitoes. Many plants are believed to have mosquito-repelling properties, but
this requires further investigation in the European climate. Mosquitoes require stagnant water for breeding.
It is believed that cones from the black alder tree alter their pH when they fall into the water, making
it unfavourable for larval development. Another practiced method involves the use of black walnut (Juglans
nigra L.) and white walnut (Juglans regia L.). They bring medical benefits, as they have antibacterial,
antifungal, antioxidant, and many other properties (Nael Abu Taha, 2011). Juglone, a toxin in walnut trees, is
safe for humans and may prevent cancer growth (Thakur, 2011). However, toxins that may be released from
tree roots, bark, and leaves (Kong, Xuan, Khanh, Tran & Trung, 2019) are believed to repel insects. However,
this should be studied similar to the Chinese research, which was inspired by folk knowledge and evaluated
selected plant species used by the population. Research has found that Artemisia indica Willd. shows the most
promise among the selected specimens in China (Gou et al., 2020). In Thailand, plants known to repel insects
include turmeric (Curcuma longa L.), ginger (Zingiber officinale Roscoe), pandan (Pandanus odorus L.),
cinnamon (Cinnamomum zeylanicum), clove (Syzygium aromaticum L.), and lemongrass (Cymbopogon
citratus), (Tisgratog, Sanguanpong, Grieco, Ngoen-Kluan & Chareonviriyaphap, 2016). Research is also
being conducted in countries where malaria is a problem. In Europe, smaller plants such as pine (Pinus spp.),
lavender (Lavandula spp.), peppermint (Mentha xpiperita), garlic (Allium sativum L.), rosemary (Rosmarinus
officinalis L.), and thyme (Thymus L.) are also present, whose essential oils have been proven to repel insects.
However, precise information on the conditions under which this action would be most successful is still
lacking (Singh, Singh & Mohanty, 2012).

Biodiversity and animals

Biodiversity is a path to a resilient city, thanks to the diverse adaptations of animals and plants to climatic
conditions (Snep & Clergeau, 2020; Mehan & Mostafavi, 2023). Different plants cope with different weather
conditions. Monoculture crops have higher risks, hence the need for fertilizers and pesticides (Winkler et al.,
2023). Therefore, a better solution is a flower meadow planted instead of a lawn, reducing the urban heat
island effect (Ignatieva, Haase, Dushkova & Haase, 2020; Mody et al., 2020; Winjkler et al., 2023).

Like any venture, community gardening requires a high degree of agreement among all participants.
Children often compete, but if they are well trained, they will take care of the garden together. This instills
a sense of responsibility and competence in the young people and fosters the idea that the growing generations
will take care of the GBI in the city, just as they took care of the community garden at school.

The presence of both domesticated and wild animals has a positive impact on children’s development.
Wild animals appear near schools in search of food or shelter. Farm schools are where animals are raised,
and children learn to care for them. An example of such an approach is the Montessori Farm School Folwark
Biatka, one of the schools within Poland’s Warsaw Montessori Family network. This school operates with
a work-study program, where children aged 12—18 live, learn, and work by running a farm and, eventually,
a hotel. The school has started in the 2022/2023 semester for 10 students but now accommodates 50 students.
The director drew inspiration from the exemplary Hershey Montessori Farm School in Ohio. Initially,
the director established an urban-based school with farm elements in Warsaw, Poland.

There is an herb garden and an organic greenhouse where students can grow and sell vegetables at a nearby
market. They also have a small chicken coop, from which the rooster had to be removed after the first year due
to complaints from residents of Warsaw’s Mokotow district about early morning crowing. In the new location
in Bialka, there is a beehive for children to plan, purchase, invest, produce honey, and sell it. This way, they
learn about economic independence through making mistakes independently and learning from them. They have
lambs, goats, chickens, cats, and dogs. They are also considering having horses, as it is a frequent request from
the students. The concept of farm schools appears in many countries but is still not very common.
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Fig. 1. St Anthony’s Catholic Primary School, Farm and Forest School, Hampshire, UK
Source: ©St Anthony’s Catholic Primary School [n.d.].

In the UK, St Anthony’s Catholic Primary School, with elements of a farm school (Fig. 1), also gives
children opportunities to take care of animals and learn. The farm school is not intended to train farmers but
to raise responsible, cooperative, resourceful individuals who understand where their food comes from and
recognise that humans are not the most important species on Earth, emphasising the importance of biodiversity
and animal welfare.

Aspects of the green-blue infrastructure of schools

The number of new schools in urban areas is increasing, in direct proportion to the influx of new residents.
The example of Polish structures shows a steadily increasing share of schools in cities and thus an increasing
share of the potential to develop a network of green spaces in the city. Figure 2 shows the change in the share
of primary schools (Grades 1-8) in cities and villages in Poland between the 2015/2016 and 2022/2023 school
years. In Warsaw alone, there are currently 216 primary schools. In particular, elementary schools, for which
the district is still the predominant form of admission according to Polish standards, should have a maximum
access radius of up to 500 m?, and the recommended area of a plot of land for a school should be 1.5-2.0 ha
(Dabrowska-Milewska, 2010).
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Fig.2. Comparison of the number of children in urban and rural elementary schools. In the 2022/2023 school year,
35.6% of students in rural areas attended elementary schools for children and adolescents, and 64.4% in urban
areas

Source: Glowny Urzad Statystyczny [GUS], (2023).

From this example, it can be seen that the potential for possible GBI solutions connecting elementary
schools is considerable, assuming that the schoolyard areas also include green spaces and outdoor playgrounds
and that the surface of the roofs may also indicate additional possibilities for their use.

MATERIAL AND METHODS

The subjects of the analysis are selected examples of green space developments for children’s use in school
facilities. These are green areas and playgrounds where developments in which aspects of GBI have been
used. The purpose of the study was to compare the realisations in Poland against the background of European
investments. The selected examples were analysed regarding the feasibility of implementation and the quality
of the specific fintech infrastructure solutions. The analysis results also present the participation of individual
stakeholders such as owners, designers, people responsible for the maintenance of the place or users — students
and their guardians, in the innovation of solutions implemented in the facilities.

RESULTS

Sundby School by Henning Larsen, Nykobing Falster, Denmark, 2020-2025

The school was designed according to SDGs and involves the local community, as anyone can come and use
its facilities (Fig. 3). It is designed with a circular floor plan, and its shape appears to grow out of the ground
due to the irregular green roof. In addition to classrooms, the school has a library, a cafeteria, sports facilities,
and facilities with music equipment. The school has received Nordic Ecolabel certification, which considers
energy consumption and climate. The walls of the school are thatched.
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Fig. 3. Sundby School by Henning Larsen, Nykebing Falster, Denmark

Source: Henning Larsen (2020).

In this case, the roles of the different stakeholders vary. In the case of the above facility, the city can do
a favour by financing innovative design solutions that support GBI. This also encourages investors since
the city’s goal is to become resilient, and GBI plays a key role in this context. A profit-oriented investor can
use higher quality materials and engineering solutions with co-financing. Investing in developed infrastructure,
especially in public buildings, can also attract publicity and interest by winning environmental competitions and
being open to visitors who want to learn about new technologies. Teachers should encourage children to take care
of the gardens. The role of parents is to participate in the garden’s care and encourage the children. It would be
the children’s responsibility to use the space safely and to keep it clean and in good shape to support GBI.

