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FOREWORD
The University of Zagreb, Faculty of Architecture is the oldest and in terms of its diverse activities the lea-
ding institution of higher education in the field of architecture, urban planning and design in the Republic 
of Croatia. The present Faculty of Architecture is based on the academic formation of architects that has 
followed the tradition of engineering education since 1919. In addition, the artistic aspect of architectural 
education has also been built into the academic programmes of the Faculty. The Faculty comprises four 
departments (Department of Architectural Design, Department of Urban and Physical Planning and Lands-
cape Architecture, Department of Architectural Technology and Building Science, Department of History 

and Theory of Architecture). These organisational units are in charge of scientific and artistic activities and education. Each de-
partment has a corresponding institute (Institute of Architecture, Institute of Urban Planning, Physical Planning and Landscape, 
Institute of Building Construction and Building Physics, Institute of Architectural Heritage) established for the purposes of rese-
arch projects and activities related to the architectural profession. Conducted independently or in collaboration with investors and 
contractors, these activities entail the application of knowledge grounded in the most recent theoretical and empirical research in 
architecture and urban planning. A very significant aspect of the Faculty’s work is interdisciplinarity, being a specific quality of 
the Department of Architectural Technology and Building Science whose staff, in addition to architects, includes civil and mec-
hanical engineering experts, facilitating thereby a comprehensive approach to teaching, research and professional work.
This issue comprises papers written by members of the Department of Architectural Technology and Building Science and the 
Department of History and Theory of Architecture, and their corresponding institutes (the Institute of Building Construction and 
Building Physics and the Institute of Architectural Heritage). The papers cover a wide range of topics that include energy effi-
ciency in building construction, reconstruction of existing buildings, energy renovation and structural strengthening. During 
their lifetime buildings decay due to atmospheric conditions and their use, the latter of which is closely related to constantly 
changing social, cultural and economic circumstances. After several decades of continuous us, buildings occasionally require a 
thorough refurbishment when their structural elements are repaired and partially replaced, which helps them adapt to contempo-
rary needs and demands as well as to comply with valid technical regulations.
In the last several years, energy efficiency improvement has been one of the major enticements for building reconstruction and re-
furbishment. It resulted from the European Union’s directives obliging the member states to carry out plans for the reduction of 
greenhouse gas emissions, the improvement of energy efficiency and of the ratio of renewable resources in new and already existing 
building stocks. In terms of technical possibilities for implementing diverse measures of energy efficiency improvement and the use 
of renewably energy resources, Nearly-Zero Energy Building (nZEB) has been chosen as a cost-effective model for building refur-
bishment. However, it is important to mention a feature related to the model that is specific to the Republic of Croatia, namely that 
energy performance of buildings depend on the climatic conditions of the region in which they are located. Reconstruction and 
energy renovation of buildings necessarily require analyses, and most frequently, there is a need to improve their mechanical resi-
stance and stability. Buildings that are included in the Register of Cultural Property of the Republic of Croatia or form part of pro-
tected cultural and historic ensembles, require a more elaborate reconstruction approach because of different measures that limit the 
improvement of their qualities in order to safeguard their original and authentic characteristics.
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Abstract

The exhibition pavilion of the Republic of France was built for the Zagreb Fair during the years 1936 and 1937 at 
25 Savska Street 25 in Zagreb according to the design of the French architect Robert Camelot and the civil engineer 
Bernard Lafaille. The French Pavilion represents a unique engineering innovation, since a thin steel shell was applied 
for the first time as a load-bearing structure in high-rise building. Therefore, it is a building of exceptional cultural 
and historical, as well as technical and technological value. The reconstruction design envisaged that the Pavilion 
would keep its original use as an exhibition space with the possibility of holding some other public events such as 
lectures, promotions, round-table discussions and smaller performances. In order to enable the use of the Pavilion 
all year round, it was necessary to adapt the Pavilion appropriately to contemporary standards. In this process, 
special attention was given to energy efficiency with a contemporary treatment of the perimeter elements of the Pa-
vilion structural system (non- and load bearing structures), which did not damage the authenticity of its idea and 
design in any segment.
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1. Introduction

The relocation of the Zagreb Fair to the grounds of the 
furniture factory “Bothe & Ehrmann“ in Savska Street 
in 1934, enabled its spatial development on approximate-
ly 30,000 m2 of a mostly vacant lot. This in turn provid-
ed an opportunity for the international activities of the 
Zagreb Fair once the national pavilions, financed by 
parent countries, were built. At the end of 1935, an ar-
chitectural competition for the Zagreb Fair was launched. 
The first prize was won by the architects Hinko Bauer 
and Marijan Haberle, who were also entrusted with the 
realisation of the project. Until October 1936, when the 
first exhibition on the new location was held, according 
to the competition design only the first phase of the 
building of the Zagreb Fair complex had been finished. 
The national exhibition pavilions of France, Italy, Ger-
many and Czechoslovakia were designed by foreign ar-
chitects and they were built in the period between 1936 
and 1938. The exhibition pavilion of the Republic of 
France was built in 1936 and 1937 according to the de-
sign of the French architect Robert Camelot (Reims, 
1903 – Pariz, 1992), who worked for the Jacques and 
Paul Herbé architectural bureau, and the civil engineer 

Bernard Lafaille (Reims, 1900 – Pariz, 1955). The con-
struction was completed by Zagreb craftsmen.

