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E nvironmental standards play
a major role in building design,
as more and more buildings
aspire to be certified. An ana-

lysis of the methods of multi-criteria
evaluation of buildings on the basis of
which pro-environmental certificates
are issued, their scope and popularity
for use in the world, including Poland,
is presented in monograph [1]. These
methods are diverse, but cover issues
such as: integration of the building with
the environment; water and wastewater
management; energy and atmosphere;
raw materials and materials; environ-
mental friendliness and comfort. All
these criteria should be analysed and
evaluated in the building design process.
The use of appropriate raw materials
and materials is important. Eco-friendly
construction uses natural, renewable and
easily recyclable materials, which are
becoming increasingly popular. Timber

structures, which are commonly used as
a substitute for steel and concrete struc-
tures, minimise environmental impact
due to their not great carbon footprint
and therefore contribute to sustainabili-
ty [2, 3], but their use is limited, espe-
cially for tall buildings [2, 4 ÷ 9].
In 2012, a 9-storey timber CLT building
with a height of 32.2 m was constructed
in Australia. Comparing it to equivalent
reinforced concrete structures, carbon
dioxide emissions were reduced by
1451 t [6, 7]. In 2017 The University of
British Columbia in Canada construc-
ted an 18-storey building with a height
of 54 m. The use of prefabricated cross-
-laminated timber elements reduced
construction waste by two-thirds and
reduced carbon dioxide emissions
by 2432 t compared to reinforced con-
crete structures [5, 7]. In the future, mo-
dern timber CLT structures could play
an important role in reducing carbon
emissions.

The aim of the analysis presented in
this paper is to show that contemporary
CLT-based design influences the envi-
ronmental quality of a building and the

quality of life of its occupants [1, 10]. It
involves identifying selected aspects
of sustainable design. The research
method is based on the analysis of eco-
logical considerations, the determina-
tion of the resulting design criteria and
the use of cross-laminated timber struc-
tures in CLT technology. Selected
aspects of the design of environmen-
tally friendly buildings based on CLT
concerning architectural-urban and
structural issues are discussed. It should
be emphasised that the process of
designing and evaluating environmen-
tally friendly buildings is multi-criteria
[11].

Design criteria derived
from ecological
considerations

The determinants of environmen-
tally friendly building design have
been written about in many publica-
tions [1 ÷ 30]. The problems analysed
include diverse criteria resulting from
ecological considerations concerning
[1, 10, 11]: site selection and loca-
tion of the building; communication;
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energy efficiency; water and sewage
management efficiency; efficiency in
the use of materials and raw materials
and their pro-environmentality. These
criteria are discussed in detail in
[1, 10, 30].
Efficiency in the use of materials

and raw materials. The scope of ma-
terial and raw material issues to be
assessed should include the use of:
environmentally friendly materials,
natural, recycled, renewable, indige-
nous materials with low embedded
energy and the elimination of materials
containing toxic substances. The afore-
mentioned prerequisites are met and in-
creasingly used by CLT cross-laminated
timber, e.g. produced as large-format
building elements. CLT panels are often
made of spruce, less commonly pine or
other coniferous wood [2]. It is usually
made up of three to seven layers [9],
glued together, in all directions, with
a polyurethane or melamine adhesive
that meets stringent standard require-
ments for formaldehyde emissions.
CLT panels are safe for health during
production and use. The individual
layers are additionally joined by
so-called finger joints. The panels can
be used in vertical and horizontal sup-
port structures, as they have good me-
chanical properties [2, 5, 10].
The problem of the carbon foot-

print. An important aspect influencing
climate quality and environmental con-
siderations in building design is the so-
-called carbon footprint. Building with
a low carbon footprint is based on local
materials.
We divide the carbon footprint

into embedded in materials and ope-
rational carbon footprint, which ari-
ses during the use of the building, i.e.
heating, cooling or electricity use. The
type of material and the energy inten-
sity of the production process are im-
portant. Various methods are available
to assess the size of the carbon foot-
print. An interesting assessment of the
entire life cycle of a building was pre-
sented by Giesekam [12]. In [13], the
same buildings built with traditional,
timber and passive wood technology
were compared. The research and ana-
lysis concluded that wooden buildings
have the smallest carbon footprint and