Playground Biberland by Gudrun Lang, Hamburg, Germany

The playground in Hamburg’s Neugraben-Fischbek neighbourhood is the first water playground in Germany
(Fig. 4). It can be used in any weather, including rainy days. The playground consists of cascading channels,
watercourses, reservoirs, and equipment. The area collects rainwater from the surrounding streets. The total
catchment area is approximately 34 ha, and the playground area is 2,000 m?. The collected water slowly
seeps into the ground, relieving the pressure on the stormwater drainage system. It is worth mentioning that
sanitary and rainwater sewers in many Polish cities sanitary and rainwater sewers are combined in the same
installation, so this solution becomes a sustainable alternative. However, there are doubts about the content
of the runoff water in which children are supposed to play. There may also be a problem with the amount
of water, so the current is not too strong, and the water is not too deep.
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Fig.4. Children’s playground Beiberland by Gudrun Lang, Hamburg, Germany
Source: Hamburg.de [n.d.].

Using this example, we can see that cities must plan and find how to deal with occasional excess water
naturally in an era of global warming and rapid weather changes. Weather and topographic data collection
in the smart city concept greatly supports such studies.

There is a concept of forest schools, one of which is that children are not afraid of weather changes and
like to play in the rain. Forest school does not require a large forest, and it is not a regular school. It is a form
of hands-on outdoor learning experience in natural environment. It started initially in the USA in 1927 and
then developed in Europe in the 2000s: Scandinavia, Scotland, Ireland, and the UK (Emine & Gdkhan, 2020).
Finally, a training program for forest schools practitioners was developed. Methodologies of forest schools
are closely connected to sustainable development. The benefits include confidence, self-esteem, physical
motor skills, emotional development, and connection to nature. In addition, outdoor activities promote
creativity, teamwork, achievement, manual skills, and understanding of nature (Aydemir & Yigit Gengten,
2023). Compared to regular schools, children are found to be healthier and have better cognitive functions
as they consciously absorb nature with all the senses. Nowadays, in the age of digitalisation, children spend
less and less time outdoors (Sella, Bolognesi, Bergamini, Mason & Pazzaglia, 2023). Forest schools sessions
should be implemented in every school so that every child can benefit from being in nature. Bringing
GBI elements into schoolyards would support this goal. The role of parents and guardians of children should
be to organise outdoor play more often, regardless of the weather. Further research on how children can play
with water and learn water safety at the same time would be advisable.

A break from the Lawn, University of Cambridge, 2020

King’s College’s Flower Meadow project (Fig. 5) is an experiment to transform traditional lawns on the 1772
campus into wildflower-filled meadows. By 1984, 97% of wildflower meadows were lost in England and Wales
(Griffiths-Lee, Nicholls & Goulson, 2022). The goal of the project was to improve the area’s aesthetics and
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promote biodiversity and environmental awareness among the college community. The experiment was to stop
mowing. There were objections saying that this was tantamount to breaking a 300-year tradition. Nevertheless,
an ecological space was created to encourage flora and fauna’s growth and promote the harmonious coexistence
of humans and nature.

Fig.5. A flower meadow at the University of Cambridge, UK
Source: ©Geoff Moggridge 2020.

The Flower Meadow has had considerable success within a few years of its inception. Dr Cicely Marshall,
a researcher at King’s College and the Department of Plant Sciences at Cambridge University, conducted a study
to monitor the effects. One of the findings was that of the 33 species sown, 84 are now growing. The wild meadow
has become a place of high ecological value, attracting various insects. It has also become popular for nature
observation and environmental education, attracting students, employees, and the local community. In addition,
the meadow reflects 25% more light than a mowed lawn. This is one way to address the effects of climate change
on the urban environment and create green spaces in the city. Wildflower meadows provide multiple benefits to
all humans, and pollinators, such as bees, butterflies, and other insects. In addition, living plants absorb pollutants
and become an important part of the urban ecosystem (R6zova, Pastorova & Kuczman, 2023).

The Flower Meadow project is an inspiring example of an innovative environmental initiative that benefits
both the environment and the academic community. Its success can motivate other educational institutions
and local communities to undertake similar conservation efforts. After all, just because we have been mowing
lawns for years does not necessarily mean we must keep doing so.

Blue-Green School Project MERITO foundation, Ventura County, California, USA, 2019-2021

The Multicultural Education for Resources Issues Threatening Oceans (MERITO) project was funded primarily
by the U.S. Environmental Protection Agency (EPA), the California Coastal Conservancy, and the Channel
Islands Harbor Foundation. The goal was to train teachers to teach their students about water science, water
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conservation, stormwater runoff prevention, composting, and recycling. Other topics also included watershed,
coastal, and island ecology. The project was also aimed to improve students’ critical thinking and problem-
-solving skills through project-based learning. The learning context was the local environment. The project
resulted in original proposals to conserve water, reduce waste on school grounds, and protect local watersheds
and aquatic ecosystems, primarily to prevent flooding and fires. The plan was to implement the best proposals
at five campuses in Ventura County: Sunkist Elementary in Port Hueneme, Montalvo Elementary in Ventura,
McKinna Elementary in Oxnard, and Berylwood Elementary in Simi Valley. Parts of the project that focused
on flood control included calculating runoff volumes, repairing old and damaged rain gutters (paid for by
the school), installing rain barrels, mapping existing vegetation, and designing and constructing a bioswale
in an existing native plant garden adjacent to the street.

Early - Years Starter Kit, Rotterdam’s Green-Blue Schoolyards program, 2019-2022

The project aimed to introduce more greenery to the school grounds. The premise was to address climate to
support children’s development in educational outdoor projects. The project was also intended to be helpful
as a green enclave for the local community. The program focused on five schools from areas with fewer public
green spaces and higher socioeconomic vulnerability, chosen to cover different parts of the city to equalise
access to GBI for different residents.

The implementation process was with schools in less green neighbourhoods. They were subsidised
with 80,000 euros per school per year between 2019-2022. Activities with social participation elements
were required, and participants should be children, parents, and neighbours. The funding would make
the areas accessible to residents after school hours.

Opportunities seized: The study found that a strong vision, with the child at the centre of the project, helped
build resilience to budget constraints and resistance from school communities. Maintaining and refreshing this
vision was essential to ensure the project’s sustainability and change the attitudes of education staff, managers,
contractors, and parents.

The search for co-funding opportunities and rational management of expenditures made it possible to
combine investments related to the Green-Blue Schoolyards program with existing climate adaptation efforts,
resulting in larger amounts of money allocated for this purpose.

A data-driven selection process, considering both the environment’s quantitative characteristics
of the environment and the school’s qualitative motivations of the school, enabled the selection of made
projects best suited to local needs and increased the involvement of school communities.