The French Pavilion represents a unique engineering in-
novation, since a thin steel shell was applied for the first 
time as a load-bearing structure in high-rise building. 
Therefore, it is a building of such exceptional cultural 
and historical, as well as of technical and technological 
value, that it transcends the boundaries of local signifi-
cance. This statement was supported by the work of Ber-
nard Lafaille and Robert Camelot in the period after the 
Second World War, when they frequently applied tech-
nical and technological achievements of their develop-
mental phase of which the French Pavilion in Zagreb 
was an initial part. While Lafaille was dedicated to in-
dustrial architecture (hangars, silos, bridges and dams), 
as well as to the cooperation with the leading architects 
of the post-war period, for example with Le Corbusier, 
on the projects of Unité d’Habitation, Camelot has been 
remembered as one of the designers of the Paris Centre 
for New Industries and Technologies (CNIT, 1950), the 
nucleus of today’s business centre of Paris – La Défense. 
Apart from the French Pavilion in Zagreb, he also de-
signed a pavilion for the world exhibition in New York 
(1939) with the Herbé brothers.
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Under the directive of the Regional Institute for the Pro-
tection of Cultural Monuments in Zagreb, the French 
Pavilion was preventively protected in 1987, while under 
the directive of the Administration for the Protection of 
Cultural Heritage of the Ministry of Culture of the Re-
public of Croatia in 2003 it was listed in the Register of 
Cultural Assets of the Republic of Croatia.

2. The original design and construction 
 of the French Pavilion 1936-1937

The national exhibition pavilion of the Republic of 
France was erected in the centre of the Zagreb Fair com-
plex. Its position and shape were already defined in the 
first-prize winning architectural competition design of 
the tandem Bauer – Haberle.

In the period between August and December 1936 all 
design documentation was created, while the obtaining 
of necessary building permits for the construction of the 
Pavilion was prolonged as long as to the spring of 1937. 
The preliminary design was signed by the architects 
Robert Camelot together with Jacques and Paul Herbé, 
while the structural designer was the civil engineer Ber-
nard Lafaille. The development of the detailed design 
was entrusted to Vjekoslav Faltus, architect from Za-
greb. The contractors were Zagreb craftsmen who also 
carried out the contract designs. These were the Con-
struction Company Braća ing. Faltus (concrete details), 
the Carpentry Šoch & Sakra (the details of the wooden 
structure and façade), and the Engineering Workshop 
and Foundry Braća Ševčik (details of the steel structure). 
Under deadline pressure the Pavilion was built during 
the six winter months. The opening ceremony took place 
on 17 April 1937 at the beginning of the “XXVII. Inter-
national Specialized Sample Fair”. The opening of the 
Pavilion and the spring fair were followed by two years 
of additional work and repairs caused by the untimely 
opening of the Pavilion as well as by design and con-
struction flaws. Most problems were caused by moisten-
ing and water dripping into the interior of the Pavilion, 
because of the condensation on the soffit of the steel tin 
roof. The analysis of the designing and construction of 
the Pavilion, including the choice of the contractors and 
building methods, informs us about a tight deadline in 
which the project was conceived and realized, the kind 
of deadline which is certainly a common characteristic 
of the organisation of large fairs.

The Pavilion is conceived as a cylindrical single-space 
structure of an irregular curved surface, covered with a 
suspended roof (la voile mince) in the shape of a re-
versed shallow cone 32.30 m in diameter made of trape-
zium steel tin panels 2 – 3 mm thick.