the most favourable climate from
a human point of view. Publications for
designers, contractors and investors
contain data demonstrating the advan-
tages of glulam with CLT technology
over other building materials. Referen-
ce is made to research carried out at
Bangor University in Wales, which
shows, among other things, that during
the erection of a concrete building
emits on average as much as 992 t of
CO2 into the atmosphere. A timber
structure, on the other hand, produces
none, storing as much as 426 t of CO2
through carbon storage in wood. This
means that the net effect of using tim-
ber technology instead of concrete
is 1418 t less CO2 in the atmosphere.
CLT cross-laminated timber buildings
are environmentally friendly and susta-
inable. For these reasons, it was chosen
to be used in the design process of the
buildings analysed.

Analytical methods
in the design
of environmentally friendly
CLT timber structures

Currently in Europe, we do not have
a single universally accepted approach
to the structural analysis of cross-lami-
nated timber. The revised EN 1995-1-1
will probably only include defined
guidelines for the design of timber
structures, including the CLT and LVL
calculation methods. Therefore, the
paper presents the shear analogy
method and the Gamma method as
an example of solving structural and
material problems in the design of
environmentally friendly buildings
based on CLT. Several analytical me-
thods have been discussed in the world
literature, which include: Gamma (me-
chanically composite beam theory);
composite theory (k-method); shear
analogy (Kreuzinger method); Timo-
shenko beam theory [3, 27]. Examples
of, inter alia, experimental, analyti-
cal and numerical studies of wooden
reinforced members are presented in
[31 ÷ 33].
The Gamma method [25 ÷ 27] as-

sumes that the panel load is carried
only by the longitudinal layers, while
the shear stress is carried by the trans-
verse layers. A factor γ is introduced to

determine the effectiveness of the
transverse layer connection. The rela-
tionship between the shear stress τ
and the shear force V is expressed by
equation (1):

(1)

where:
(EI)eff – equivalent flexural stiffness calculated
according to formula (2):

(EI)eff = ∑
i=1

n
(EiIi + γiEiAiki

2) (2)
where:
Ei– modulus of elasticity of the i-th layer
in the longitudinal direction of the beam;
EQ – equivalent static moment;
Ii – moment of inertia of the cross-section
of the i-th layer;
Ai – cross-sectional area of the i-th layer;
ki – distance of the centre of gravity of the cross-
-section of the i-th layer from the centre of gra-
vity of the cross-section;
γi – the joint efficiency factor of the i-th layer,
which can be determined according to the for-
mula:

(3)

where:
Leff – effective beam length;
bi; hi – the width and height, respectively, of the
i-th longitudinal layer;
Grj – shear modulus for the jth transverse layer
connecting the i-th longitudinal layer;
bj; hj – the width and height of the j-th longitu-
dianl layer.

(EQ)5 = γ1E0bh(h + h1) +
+ 1/2E90bt(h + h1) + 1/8γ2E0bh2 (4)

Figure 1 shows an equivalent cross-
-section of a 5-layer beam.
The shear analogy method assumes

that a layered panel is an apparent
section consisting of two beams A and B.
Beam A provides the bending stiffness of
the individual layers along its own axis,
while beam B provides the bending and
shear stiffness of all layers. The beams
are connected by an auxiliary web –
a connecting element with infinite axial
stiffness. Therefore, it is necessary to
check equal deformation at any point
along the beam due to the fact that it
carries a lateral load.

For a CLT slab with longitudinal
layers, the elastic modulus parallel to the
fibres Ei, the width bi and thickness hi
and the equivalent bending stiffness
(EI)A and (EI)B can be determined from
the formulae:
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(5)

(EI)B = ∑
i=1

n
EiAiki

2 (6)
where:
Ai = bihi – cross-sectional area of the i-th longi-
tudinal layer;
ki – distance of the centre of gravity of the cross-
-section of the i-th layer from the centre of gra-
vity of the cross-section.

Therefore, the force or moment must be
proportionally transmitted through
beams A and B according to their
equivalent stiffness in bending and
therefore the shear force VA, i trans-
mitted through the i-th layer of beam
A is determined by the formula:

(7)

where:
VA – shear force transmitted by beam A.
The shear stress of each individual beam
layer A, τA,i can therefore be determined
from the formula:

(8)

where:
Ii = bihi

3/12 – moment of inertia of the i-th
longitudinal layer.