Involving schools in project implementation helped anchor the program in the communities and increased
local ownership of the maintenance of new green and blue spaces. Technical support from the Speeldernis,
drawing on their experience in designing outdoor playgrounds and engaging communities, played an essential
role in the program’s success. Their activities supported the adaptation of designs to individual school needs
and enabled the exchange of experience and support between schools.

Missed opportunities: Implementing the Green-Blue Schoolyards program has encountered difficulties
related to complex systems that required the cooperation of many stakeholders with different visions and
goals. Negotiating budget constraints, risk aversion, and differing community views on outdoor education
and maintenance standards make project implementation difficult. Significant efforts are being made to build
and co-create stakeholder visions to address these challenges before implementation. However, with schools
at the forefront of projects tailored to their neighbourhoods, piecemeal implementation requires increased
coordination to ensure quality control. While other cities manage similar programs centrally, Rotterdam
minimises this problem with technical support from the Speeldernis. In addition, inconsistencies between
city and national policies on regulations and funding limit the ability of schools to align programs with
a child-centred vision. National action is needed to address these inconsistencies.
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‘Climate in metropolis schools’ - Tri-City Project Gdansk-Gdynia-Sopot, Poland, 2021-2024

A project similar to the one in Rotterdam is a joint project of three cities in Poland. As part of the political action
for climate education, the Gdansk-Gdynia-Sopot Metropolitan Area (OMGGS) 2021 launched a project called
Climate in the Schools of the Metropolis. This project tries to educate locally and introduce local solutions
without a global connection to the GBI. It is funded by a grant from the European Economic Area Fund and
the Polish state budget and involves 40 schools from large cities and smaller towns participating. Educational
activities will be carried out, and in addition, by the spring of 2024, each school will have implemented
a GBI element, such as a green wall, compost pile, rain garden, or retention pond. At the time of writing,
the project has completed a phase of teacher training, competitions, exhibitions, and meetings. The project’s
strengths are in supporting environmental learning in schools and creating examples for other centres.

The key stakeholders are city and school administrators, teachers, parents, and children. The city
has provided funding and partners. Their role is to coordinate the project. Their role is to specify the needs
of the school. Teachers have received training on climate change mitigation and adaptation. Their role is to
share this knowledge and encourage students to participate and benefit from the project actively. The role
of parents was to keep up to date with project news to help them participate, for example, in competitions
organised by the project. Children should learn and actively participate in the project.

Primary school in Ksiagzenice by PALK Architekci, 2011-2012
The primary school in Ksiazenice is located next to an open green space. The area next to the school
was designed with the sustainable use of greenery in mind (Fig. 6).

Fig. 6. Storm gardens on school grounds in Ksiazenice

Source: ©Piotr Hardecki 2012.

The designers noted that plants can be a teaching tool instrument in classes on ecological and biological
topics. Therefore, the children can grow flower beds in the garden. A rain garden was also designed as part
of the GBI. These are retention reservoirs 20-30 cm deep retention basins that fill with water during rainfall
and slowly release water into the soil. The evaporating water creates a microclimate that prevents drought
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and excessive heat. The development around the school is both a green enclave with a local ecosystem and
adjacent to a large open green space that is part of the GBI. If the rain gardens are lower than the surrounding
land, they can be preserved for a larger land.

Climate-friendly school - Sendzimir Foundation, development at the King Macius$ | Primary School
in Warsaw, Poland, 2022-2023

One of the best Polish examples of an attempt to integrate a school site into an urban GBI system in Warsaw is
the Climate Friendly School project, which started in January 2022. The Sendzimir Foundation, in partnership
with the Wawer District Office of the City of Warsaw and PS Paaby Prosess Edu Action from Norway, has created
an educational centre for the people of Warsaw. As the largest district in Warsaw, Wawer is often flooded during
periods of heavy rainfall. For this reason, a project involving a development project at the King Maciu$ I Primary
School No 195 in Warsaw focuses on rainwater management using green-blue infrastructure. The plan was to
create 27 rain gardens throughout the site. The project also includes elements such as a flower meadow, insect
and butterfly houses and bird feeders (Fig. 7). Species of designed vegetation have been selected to support
native species and the aesthetics of the space. They planned to refresh and replenish the pots in the vegetable
garden. The project had a solid educational foundation. Teachers nationwide could benefit from free training and
lesson plans with children. The project was informed by a consultation and design workshop with the school’s
students in April and May 2022. JAZ+ Architekci completed the final project.

Fig.7. The King Maciu$ I Primary School in Warsaw, Poland: A — edible garden; B — flower meadow; C — green roof;
D —raingarden

Source: JAZ+ Architekci [n.d.].
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The implementation was planned for the fall of 2023 to become a part of the GBI of the Wawer district.
A demonstration system of GBI facilities was built up at the school, with an educational path informing about
ways to mitigate and adapt to the adverse effects of climate change. The work was participatory: the whole
school community was involved (Fig. 7). This project is becoming an example for other schools of how
a school site can support the city’s GBI while meeting the objectives of the SGDs.

DISCUSSION

Implementation/incorporation of green-blue infrastructure in school areas

The GBI offers many benefits in cities, including environmental, social, and economic advantages.

Implementing GBI brings several key benefits to the city, which can be grouped into three main categories:

Environmental, Social, and Economic. The environmental benefits meet the key aspects of the Environmental

Protection Agency — EPA (2023), which are:

*  Stormwater management: GBI helps reduce and treat stormwater at its source, improving water quality
and reducing the risk of flooding.

* Air quality improvement: Vegetation in GBI helps remove pollution and improve air quality in urban areas.

* Biodiversity enhancement: GBI supports the preservation of urban biodiversity by providing habitats
for various species.

Among the social benefits, there are two main factors, which are health and well-being and aesthetic and
recreational values, which are in line with Brear’s statements (Brears, 2023):
*  Health and well-being: GBI positively impacts human health by encouraging outdoor activities, reducing
stress, and improving overall well-being.
* Aesthetic and recreational value: Green and blue spaces create pleasant and attractive environments
for recreational activities, promoting a higher quality of life for urban residents.

The critical factor in implementing GBI is the economic benefit factor, which enables the potential
to implement new strategies in new and retrofitted areas. The key aspect includes the property value and
the creation of new specialised job positions in the market:

*  Property values: The presence of GBI, such as green spaces and vegetation, can increase property values
and enhance the aesthetic appeal of urban areas.
» Job creation: Implementing GBI can lead to creating jobs in construction, maintenance, and related GI sectors.

The possibility of implementing green roofs, green walls, flower meadows, or natural playgrounds teaches
the youngest generation how to take care of the environment. It allows them to benefit from the positive effects
of introducing greenery into the human space. Combining GI with BI in school and children’s areas improves
the microclimate quality and the environment closest to children.

The simplest steps to incorporate GBI into school gardens are a flower meadow, a water pot, and small
animal features such as insect hotels. Rain gardens with water harvesting and filtration basins are other steps
to introduce better water use. Examples of exposing children to nature include frequent use of shelters and
feeders for animals and insects and vegetable gardens.