The roof rests at a height of 13.50 m above the ground on 
a ring-like series of 12 steel tubular columns 80 cm in 
diameter and 3 mm thick, fixed on short reinforced-con-
crete bars that stick out from the concrete base. The roof 
structure is stretched under the weight of the central cir-
cular skylight which also functions as a precipitation col-
lector, while the whole structure system is stabilized with 

a concrete ring beam in a steel tin box, laid directly on the 
columns. This construction represents the first tensile 
stress roof structure of a modern conception in the history 
of Croatian architecture, and in the area of weight (18 kg/
m2 of a roof over area) it is a kind of record. The cylindri-
cal walls are made of concrete to the height of 4.9 m, while 
the upper zone is made of wooden frames with outer and 
inner panelling divided by ventilated cavity. Within the 
wooden structure, narrow vertical window openings are 
alternatively interpolated, while additional natural light is 
provided by a circular skylight in the middle of the roof 
structure. The Pavilion has three equally important en-
trances emphasized by glazed, wooden railing of almost 
the full height of the Pavilion. The mentioned window and 
door openings were glazed originally with single-layered 
glass, while the roof skylight was composed of two glass 
membranes in separate steel frames. The floor surface of 
the Pavilion is raised above the ground with 8 steps and it 
was made of concrete with shallow, geometric graphics. 
In the basement area, there are three separate spaces and 
only one is connected directly with the Pavilion interior. 
The volumes of the basement spaces can be observed on 
the cylindrical perimeter wall of the Pavilion.

The building is characterised by the combination of the 
architectural idea about a representative central space, 
enabled by an innovative construction solution, with the 
application of building industry materials that normally 
characterize a building of limited duration.

3. The history of use and former renovation 
 and adaptation designs of the French 
 Pavilion

This masterpiece of modern architecture kept its original 
use as an exhibition space for the latest technical achieve-
ments for a very short time. Ever since the Zagreb Fair 
was moved to its present location in New Zagreb in 1956, 
the French Pavilion has not been given more appropriate 

Fig. 1. The French Pavilion, ground-floor plan (contract design, 2010.)
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use within the Student Centre but the one of the storage 
of the nearby Theatre &TD. Inappropriate use of the at-
tractive space of the Pavilion in the second part of the 20th 
century was occasionally accompanied by the initiatives 
for its renovation. As a matter of fact, three designs for its 
renovation and adaptation were made, there were several 
studies of the whole complex including the Pavilion, as 
well as numerous exhibitions about the creation, history, 
possible use, and renovation of the Pavilion. In the early 
1990s, the Pavilion entered the period of relatively inten-
sive new use as a theatrical stage. Recognized as an ex-
ceptionally valuable theatrical space, owing to the geom-
etry of its interior, the Pavilion aroused great interest of 
cultural workers. However, the poor condition of the Pa-
vilion questioned any further use for public performances 
without previous renovation. Since the renewal did not 
take place, at the end of the 1990s the French Pavilion 
was definitely closed for any kind of public use due to 
safety reasons and until 2009 it was used as storage.

4. The design of renovation and 
 reconstruction of the French Pavilion 
 between 2007 and 2011

The latest initiative for the renovation of the French Pa-
vilion was a part of “The Strategy Proposal of the Ren-
ovation and Revitalization of the Student Centre of the 
University of Zagreb”. The group of experts concluded 
that the French Pavilion as a unique building had to be 
reconstructed to its initial state with some necessary 
technical alterations which would enable the implemen-
tation of contemporary standards.

Within the task that was defined by the mentioned Strat-
egy Proposal, the Institute for Built Heritage of the Fac-
ulty of Architecture of the University of Zagreb made a 
detailed architectural survey of the French Pavilion cur-
rent state in the spring 2007 with all the damages delin-
eated in it, including the evidence of corrosion damages 
on the load-bearing steel structure. Six columns reachable 
from the scaffolding were probed and the damages of the 
steel tin roof were evidenced on the basis of visual ex-
amination. The results of this preliminary research showed 
that the entire surface of the columns and more than one 
quarter of the surface of the roof were suffering from 
corrosion. At the meeting of the project coordination in 
July 2007 with the participation of the French conservator 
Pierre-Antoine Gatier, it was concluded that a segment of 
1/12 of the Pavilion had to be examined in its entirety, 
both the part of the load-bearing steel structure and the 
part of the concrete base and wooden panelling.

The research was carried out by the Croatian Conserva-
tion Institute and the Croatian Society for Materials and 
Tribology in March and April 2008. Researches of the 
Croatian Conservation Institute included the analysis of 
the composition of the steel and the welds on the columns, 
the research of the plaster layers and the kinds of binders 
on the concrete base, as well as the research of the paint-
ed layers and the kinds of wood on the surface, so that 
the same kinds of materials, paint coats, paints, binders 
and alloys would be used during the reconstruction.