Beam shear stress B, τBi,i+1 determines
the formula:

(9)

where:
VB – shear force transmitted by beam B.

By determining the shear in the plane
perpendicular to the CLT panel fibres,
the maximum shear force carried by the
beam B can be calculated from equation
(9) by substituting τB,i+1. The shear
resistance of the beam can therefore be
determined from equation (10):

(10)

Selected designs
of environmentally friendly
buildings based on CLTs

As a result of the analyses and based
on sustainable building models [1, 10],
students under our supervision develo-
ped CLT-based designs for environ-
mentally friendly buildings (Figures 2
and 3). The selection of the location of
the buildings and the use of existing
site conditions [1] were optimised.
Buildings were designed to be inte-
grated into existing and designed gre-
enery. Renewable energy sources such
as photovoltaics; mini-wind turbines;
heat pumps; recuperation and computer
control of the building infrastructure
were used. The main structural and ar-
chitectural materials were CLT cross-
-laminated timber elements, which pro-
vided the buildings with environmen-
tally friendly qualities and gave them
an original architectural form. The high
strength or stiffness of CLT elements is
comparable to steel and much better
than concrete elements. This is related

to the process by which the natural
structural variability and heterogeneity
of natural wood is eliminated [29]. The
low stiffness at the joints of the ele-
ments or the low weight of the material
can cause movements on the higher flo-
ors of the building. These can be elimi-
nated by precise preparation of the pre-
fabricated timber structure elements
and correct assembly on site.

An important consideration in the
design process is concern for the
environment. Studies [28, 29] have
confirmed that replacing concrete and
steel with natural materials can reduce
CO2 emissions by up to 15 – 20%.
An obstacle to the realisation of tall
and high-rise buildings in Poland,
as in other countries, is building
regulations. Many companies and
organisations associated with the
promotion and realisation of wood
element construction have carried out
tests on the fire resistance of glulam.
It was found that sandwich panels can
achieve a fire resistance class of EI30,
which is determined by the number
of timber layers used. Additional
protection of the wooden structure can
be provided by encapsulation, i.e.
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Fig. 1. Equivalent section for 5-layer CLT
beam
Rys. 1. Przekrój zastępczy belki 5-warstwowej
CLT

Fig. 2. Design of the Bioclimatic modular
unit – as a spatial dominant

Fig. A. Hajdenrajch
Rys. 2. Projekt bioklimatycznej jednostki
modularnej – jako dominanty przestrzennej

Rys. A. Hajdenrajch

Fig. 3. Design of a service and commercial
facility integrated with nature

Fig. J. Maciantowicz
Rys. 3. Projekt obiektu usługowo-handlowe-
go zintegrowanego z przyrodą

Rys. J. Maciantowicz
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cladding the wooden elements with,
for example, two layers of gypsum
boards.

Summary
This paper presents selected aspects

of the design of environmentally frien-
dly buildings on a CLT basis. The acti-
vities carried out by the designers using
the model and the developed evaluation
method in the aspect of designing pro-
-environmental buildings yielded satis-
factory solutions. The model illustrating
the method and the building evaluation
criteria with their valuation presented in
[1] were used to develop the design task.
The relevance of the proposed asses-
sment criteria was confirmed and
applied in the design process. The deve-
loped method can be used in the design
process of environmentally friendly and
sustainable buildings that meet societal
expectations [30].
The ecological aspect of the pro-

ject should include analyses concer-
ning: site selection and location of the
facility; communication; energy effi-
ciency; water and sewage efficiency;
efficiency in the use of materials and
raw materials and their environmental
friendliness.

An important problem is the selection
of an environmentally friendly material
and construction solution. In the exam-
ples analysed, structures made of CLT
cross-glued timber elements, among
others, were used. Examples of tests of
glued structural elements are presented,
among others, in [31 ÷ 37]. The paper
presents the selected method of dimen-
sioning the elements. The analysed
designs of pro-ecological buildings are
positive examples of the architecture of
the future. The methods used in their
design process represent an unques-
tionable advance in the shaping of CLT-
-based pro-environmental buildings.
Architectural and building designs
should be made with concern for the
quality of our environment and meet
social needs.
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