Studies of Austrian schools show that implementing GBI on school grounds can sometimes be problematic.
There are technical issues — complex systems such as green walls require constant weeding and clearing
of clogged gutters. In addition, green facades and living walls are expensive. Schools often lack the budget
to hire qualified companies to maintain the greenery. The solution can be crowdsourcing, crowdfunding,
and networking, using informal connections between schools and stakeholders as the main crowd capital.
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A positive development is seen when the funders are municipal services subsidies, local companies or district
councils.

Despite extensive knowledge about the positive impact of GI on people and the environment, it is rarely
incorporated into public investments such as schools. The main reason for this neglect is the lack of sufficient
knowledge about how to finance such projects. The research project MehrGriineSchulen (Engl.: More Green
Schools) launched in Austria to develop financing scenarios. Research shows that children can be involved
in the planning, implementation and maintenance of GI elements in the school environment. Children learn
responsibility, cooperation, sustainability and other skills. Another challenge is resistance from staff, parents
and even students (Teichmann, Korjenic, Sreckovic, Veit & Hartmann, 2023). The concerns of staff and parents
are related to the perceived danger of children to nature.

As the King’s College example shows, creating a flower meadow is relatively easy. Coghill, the Head
Gardener of King’s College Cambridge, gives advices on how to start a wildflower meadow (Garget, 2023).
In May, stop mowing the lawn and watch what grows on it. To keep the lawn looking neat, it is necessary to
mow the edges — these are also important habitats for wildlife. Buying cuttings of ready-made flowers and
planting them among the grasses is possible. A more advanced way is to buy wildflower seed mixes. Be sure
to choose local species appropriate to the soil and region. It is also worth remembering that wildflowers
grow in soils with low nutrient content. Sometimes, this requires removing up to 30 cm of the topsoil from
the garden. In King’s College the topsoil removal was not necessary (Marshall et al., 2023).

Vegetable gardens are also a good step in planning long-term strategies and appointing a responsible person
for educational functions. They are moderately labour and cost-effective and, if maintained systematically,
produce the desired results of learning responsibility and gardening skills and a harvest that can be eaten.

While school based GBI offers many benefits for sustainable urban development and educational enrichment,
addressing the potential trade-offs and risks associated with safety, maintenance, and governance is crucial to
ensure successful implementation. Potential challenges include safety concerns, maintenance challenges, and
governance issues. Safety concerns can arise from increased interaction with natural elements such as water
bodies and vegetation, which con pose risks to children if not properly designed and supervised. For example,
water features must be safe for all ages and abilities, with measures in place to prevent drowning or waterborne
diseases. In addition, vegetation in school areas must be chosen to avoid plants that are toxic or may cause
allergies.

Maintenance challenges are another consideration, as GBI elements require ongoing maintenance to
ensure functionality and aesthetic appeal. This includes regular maintenance of vegetation, water features,
and other infrastructure components. Schools must allocate resources for maintenance or partner with local
authorities and communities to share the responsibility. Governance issues may also arise, particularly
in coordinating the integration of GBI into existing urban systems and ensuring equitable access. There may
be conflicts between stakeholders, such as school administrators, urban planners, and residents, over the use
and management of these spaces. Clear policies and collaborative frameworks are needed to address these
governance challenges and to ensure that the benefits of GBI are maximised for all community members.

CONCLUSIONS

The paper highlights the importance of integrating GBI into school areas as a strategic approach to foster
sustainable urban development, enhance biodiversity, and improve the quality of life for city dwellers. It makes
a valuable contribution to urban planning by offering insights into the multifunctional use of GBI and its role
in creating smarter, more resilient cities. The study provides evidence that implementing GBI in school zones
can enhance biodiversity (by providing habitats for various species), health and well-being (by encouraging
outdoor activities), aesthetic values (green and blue spaces create attractive environments for recreation),
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economic value (by increasing property values), and educational value (by educating children about
environmental stewardship and improving the microclimate and environment).

Research on the long-term impact of GBI in school areas is needed to examine the relationship between
exposure to GBI in school environments and its influence on educational outcomes, student behaviour, and
overall academic performance. It is also recommended that long-term impact assessments be conducted to
evaluate the effects of integrating GBI into school campuses on environmental sustainability, student well-
-being, and community engagement. In cities, there is need to examine how GBI in school campuses can
contribute to climate resilience and adaptation is necessary, considering factors such as extreme weather
events and heat island effects.

The most necessary action points for future research are to foster collaborative partnerships between
academic institutions, local governments, and community stakeholders to co-create research initiatives that
address the practical implementation of GBI in school settings. Scientists, designers, and school authorities
should advocate for the integration of GBI research findings into local and regional policy frameworks,
emphasising the importance of evidence-based decision-making in urban planning and educational
development.

Complementary research findings on using GBI in school settings are still lacking. However, it
was important to analyse them; this stage was to disseminate the most up-to-date knowledge. It is worth
noting that some of the examples analysed have not yet been implemented, so conclusions from the project are
lacking.

The GBI is widely believed to provide cities with active and healthier lifestyles, lower stress levels
and improved mental health, better stormwater management, reduced heat island effects, and increased
property values. However, there is a lack of accurate data on designing GBI to achieve these goals optimally.
The GBI system could be supported by, among other things, advanced technologies to monitor and collect data
on climate and water levels, enabling faster response and ongoing implementation of solutions. The city would
then function as a Green-Blue Smart City. New York is already trying to integrate nature and technology.

Grassroots initiatives that allow for implementing selected elements of the GBI can be seen where
institutions have limited budgets, or the legal system does not explicitly allow for implementing planned
changes. Participatory activities involving the local community, often the school community, have the greatest
impact. The most important part of these projects is building the evidence base — educating teachers, children,
and residents. Once established, the most important thing is to continue the work and maintain the garden and
retention pond. That is why ecological knowledge is responsible for posing it on to the next generation. In this
way, knowledge spreads, and future generations can use this knowledge to go out into the world and develop
innovative solutions.

Further projects are needed, under the auspices of governments, in which top-down strategies can be
established for all schools as networks of interlinked GBIs within the urban structure, which would constitute
centres for climate education — a hub for collecting and analysing information from sensors in the city.
Following Western European models, it would be good if the school’s green space was also open to the public
after school.
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WSPIERANIE ZROWNOWAZONEGO ROZWOJU OBSZAROW MIEJSKICH: INTEGRACJA
OBSZAROW SZKOLNYCH NA RZECZ WSPIERANIA ZIELONO-NIEBIESKIE)J
INFRASTRUKTURY MIASTA

STRESZCZENIE

Konsekwencje kryzysu klimatycznego w nieproporcjonalnym stopniu dotykaja ludzi mieszkajacych
gesto zaludnione obszary miejskie, co stawia deweloperow przed powaznym wyzwaniem w XXI wieku.
Administratorzy miejscy stoja przed powaznym wyzwaniem podczas wdrazania celow zréwnowazonego
rozwoju w praktyce, zwlaszcza w ramach ograniczen obecnej infrastruktury. W artykule oceniono, w jaki sposob
strefy szkolne — ktore charakteryzujg si¢ znaczng liczbg obszarow biologicznie czynnych — sa wiaczane do
infrastruktury miejskiej w celu wspierania réznorodnego wykorzystania zasobéw naturalnych, poprawiajacych
standardy zycia w miescie. W celu scharakteryzowania ewolucji terendw szkolnych oraz ksztattowania
przyszkolnych terenéw zieleni i zielono-niebieskiej infrastruktury przeprowadzono kompleksowa analize
obowigzujacych przepisow, przeglad literatury naukowej oraz zaprezentowano studium przypadku wybranych
obiektow szkolnych, a takze renowacji tego typu obiektow z ostatniej dekady. We wnioskach opisano mozliwosci,
jakie niesie ze sobg ewolucja podworek 1 kampusdéw szkolnych w dazeniu do funkcjonowania zrbwnowazonego
rozwoju oraz wymieniono list¢ potencjatow miejskich inicjatyw ekologicznych.