The examination of the Croatian Society for Materials 
and Tribology on a segment of the load-bearing steel 
structure indicated a damaging influence of corrosion in 
the form of holes in steel tin and the thickness reduction 
of the column walls up to 40% in comparison with the 
originally designed thickness. Similar results were ob-
tained by the measuring of the thickness of the roof steel 
tin plates. In comparison with the originally designed 
thickness, the reduction of the section amounted to 30%. 
The latter researches enabled the making of calculation 

Fig. 2. The French Pavilion after completion in 1938 (top), the 
state in 2007 (middle) and after reconstruction in 2014
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models for the load-bearing structure which indicated an 
increased main strain due to advanced corrosion of the 
load-bearing structure which exceeded permitted limits.
All the mentioned researches as well as the calculation 
model of the present condition of the load-bearing struc-
ture suggested the need of a complete reconstruction of 
the steel load-bearing structure and the wooden surfaces, 
except for the concrete base of the Pavilion that was 
scheduled for repair work.
The preliminary design of the renovation and reconstruc-
tion of the French Pavilion (The Institute for Built Her-
itage, July 2008) defined the use of the Pavilion as an 
exhibition space with partially polyvalent character 
which created possibility of holding lectures, presenta-
tions, university graduation ceremonies, and potentially 
performances in accordance with unpretentious techni-
cal capabilities of the Pavilion, determined by the need 
for the preservation of the original spatial qualities of the 
interior. The spatial and functional disposition of the util-
ity rooms, in fact of the three basement volumes, was 
also defined. The design envisaged modern toilets re-
placing the original ones, a heating substation and a tech-
nical equipment and furniture storage.
The aspect of saving thermal energy and thermal protec-
tion was also included in the preliminary design. The 
calculations of the heat transfer coefficient and the steam 
diffusion in terms of saving thermal energy were made. 
All existing perimeter structures showed dissatisfying 
values of thermal protection and energy saving accord-
ing to contemporary standards. The occurrence of con-
densation on the inner surface of the roof structure and 
windows was proven. Therefore modified sections with 
additional layers for the purpose of fulfilling the basic 
requirements of thermal protection and saving the ener-
gy of the building were proposed.
The detailed design of the renovation and reconstruction 
from April 2009 included the design of an overall thermal 
protection and energy efficiency system. According to the 
requirements of the Institute for the Protection of Cultur-
al Monuments and Nature of the City of Zagreb, it was 
decided that because of the preservation of the authentic-
ity of the Pavilion additional layers of thermal insulation 
on its reinforced-concrete base would not be applied. The 
base of the building should be preserved in its original 
thickness, after a possible repair with a thin plaster in 
order to protect the structure. According to the Construc-
tion Act, after obtaining a written consent of the Ministry 
of Culture, it is allowed to depart from the basic require-
ments for a building (in this case from thermal protection 
and saving energy), if they would disturb the important 
features of the monument. The design envisaged the heat-
ing of the whole space of the Pavilion including the base-
ment area. The room temperature planned in the design 
for the heated part of the building was estimated at an 
average between +18 and 20oC. Thermal energy for heat-
ing is provided by hydronic radiant floor heating.
Anticipated changes in the way the building will be used 
and the resulting microclimate changes are not expected 
to lead to building damage (the degradation of the struc-
ture and section layers).

The design of the Pavilion from the aspect of saving 
thermal energy and thermal protection was made accord-
ing to the Technical Regulations about Thermal Energy 
Savings and Thermal Protection in Buildings that were 
valid at the time as well as on the standards to which 
these regulations referred.
The design envisaged that the light, wooden panels had 
to be thermally insulated in the section with a layer of 
rock wool lined with glass fleece on the ventilated cav-
ity. On the warmer side of the thermal insulation it was 
necessary to build a vapour barrier.
The walls below the ground in the basement area re-
mained in the previous condition and on the accessible 
parts waterproofing protection and thermal insulation 
with extruded polystyrene XPS panels impregnated on 
the outer side with an HDPE membrane (for protection) 
were applied. Drainage was laid around the building. 
The parts of the basement walls inaccessible from the 
outside were thermally insulated on the inner side with 
extruded polystyrene XPS panels with the obligatory 
application of a vapour barrier.
The new floor on the ground of the Pavilion, below 
which floor heating was installed, includes thermal in-
sulation on a new waterproof layer laid on the existing 
levelled off concrete base and in the same way the floors 
on the ground of the basement area of the Pavilion were 
made. Thermal insulation with extruded polystyrene 
XPS panels was applied. The ceiling over the base-
ment area (inter-storey construction) remained in its 
 previous state. The roof of the building made of steel 
tin was thermally insulated with a layer of sprayed up 
urethane expanding foam with the final layer of sprayed 
up waterproofing material. The thermal insulation is 
self-adhesive and sticks to the surface. The layers and 
the insulation of the roof were applied in accordance 
with the detailed instructions and descriptions of the pro-
ducers. The three cross gutters draining under the 
roof were covered with a layer of rock wool covered 
with aluminium foil to prevent condensation on the 
 superficial area of the pipe. The flat roof over the 
 basement area was thermally insulated with extruded 

Fig. 3. Section of the perimeter wooden walls showing the appli-
cation of thermal insulation and supporting layers within the ori-

ginally hollow cavity of wooden panels.
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polystyrene XPS panels and protected with synthetic 
waterproof insulation.