Stowa kluczowe: ziclono-niebieska infrastruktura, szkoty, inteligentne miasto, zrownowazony rozwoj
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ABSTRACT

In the article, the following issues are considered: general principles of complex heat transfer in friction
pairs of brake devices; radiant heat exchange from the rough surfaces of the metal friction elements of
the brakes; the combined action of the fields of thermal conductivity and radiation in the metal friction
elements of the brakes. The role of the thermal and dynamic boundary layers resulting from air-washing of
metal brakes with open friction pairs and their effect on cooling is discussed. A new relationship between
the Biot and Nusselt criteria is shown, which is presented in the form of thermal resistances of the surface
and near-surface layers of the brake pulley rim. A comparison of the combined action of the fields of
thermal conductivity and radiation in the metal friction elements of the brakes showed that the radiation
efficiency is 1.5-1.7 W-m™ times higher than the thermal conductivity. Radiation efficiency is the ratio of
the power of the heat flux to the unit area through which the heat flux passes.

Keywords: braking device, friction pair, metal friction element, convective, radiation and thermal
conductivity

INTRODUCTION

It would not be an exaggeration to say that heat transfer processes are essential and often decisive in almost
all areas of thermodynamics and heat transfer; they increase the importance of knowing the laws governing
heat transfer processes. At present, the theory of heat transfer represents an extensively well-developed area of
knowledge, without which the design and operation of friction pairs of braking devices is impossible.

In all of these cases, when a moving working body interacts with the surface of structural elements of
friction pairs of brake devices, there is an intensive heat exchange process called heat transfer (Goodz,
Globchak, Koliasa & Yavorskiy, 2007; Sakhin, 2013; Dzhanakhmedov et al., 2016a, 2016b; Kindrachuk,
Volchenko, Volchenko, Stebeletskaya & Voznyi, 2017). The main components of heat transfer, and the most
complex and laborious in calculations, are radiation, convection and thermal conductivity fields of metal
friction elements washed by transverse and longitudinal air flows.
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The operating temperature of brake friction pairs and the ratio of the actual surface temperature of their
metal friction elements depends on the degree of equal load on the friction pairs, the friction heat resistance of
the linings, and a number of other factors. Therefore, none of the above parameters allows one to objectively
judge the energy intensity of the brake friction units. With the same values of operating parameters, one brake
mechanism may have sufficient energy consumption, and the other may be insufficient. In view of this, in
the study of the processes, phenomena and effects of heating and free and forced cooling of friction units,
the experiment, brought in accordance with the requirements of the similarity theory, is of great importance
(Balakin & Sergienko, 1999; Nosko, 2010). The results of such an experiment can be used to determine
homogeneous quantities in systems in which similar phenomena occur.

According to this theory, research results must be processed using similarity criteria and simplifications,
and the dependencies between them should be presented only in the form of criterion equations. Since such an
equation is valid only for a group of similar phenomena, it is necessary to know the similarity condition.

In accordance with the third similarity theorem (Dzhanakhmedov et al., 2021), similar phenomena are
those in which similar conditions of uniqueness occur. In our case, the conditions of uniqueness are geometric,
physical, initial, and boundary conditions. The exact mathematical formulation of the unambiguity conditions
is very complex and is fulfilled only for some of the simplest systems of differential equations.

For the brakes of hoisting-and-transport machines, these conditions were formulated by Aleksandrov.
He also obtained a criterion equation that connects the temperature complex with similarity criteria, simplexes,
which follow from the uniqueness condition. A similar work on the thermal calculation of the brakes
of lifting and transport equipment based on the planning of the experiment was carried out by Volchenko
(Dzhanakhmedov et al., 2016a, 2016b).

A criterion equation for determining the temperatures of friction surfaces and heat transfer coefficients
from metal friction elements of brakes has been proposed by a number of authors (Nosko, 2010; Sakhin, 2013;
Dzhanakhmedov et al., 2016a, 2016b).

Considering these equations, it is clear that, along with the positives, they are not devoid of significant
drawbacks, the main of which are the following:

— limited scope due to the fact that there is no complete geometric and hydromechanical similarity

between the brake mechanisms;

— the difference in the specific power loads of the braking mechanisms is not taken into account;

— some average temperature of the friction surface is determined;

— the setting of boundary conditions of the second kind is carried out on the basis of data on a certain

long-term or intermittently operating mode;

— it is impossible to accurately predict the temperature mode of the brakes while the car is moving

along the specified real route.

Analysis of the reviewed works revealed the following shortcomings (Kernytskyy et al., 2022):

— the heat exchange processes, despite their different nature, must be represented in pairs “convection
— heat conduction”, “heat conduction — radiation”, and “convection — radiation” in the fields of
their joint interaction.

— to establish the influence of thermal and dynamic boundary layers, which are washed by air flows,
on the cooling efficiency of brake friction pairs when they are open.

The research mainly refers to:
— general principles of complex heat transfer in friction pairs of braking devices;
— radiant heat exchange from the rough surfaces of the metal friction elements of the brakes;
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— the combined action of the fields of thermal conductivity and radiation in the metal friction
elements of the brakes.

The purpose of the work is to substantiate the features of complex heat transfer in friction pairs of brakes
and to establish the reasons for their low efficiency when they are open.

GENERAL PRINCIPLES OF COMPLEX HEAT TRANSFER IN FRICTION PAIRS OF BRAKE DEVICES

In friction pairs of brakes, the main system of heat storage and heat dissipation is their metal friction elements
(brake pulleys and drums: solid and self-ventilated discs).

Figures 1a and b show the friction pairs of a disc-pad brake. They consist of friction linings (2), which are
located on fixed brake pads. During the frictional interaction of the working surfaces of the linings (2) with
the rotating brake disc (1) under the influence of normal pressing force (), a friction treadmill (3) is formed.

Figure Ic illustrates the friction unit of the band-shoe brake of a drilling drawworks. When the brake band
(4) is tightened under the action of normal pressing force (N), the working surface of the friction lining (2)
interacts with the friction track of the rim of the pulley (5). The latter is connected to the drum flange using the
mounting lug (8).

b 6. 6o
2
N—= l=— N
—~+=<
— .
d

Fig. 1. Diagrams of various types of friction units of brake devices: a — disk-block (longitudinal section); b — disk-block
(transverse); ¢ — band-block (cross-section); d — drum-block (cross-section)

Source: own work.

The friction unit of a car’s drum-shoe brake is shown in Figure 1d. The unit contains a brake drum rim (6)
with a flange (7), as well as friction linings (2) located on the brake pads. When the latter are decompressed
in their toe and heel parts, the working surfaces of the linings (2) frictionally interact with the inner (working)
surface of the rim of the brake drum (6).

The heat storage capacity of metal friction elements is estimated by the specific heat flux (¢g) [W!-m™],
which penetrates their body and contributes to the creation of a heat conduction field in their cross-section.
The polished and matt surfaces of the metal friction elements create radiation and convection fields around
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them. However, on their edge, there are thermal and dynamic boundary layers of the washing air with open
friction pairs of the brake.

The thermal boundary layer is the layer on the working surfaces of the pulley or drum rim, in which the
thermal disturbance of the air washing them is significantly manifested. Thermal boundary layer thickness

(87):

S _peos

5 = Pro>, (1)
where:

Pr — Prandtl criterion [-],

0 — dynamic boundary layer thickness [mm].

The thickness of the dynamic boundary layer is determined based on the assessment of the inertia force of
the external air flow and the friction force in the boundary thermal layer, from the opposition of which this
layer arises (Sakhin, 2013). Dynamic boundary layer thickness (3):

8§ = B-Re %3, 2)

where:
B — pulley or drum rim width [mm)],
Re — Reynolds criterion [-].

After expression substitution (1) in (2), we get that

B-Re~05
6 = — 55 3)

Let us consider several different “standard” criteria, on the basis of which we obtain one of the main
“non-standard” criteria that establish a connection between the thermophysical parameters of friction pairs and
high-speed air currents washing them, as well as mixtures in a gaseous and liquid state. Four criteria will be
presented below: the Reynolds number, the Prandtl number, the Biot number and the Nusselt number.

The effect of viscosity on the movement of the coolant is characterised by the Reynolds number (Re),
which is defined as the ratio of the mass inertia force to the frictional force in the flow.

L . . . . . d
The inertia force of one-dimensional motion, referred to as the unit volume of the coolant, is equal to p %,

. . 0vy 0x av. 0Vy - .
and after formal transformations, we can write that p a_xa_t = pVy a_x’ where % is a change in speed when
X X X
. C . _ . . ot v
moving from one point in the flow to another. The friction force per unit volume is f— =p—
oy y

Let us introduce constant characteristic flow parameters, such as density (p), viscosity (u), a certain
characteristic velocity (v,), and a certain characteristic size (B). Then, the order of the sought forces will be

vy vZ 9%, v
PVx 55 ’DB’May2 Hy

Let us define Re as the ratio of inertial forces to friction forces:

v B> _ pvB VB

B av, p o= Re. “)
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The steady air movement, depending on the ratio of inertial forces and forces (4), can be laminar and
turbulent.

The Prandtl number, defined as the ratio of kinematic viscosity to thermal diffusivity, is of great importance
in describing the relationship between the velocity and temperature fields (similar to kinematic thermal
conductivity) of the coolant, i.e. the ratio of the intensity of the exchange of momentum at the molecular level
of a substance to the exchange of heat between the layers of the flow:

pr=Y=2# (5)
a
The second important number is the Biot number:
. b
Bi = «a, > 6)

where:

o, — coefficient of heat transfer from the matt and polished surface of the pulley to the high-speed currents of
the environment washing them [W-m2-°C],

b — effective depth of penetration of heat into the body of the pulley rim [m],

J.— coefficient of thermal conductivity of the pulley material [W-m™'-°C™],

a — coefficient of thermal diffusivity of the coolant [m?-s7'],

¢, — isobaric specific heat capacity [J kg K.

The Bi can be considered as the ratio of the parameters of the cooling processes when the mixture of
environmental components is washed with high-speed currents to the corresponding parameters of the
conductive heating processes of the layers of the brake pulley when the thermal currents reach a given depth
of its rim.

The next criterion is the Nusselt number:

Nu = a, 2, (7)
Ac
where:
o, — coefficient of heat transfer from the matt and polished surface of the pulley to the high-speed currents of
the environment washing them [W-m2-°C!],
/.. — coefficient of thermal conductivity of layers of high-speed currents of the washing medium [W-m™!-°C™!],
h, — thickness of layers of high-speed currents of the washing medium [m].

In the written expression, the parameters can be considered as relative values of the heat flux density
transferred in the heat transfer process from the polished and matt surfaces of the brake pulley when they are
washed by high-speed currents of the medium, and the heat flux density through its layers of thickness (%) due
to thermal conductivity.

The analysis of the values of the similarity criteria in the conceptual approach from the standpoint of
synergy and fractals in tribology made it possible to propose the Volchenko criterion for assessing the state
of the cooled working surface of the brake pulley rim and the energy load of its surface and near-surface layers
which is determined by the following dependence (Dzhanakhmedov et al. 2021):

Bi_ bl _ R

Nu  Ahe R, Yo. ®)
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The resulting ratio can be considered as the product of the thermal resistances of the surface and near-surface
layers of the brake pulley rim, to which thermal boundary layers, caused by passing dynamic boundary layers
of the washing medium, seem to “stick” at the surface temperature of the polymer lining below the permissible
level for its materials. At high surface temperatures (higher than permissible for friction lining materials), the
binder components of the polymer material burn out. The resulting products are mixed with the circulating
layers of air. Then, islands of liquid appear on the surface of the lining, which seem to stick to the working
surface of the pulley rim. The control effect on the value of the thermal resistance of the surface layer of the
polymer patch is its phase state (solid, liquid, gaseous). For the surface and subsurface layers of the brake
pulley rim, the control effect is their energy load. By the value of the Volchenko criterion, it is possible to
predict the energy loading of the surface and subsurface layers of metal-polymer friction pairs.

RADIANT HEAT TRANSFER FROM THE ROUGH SURFACES OF THE METAL BRAKE FRICTION
ELEMENTS

A number of researchers have obtained solutions for the case when the surface is represented by a model with
the following properties:

1) The root mean square roughness (%) is less than the electromagnetic wavelength (1) more than 100 um.

ii) The surface is perfectly conductive.

iii) The distribution of roughness heights obeys the Gaussian distribution.

According to Berkhovskykh’s method, we consider a plane monochromatic wave with amplitude 4 = 1.
At an arbitrary point P(x, y, z) of space, the field of the wave diffracted from the surface is sought (Fig. 2a).

a -
\ Pixyz/
Z:f/)fzyj
A _—
S~ ~1 &

Fig.2. Considered model of the brake: a — reflection of radiation from the rough surface of a metal friction element;
b —Cases | and 2

Source: own work.