The wooden frames of fixed windows are glazed with 
insulating glass LOW-E 4+9+4 mm. The wooden en-
trance door has a thermally insulated wing and is glazed 
with insulating glass LOW-E. The roof skylight is made 
of a double metal frame. The upper frame is glazed 
with double laminated safety insulating glass LOW-E 
4+12+4+4 and the lower one with single glazed laminat-
ed safety glass.

Due to the planned improvement of the thermal insula-
tion values the heat transfer coefficients (U-values) are 
lower than values required by the Technical Regulations, 
except for the reinforced-concrete outer wall to which it 
was not allowed to apply any layers for the purpose of 

thermal protection and energy saving. This departure 
from U-values does not cause building damage (conden-
sation).
All perimeter structures were designed in such a way that 
they reach satisfying values of thermal protection (ex-
cept for the reinforced-concrete wall), that the ones ex-
posed to great temperature changes are stable and that 
within their composition and on their surface there are 
no occurrences of unwanted condensation of steam.
Due to the impossibility of complete thermal insulation 
repairs of the building the transmission heat loss coeffi-
cient per surface area unit of the building heated part HT’ 
[W/(m2·K)] is higher for app. 30% than the permitted 
values as well as the annual thermal heat demand per 
volume of the building heated part unit Qh’ (kWh/m3·a) 
which is higher for app. 21% than the permitted values.

Fig. 4. Longitudinal section through one of the reconstructed basement segments showing the outer walls insulated on the inner side, 
partially insulated roof slab and new drainage layers.

Fig. 5. Section through a segment of steel tin roof showing the application of sprayed up thermal and waterproof insulation; perimeter 
steel tin ring beam is shown to the left and the box gutter, adjacent to the roof skylight, to the right.
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Table 1. Comparison between current and improved U-value.

Type of building structure
U-value 
current 

(W/m2K)

U-value 
impro-
vement 

(W/m2K)

ZM01-wall structure-reinforced 
concrete 3.76 3.42

ZL01-wall structure-wooden 1.25 0.18

PZ01-basement wall-reinforced 
concrete 3.75 0.50 – 0.58

PP01-floor structure-the pavilion 3.55 0.32

PP02-floor structure-basement 4.33 0.32

ST01-flat roof-reinforced concrete 4.90 0.39

SL01-steel tin roof 5.46 0.29

roof skylight 3.50 1.80

window 5.10 1.80

door 2.90 2.00

Table 2. The review of the Pavilion energy consumption

Characteristic

superficial area-building 
heated part A (m2) 2,664.09

volume-building heated part 
V (m3) 7,501.58

shape factor fo (m
-1)    0.36

usable building area AK (m2)   674.00

current impro-
vement allowed

annual thermal heat demand 
Qh (kWh/a) 503,230  176,133 –

annual thermal heat demand 
Qh’’ (kWh/m3a) 66.47 23.02 18.97

specific transmission heat 
loss HT’ [W/(m2K)] 2.78  0.94 0.72

coefficient transmission heat 
loss HT (W/K) 7,416.17 2,495.16 –

Fig. 6. Graphs showing improvements 
regarding heat demand and loss.
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Conclusion

Exceptionally proportional, particularly impressive in its 
interior the French Pavilion entered the history of build-
ing because of its specific load-bearing metal structure, 
the author of which was Bernard Lafaille: 12 hollow 
tubular columns 80 cm in diameter and made of only 3 
mm thick steel support at a height of 13.50 metres a ring 
beam on which a membrane in the shape of a reversed 
truncated cone 32.30 m in diameter is suspended. A 
membrane of 820 m2 in area and 2 mm thick is made of 
trapezium steel tin panels that were prepared in advance 
in a workshop and then welded on the spot. As far as the 
weight is concerned this construction represents a kind 
of record – 18 kg/m2 of a roof overall area. Designed in 
such a way as to bear only tensile stress, the roof struc-
ture is suspended under the weight of the central circular 
skylight and it therefore represents the first tensile strain 
roof structure of a modern conception. The building is 
characterized by the combination of the architectural 
 vision of a monumental central space, enabled by an 
innovative constructional solution, with the construction 
work of the Pavilion done by the application of some 
common materials of the building industry that normal-
ly characterize a building of limited duration.