The coordinate system is chosen so that the X,Z plane lies in the plane of the rise of the wave. Surface
coordinates are denoted by X, Y, Z. This surface is covered with periodic protrusion. Reflecting the surface

equation Z = f(X, Y), function Z is periodic. Let us denote by R = /(x — X)2 + (y — V)2 — (z — Z)?
the distance between the desired point P and the current coordinates of the rough surface. As a result

of the passage of a wave through a rough surface, an electric potential arises between the microprotrusions
of the metal element, as well as the contact spots of the microprotrusions and the levels of the liquid phase
of the linings. Then, using the Kirchhoff formula (Belyaev, 1989), one can find the electromagnetic potential
at the point P:
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b= 2, [y e () - B ar o

Double electrical layers are formed on the polished surface. Double electrical layers are formed on the
polished surface. As a result, the electromagnetic potential varied from 0.5 to 1.0 V.

The difficulty lies in defining the boundary conditions. To determine y and Z—lp on the surface, the following
n

technique is applied. The reflected wave is considered to be flat. The connection between the waves is set
through the reflection coefficient, taking into account the angle of inclination of the surface element
at the place of the rise of the wave. A potential, for example, the electric vector of a wave at an arbitrary point
on the surface is written as the sum of the potentials of the reflected wave:

l,b(x,y, Z) = exp{eref - TLZ} [1 + R(E)]a (10)

where:

X — wave numbers,

[, n — real numbers,

R(&) — reflectivity, depending on the angle & between the normal # to the surface and the direction of the wave
vector (y,.¢) of the reflecting wave.

0
The quantity a—;’: for the reflected wave is determined by the dependence of the form:

o

onlre

¢ = Xreflpref.

The total effect for the derivative () is determined by the dependence of the form:

A _ (WY _ -
Z=(2) = xowolt — RO (11)

In works by Chihos (1982) and Belyaev (1989), examples were considered of using the obtained relations
to determine the pattern of radiation reflection from surfaces of various profiles. As a result, relations were
obtained to determine the reflection of radiation from surfaces of various metal profiles. As an illustration, we
present several diagrams characterising the scattered radiation (Fig. 3).

a 0 & b 100
W KXoy § S/ : , N 'fi
| i ; ; 7 ! f\ S
I 1 i i | g
wr &0 el 40 20 0 A/ 628 ! wvo 80 60 40 20 /

a=01
Fig.3. Scatter diagram of radiation from a rough surface at: a — J = 0.1, g =628;b—-0=06.0, g =10.5

Source: own work.
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. . . 2 .
It can be seen from the diagrams that diffuse scattering 7“ = 0.1 takes place even with small surface
. " . 2 2n . ..
irregularities. In this case, for the values 7“ =6 and i 3 the maximum of the scattered radiation does not

coincide with the direction of the specular reflection, it coincides with the direction of the specular reflection
from the inflection points of the sinusoid, where the surface curvature is zero, and the rays experience the
smallest discrepancy.

Thus, the Berkhovskikh theory confirms the diffuse nature of scattering even for surfaces that are
considered “technically smooth” (& ~ 1).

COMBINED ACTION OF HEAT CONDUCTION AND RADIATION IN METAL FRICTION ELEMENTS OF
BRAKES

Let us consider the combined action of the fields of thermal conductivity and radiation from the non-working
surface of the metal friction elements of the brakes. To do this, we will estimate the heat flow for the case of
the combined action of radiation and thermal conductivity in the form of the expression:

_ Co(Ti-1) /1T1_T2
143 5’

q (12)
where:

C, — emissivity, from a metal surface [W-m2-K™*],

7 — heat flux [-],

T, — temperature on the polished surface of the metal element of the brakes [K],

T, — temperature on the matt surface of metal brake elements [K].

For simplicity, consider the case when T}* >> T,*. Then:

-3+ 20-2)

The value of N characterises the ratio between molecular and “photon” thermal conductivity that is the

share of thermal energy transfer by true thermal conductivity in comparison with radiation:
A A
N=d4"=7", (14)
Aph 3CoTilpn
where:
Apn — photonic thermal conductivity coefficient [W-m2-K ],
Loy, — photon wavelength, i.e., the proportion of thermal energy transfer by true thermal conductivity compared
to radiation.

In Figure 4, the comparison of the approximate solution for the combined action, radiation, and thermal
conductivity — calculation by Eq. (9) — and the exact one obtained by Viksant and Grosh, as well as Lax
by numerical methods from integro-differential transport equations, can be found.
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Fig. 4. Determination of the combined effect of thermal conductivity and radiation: the dashes show an approximate
solution, and the solid curve shows an exact calculation

Source: own work according to works by Chihos (1982), USSR standard P60-54-97-88 (Gosudarstvennyy Komitet SSSR
Po Standartam [Gosstandart SSSR], 1988), Volchenko et al. (2006), Dzhanakhmedov et al. (2016a, 2016b), Volchenko et al.
(2019b), Kindrachuk et al. (2019), Volchenko, Volchenko, Polyakov, Fedotov and Evchenko (2019a), Kindrachuk et al. (2021).

Equation (9) was obtained by analytical methods of limiting relations [linearisation of Eq. (9)] near the
boundary and taking into account only their thermal radiation far from the working surface of the pulley rim
and drum.

Solution for dimensionless heat flux:

_q
qw = CoT? (15)
looks like:

_ 3(1-0)N(T))+(1-6%)

, (16)

w =

2 (Ty)+1p(T)
where: 0 = %; Y = f(N).
1

Table 1 shows a comparison of the exact solution for the dimensionless flux (gq,,) with the derivation from
Eq. (15), as well as a simple summation of the radiation flux, taking into account absorption and the heat
conduction flux.

Table 1. Comparison of calculated dimensionless heat fluxes t=1; § = 0.5

N Exact solution Acc. the Eq. (15) Simple summation
0 0.518 0.525 0.536

0.01 0.596 0.573 0.556

0.10 0.798 0.795 0.736

1.00 2.600 2.470 2.536

10.00 20.600 20.300 20.536
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From Table 1, for small values of N, the Howell and Goldstein method gives more satisfactory results than
the summation of the fluxes. According to Figure 4, the summation of the flows of the combined action of
thermal conductivity and radiation of the metal friction element is performed in an approximate and accurate
way. Of greatest interest is the fact that using this method, it is possible not only to calculate the flows, but
also to construct a temperature profile over the thickness of the pulley rim and drum. In this case, heat transfer,
which is “closed” by the radiation field, is considered.

DISCUSSION AND CONCLUSION

Complex heat transfer, in comparison with the combined action of heat conduction, radiation, and free and

forced convection due to the presence of concomitant processes, phenomena and transfer effects, is much more

complex, which significantly complicates its analytical and experimental studies. Despite these circumstances,
it seems possible to assert the following:

— when assessing the efficiency of free and forced air convection of metal friction elements of brakes, it
is necessary to take into account the thermal and dynamic air layers. The first is a heat insulator, and the
second increases the heat exchange during air exchange. The thermal boundary layer — an area of rapid
temperature change — is characterised by a large value of the normal derivative of temperature 0t/0n;

— the choice of similarity criteria and their application should occur not only from the modes of movement of
the washing of air flows, but also taking into account the thermal resistance to heat transfer;

— when assessing the efficiency of radiant heat transfer from metal friction elements of brakes, it is necessary
to take into account their polished and matt surfaces, while the latter are turbolizers of the washed air flows.