The design of the renovation and reconstruction of the 
French Pavilion at the Student Centre Zagreb envisaged 
restoring the original use of the building, the one of an 
exhibition space, with the possibility of occasional or-
ganisation of some other public events within the frame-
work of university activities. In order to enable the use 
of the Pavilion all year round, ultimate technical solu-
tions were found in the treatment of perimeter structures 
with special emphasis on energy efficiency. Since the 
French Pavilion is a protected cultural asset, it was im-
possible to intervene by adding the layers of thermal 
insulation in order to satisfy the prescribed thermal in-
sulation features on all perimeter structures without 
threatening its authenticity. The outer reinforced-con-
crete walls had to be preserved in its original thickness 
and under the existing conditions without the possibility 
of adding thermal insulation layers at the request of the 
Institution for the Protection of Cultural Monuments. For 
this reason, the heat transfer coefficient U of some walls 
does not satisfy the prescribed values. By calculation of 
the condensation it was proved that on and in the rein-

forced concrete walls the occurrence of unwanted 
amounts of condensation will not happen.

According to the Design of the building in regard to 
saving thermal energy and thermal protection, all other 
building elements and building structures under the 
planned exploitation conditions satisfy the demanded 
requirements.

Because of the inability to secure complete thermal in-
sulation repairs of the building, the transmission heat 
loss coefficient per surface area unit of the building heat-
ed part HT’ [W/(m2·K)] and required annual thermal heat 
demand per unit of the volume of the building heated 
part Qh’ (kWh/m3·a) are higher than the permitted values. 
However, since it is a case of a protected cultural asset 
according to the Construction Act, after obtaining a writ-
ten consent of the Ministry of Culture, it was allowed to 
depart from the basic requirements for a building, in this 
case from thermal protection and saving energy.

Translated by: Dunja Vulić Krpanec, prof.
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Abstract

In the year 2012 the University of Zagreb started the process of energy audits and energy certification of all univer-
sity buildings with the intent to improve their energy performance. As a property owner, the University of Zagreb 
encompasses approximately 130 buildings (465,000 m2). The first phase of this research project involves the audit of 
23 faculty buildings, which make up 30% of all faculty buildings area belonging to the University. One of the largest 
buildings audited in the first phase is the building of the former Faculty of Technology in Zagreb built from 1958 to 
1964 and designed by the esteemed 20th century Croatian architect Alfred Albini. This classic work is the last of 
Albini’s accomplishments and is a protected cultural heritage monument. Today the building belongs to the Faculty 
of Food Technology and Biotechnology and the Faculty of Mining, Geology and Petroleum Engineering. The paper 
presents results of the energy audit and energy certification of Albini’s modern architecture building and determines 
the energy balance in contemporary usage. The paper also suggests possible energy efficient improvement measures 
and profitability calculations.

Keywords: energy audit; energy refurbishment; cultural heritage; former Faculty of Technology; University of Za-
greb; Alfred Albini

Introduction

The Republic of Croatia’s Ordinance on Energy Audits 
of Construction Works and Energy Certification of 
Buildings1 prescribes the introduction of energy audits 
of buildings which are necessary for determining energy 
performance and management in buildings with energy 
and water consumption, measures for energy-efficient 
improvements and their cost – effectiveness, and energy 
certification of buildings [1]. The ordinance also pre-
scribes energy certification deadlines, which was for 
public use buildings with a total useable floor area great-
er than 1.000 m2 scheduled for 31st December 2012. The 
deadline for buildings with the total use of floor area 
more than 500 m2 was set on 31st December 2013, where-
as for building exceeding 250 m2 was 31st December 
2015. Energy performance certificates provide informa-
tion on the energy features of buildings and facilitate 
comparative analyses of buildings on the basis of their 
energy features, efficiency of their energy systems and 
the quality and features of their exterior walls. An ener-
gy performance certificate can be obtained only after a 
detailed energy audit of the building which also includes 
gathering the information necessary for energy efficien-
cy evaluation. A building’s energy consumption report 
contains conclusions, a chapter which lists recommen-
dations and the order in which economically justified 
measures should be adopted in order to improve energy 
efficiency and energy performance of the building. The 
energy efficiency status of the building complex of the 
former Faculty of Technology was calculated using a 
software programme (Toplinska zaštita Novolit 2009) in 
2013 according to valid technical regulations.

1 Ordinance on Energy Audits of Construction Works and Energy 
Certification of Buildings (Official Gazette 81/12, 29/13, 78/13)