Thus, the essence of complex heat transfer in friction pairs of brake devices is disclosed. Thus, based on
research:

— the essence of complex heat exchange in friction pairs of brake devices is revealed;

— it has been established that the thickness of the boundary layer of the metal friction element is determined
by taking into account the Biot, Nusselt, and Volchenko criteria; using the last criterion, it is possible to
predict the energy load of the surface and subsurface layers of friction pairs;

— it has been confirmed that for surfaces considered “technically smooth”, there is a diffuse nature of scatte-
ring, that is, the root-mean-square roughness (%) of the surface of a metal element is approximately equal to
the wavelength (1) that passes through this surface;

— it has been established that the magnitude of the relative heat flux is significantly influenced by the
increasing value of N, which characterises the relationship between molecular and “photon” thermal con-
ductivity; as the ratio increases, the magnitude of the relative heat flux increases.
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ZLOZONA WYMIANA CIEPLA W PARACH CIERNYCH HAMULCOW

STRESZCZENIE

W artykule rozwazane sg nastgpujace zagadnienia: ogdlne zasady ztozonej wymiany ciepta w parach
ciernych urzadzen hamulcowych; wymiana ciepla przez promieniowanie z chropowatych powierzchni
metalowych elementow ciernych hamulcow; potaczone dziatanie pol przewodnosci cieplnej
i promieniowania w metalowych elementach ciernych hamulcow. Omoéwiono rol¢ termicznych
i dynamicznych warstw granicznych wynikajacych z omywania powietrzem par ciernych z otworami i ich
wplyw na chlodzenie. Pokazano nowa zalezno$¢ miedzy kryterium Biota i Nusselta, ktorg przedstawiono
w postaci oporow cieplnych warstw powierzchniowej i przypowierzchniowej obreczy kota tarczowego
hamulca. Poréwnanie polaczonego dzialania pol przewodnos$ci cieplnej i promieniowania w metalowych
elementach ciernych hamulcow wykazato, ze efektywnos$¢ promieniowania jest 1,5—-1,7 razy wigksza niz
przewodno$¢ cieplna.

Stowa kluczowe: urzadzenie hamujace, para cierna, metalowy element cierny, konwekcja, promieniowanie
i przewodno$¢ cieplna
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PRE-DESIGN ANALYSES OF THE MUTUAL RELATIONSHIP

AND LOCATION OF MULTI-FAMILY BUILDINGS USING

THE EXAMPLE OF THE ARCHITECTURAL AND SPATIAL CONCEPT
AT DLUGOSZA 22A IN WARSAW

Mikotaj Donderewicz™, Kinga Rybak-Niedziotka

Institute of Civil Engineering, Warsaw University of Life Sciences - SGGW, Warsaw, Poland

ABSTRACT

When designing multi-family buildings on plots that have not yet been developed, an important element is
their location and its careful preparation. Pre-design analyses allow for the simulation of various solutions
in order to select the most advantageous location of individual volumes and accompanying spaces.
Appropriate arrangement of architecture and other land development functions helps to meet a number
of formal and legal requirements, but also provides an opportunity for effective and comfortable living in
a future multi-family development. The aim of the study is to show the possibilities offered by pre-design
analyses in terms of sunlight and the organisation of space between buildings. Another goal is to outline the
benefits of performing such analyses. Thanks to them, it is possible to use compromise in design solutions
when it turns out that individual variants of a building location have better or worse properties, or certain
conditions are mutually exclusive. The results were presented in the form of variants, presenting various
land development solutions and relating directly to the previously conducted analyses. The analyses
presented in the article allow for precise formulation of conclusions, and their selection is justified by the
possibility of transparent and graphical interpretation of the algorithms performed during design.

Keywords: architecture, multi-family buildings, urban planning, pre-design analyses

INTRODUCTION

The design of a multi-family residential building at Dlugosza 22a, in the Wola District of Warsaw, is
an example of the creative use of various conditions related to location and legal requirements, as well as
a unique sense of place (Rybak-Niedziotka, 2018). The concept assumed the construction of a new building on
a plot located in the very centre of the urban interior. The interior was marked on three sides by the existing
multi-family buildings, and on one side by the kindergarten building with the adjacent recreation and play
area. The architectural concept was commissioned by the developer Magmillon sp. z 0.0. and designed by
architect Andrzej Majewski from MKM Architekcei s.c. in 2017. The main problem of the project was not only
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to meet legal and technical requirements, but also to create a proposal for the location of the new building in
such a way as to meet the needs of neighbours living in local buildings and minimise interference with the area
and intangible space (Toparlar, Blocken, Maiheu & van Heijst, 2017). In this study, a number of analyses were
carried out and various land development variants were prepared. These analyses fit into the theory relating to
the pluralism of the goals of pro-ecological architecture (Kobylarczyk & Marchwinski, 2020). It was important
to locate the building as far away as possible from the existing buildings and to adapt to the planning provisions
for access roads issued by the city. The designers wanted not only to optimally shade other objects in the
neighbourhood, but also to maximise the potential of sunlight. The use of this potential is understood through
the use of active and passive solar systems. The shape of the building and the choice of architectural, spatial,
material and construction solutions are of great importance for the energy processes taking place between the
building and its surroundings. One of the most important issues in this regard is the penetration of solar energy
through external partitions into the interior, and in the Polish climate it is recommended to strive for solutions
that will make maximum use of heat and sunlight in cold and transitional periods, and provide protection
against their excess in hot periods (Marchwinski & Zielonko-Jung, 2013). In addition, a proposal was made
to revalorise the adjacent area, which included, among other things, increasing the biologically active area
and introducing elements of recreation and integration between neighbours (Davies, Steadman & Oreszczyn,
2008). The presented concept fits into research on pre-design analyses, including location guidelines and those
related to legal, administrative and design conditions (van Hoof, Blocken, Timmermans & Hensen, 2016).
Moreover, this work raises issues related to urban sozology in the planning of residential areas. They come
down to environmental protection by implementing appropriate solutions resulting from analyses of shading
of multi-family buildings and their neighbouring surroundings (Kobylarczyk & Marchwinski, 2019). The aim
of this study is to show some of the steps involved in pre-design analyses relating to the distance between
buildings, shading, and parking solutions. A number of activities are indicated that are important from the
point of view of the proper selection of the building’s location in the selected area. It is believed that the work
presents the characteristics of the analyses and reflects the theories in practice, based on a real example of
a conceptual building.

MATERIAL AND METHODS

The study summarises original analyses aimed at identifying the most optimal location of the building in the
existing urban space at the conceptual stage. Determining the best location was also intended to meet the needs
and expectations of the local population, with whom a number of consultations and arrangements were made
regarding the concept for a given plot. The development project was never finally implemented, but serves
as the subject of this study. It concerned the construction of an intimate, six-story apartment building with
a basement on Dlugosza street (Fig. 1). The plot is located 2.5 km from the centre of Warsaw. The architectural
solutions refer to the traditional buildings in a given<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>