1. Refurbishment Strategy for Zagreb 
 University Buildings
Given the legal requirement of the certification process, 
the University of Zagreb decided to perform energy au-
dits of its faculty buildings. Altogether 32 faculties are 
housed in more than 130 buildings whose gross floor 
area amounts to approximately 412.000 m2, which, if the 
buildings housing Rector’s offices are included, reaches 
approximately 465.000 m2.
The project of energy audit and certification of the univer-
sity’s buildings has been headed by a coordination team. 
The assignment of auditing was, however, entrusted to in-
dividual teams from the Faculty of Architecture, Faculty of 
Civil Engineering, Faculty of Electrical Engineering and 
Computing and the Faculty of Mechanical Engineering and 
Naval Architecture. The five teams consisted of one expert 
from each of the mentioned institutions. The first round of 
energy audits included the buildings of the eight following 
faculties: Faculty of Architecture, Faculty of Geodesy and 
Faculty of Civil Engineering which all share the building 
at 26 Kačićeva Street (gross floor area ~21.300 m2), Facul-
ty of Humanities and Social Sciences at 3 Lučićeva Street 
(~23.850 m2), Faculty of Food Technology and Biotechnol-
ogy and Faculty of Mining, Geology and Petroleum Engi-
neering at 4 and 6 Pierottijeva Street (~17.150 m2), Faculty 
of Electrical Engineering and Computing at 3 Unska Street 
(~43.100 m2), Faculty of Mechanical Engineering and Na-
val Architecture at 1 and 5 Lučićeva Street (~30.570 m2). 
The buildings of all these faculties make up more than 30% 
of the total floor area of all Zagreb University’s buildings.
The buildings audited in the first phase are either locat-
ed in the protected historical centre of the City of Zagreb 
or they are protected as individual immovable cultural 
properties. The first phase of the project of energy audit 
and certification began at the end of 2012.
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2. Former Faculty of Technology in Zagreb

The former Faculty of Technology in Zagreb and the 
present Faculty of Food Technology and Biotechnology 
and the Faculty of Mining, Geology and Petroleum En-
gineering comprise two buildings: the building at 4 
Pierottijeva Street and the building in 6 Pierottijeva 
Street that was constructed at a later date (Fig. 1, 2).

The older building at 4 Pierottijeva Street, which used 
to house the Society of Engineers and Technicians, was 
built in 1937 (architects M. Haberle and H. Bauer). Its 
L-shaped plan comprising ~1,138 m2 gross floor area is 
divided into a south and north wing. The building has a 
ground floor, mezzanine and three storeys housing lec-
ture halls and offices of the Faculty of Mining, Geology 
and Petroleum Engineering. All the building’s architec-
tural parts show the formal features typical for the peri-
od in which it was built: reinforced concrete skeleton 
and brick infill walls, plaster applied to internal and ex-
ternal walls with openings, multi-ribbed reinforced con-
crete floors and flat roofs. The southern and western 
gable walls are attached to the subsequently built struc-
ture designed by Alfred Albini2.

2 Alfred Albini was a Croatian architect (Graz, 1896 – Zagreb, 
1978). He studied at Vienna’s University of Technology (former 
Technishe Hochschule) in 1919, and graduated from the Polyte-
chnic of Zagreb in 1923. From 1923 to 1962, he worked at the 
Faculty of Architecture in Zagreb, first as teaching assistant to 
Viktor Kovačić and later as professor. In the period from 1928 to 
1964, Albini designed and completed several residential and com-
mercial buildings: the Žerjavić Fundation House (Zagreb, 1928-
1930/32), the building of the Town Savings Bank (Osijek, 1930), 
Meixner House (Zagreb, 1933), the Arko House (Zagreb, 1940), 
the Croatian Cultural Centre in Sušak (Rijeka, 1941), the Resi-
dential and Commercial Building in Zadar (1954) and the Facul-
ty of Technology in Zagreb (1964). He was the laureate of the City 
of Zagreb Award (1962), Viktor Kovačić Award for life achieve-
ment (1966) and Vladimir Nazor Award (1968). [2] [3]

Albini was a prominent protagonist of Croatian modern 
architecture who moderately and creatively built on the 
tradition accepting numerous modernist impulses and 
integrating them in his personal architectural expression. 
He took special interest in the issues of urban planning 
and protection of cultural heritage and expressed his 
views in newspaper articles and theoretical papers. [4]
The building at 6 Pierottijeva Street, also a part of the 
former Faculty of Technology, was built in 1958-1964 
according to the design by Alfred Albini. His associates 
on this project included A. Dragomanović, D. Ložnik, B. 
Krstulović, J. Meniga, and E. Erlich, the last of whom 
was also responsible for designing the architectural 
structure. Clearly demonstrating Albini’s architectural 
signature this building, last in his career, forms part of 
the anthology of Croatian architecture and is today a 
protected cultural property.
It consists of two separate structures (Large and Small 
Building) elongated in the north – south direction and 
connected with two glazed volumes (Fig. 3). The two-sto-
rey Small Building comprises a gross floor area of 
~2.994 m2 and it has a basement, mezzanine and one 
storey. Large Building has a gross floor area of ~12,736 
m2 and, in addition to a basement and mezzanine, has 
six storeys and a machinery room on the flat roof. The 
ground floor of Small Building contains an entrance vol-
ume, library, student cafeteria with accompanying facil-
ities while the first floor contains a large amphitheatre 
(lecture hall). Large Building consists of a central corri-
dor and rooms facing west and east (seminar rooms, 
small lecture rooms, labs and offices), two  staircases 
and lifts. The plan, which is based on a modular grid of 
1.75 m, provides a functional spatial organisation and 
adaptability of the space on all floors (Fig. 4).

Fig. 1. Position of the former Faculty of Technology in Zagreb 
(red dot) and main city square of Ban Josip Jelačić (green dot). 

Source: Google Maps (https://maps.google.com/)

Fig. 2. Aerial view of the older building at 4 Pierottijeva Street 
(1) and subsequently added building at 6 Pierottijeva Street (2a 
– Large Building and 2b – Small Building). Source: Google Maps 

(https://maps.google.com/)
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Fig. 3. Present situation of the former Faculty of Technology – Large and Small building (south-eastern façade)

Fig. 4. Ground floor plan of the former Society of Engineers and 
Technicians (1) and the former Faculty of Technology (2a – Lar-
ge building, 2b – Small building). Source: Faculty of Food Tech-

nology and Biotechnology, University of Zagreb

Fig. 5. Western façade of Large Building at 6 Pierottijeva Street (original Albini’s drawing). Source: Faculty of Food Technology and 
Biotechnology, University of Zagreb

Fig. 6. View of Large Building’s north-western façade (present 
situation)
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The wall bearing structure is a reinforced concrete skel-
eton composed of columns and transverse beams. The 
ceiling is constructed as a multi-ribbed reinforced con-
crete slab. The modular grid concept is adjusted to the 
façades and windows. The exterior walls of Large Build-
ing are coated with stone slabs placed at a distance from 
the main load bearing structure and supported by rein-
forced concrete elements. The façade pattern created by 
continuous alteration of windows and stone slabs, cor-
ners with contrastingly dark edges and window panes 
represent the main elements of the building’s visual ex-
pression (Fig. 5, 6). [5] The facades of Small Building 
are all plastered except for the east façade which is coat-
ed with stone slabs rising up to the walls bellow mezza-
nine windows.

The process of determining architectural elements of the 
buildings included the use of original design plans cre-
ated in 1958 by architect Albini as well as sketches and 
information collected during the energy audit of the 
buildings. [6]

Material components of architectural elements and their 
U-values3 were presumed according to the construction 
date of audited buildings, which was the period 1958-
1964.4 [7]

3. Refurbishments Over the Years

The flat roof of Large Building was partially refurbished 
in the 1980s. However, since no surviving documents 
about the refurbishment could be found, it was impossi-
ble to determine which parts of the roof were repaired. 
The refurbishment included thermal insulation with 5 cm 
thick plates of mineral wool and covering of the sub-
structure with corrugated sheet-metal. According to the 
building manager the roof leaked at places even after it 
had been refurbished. In the last several years, the leaks 
have been periodically repaired (in segments of about 50 
m2 depending on financial circumstances). These newly 
refurbished roof sections have not been thermally insu-
lated but only covered with corrugated sheet-metal (ven-
tilated covering).

The flat roof above the library in Small Building was 
refurbished in 2000 and in this case as well, the lack of 
documentation of this refurbishment made it difficult to 
precisely determine roof layers during the energy audit. 
For the purposes of calculation, the layers were pre-
sumed just as in the case of the roof on Large Building. 
The flat roof covering of the lecture hall was repaired in 
2009. It was refurbished with a vapour barrier, a 10 cm 
polystyrene insulation layer and a synthetic waterproof-
ing membrane.

Old deteriorated windows and doors were replaced with 
new double glazed aluminium or 5-chamber PVC win-

3 U-value is the coefficient of heat transmission or thermal trans-
mittance [W/(m2K)].
4 *** (2012a): 68-73

dows and doors (1999-2009). Characteristics of PVC 
windows are: Uframe – value  1.10 W/m2K, Uglass 
– value  1.40 W/m2K with overall Uwindows – value 
 1.31 W/m2K.5 Some openings have not yet been re-
placed and still have old wooden, aluminium or steel 
frames with extremely poor thermal characteristics.

Continued use of certain decayed openings and a peri-
odical replacement of windows and doors resulted in the 
installation of various types of sun shading systems. The 
majority of openings have the interior sun protection 
mechanisms (venetian blinds) combined with heat re-
flective glazing. The exceptions are stairwells, sanitary 
facilities and spaces in the basement on the north, west 
and south facades of Large Building which do not have 
any sun protection systems. The openings on the south 
volume connecting Small and Large Building have also 
been left unprotected. The openings on the north volume 
– which connects the building at 4 Pierottijeva Street 
with Large Building – are protected from the sun with 
venetian blinds in the interior and fixed horizontal alu-
minium brise-soleils on the exterior. The calculation in-
cluded the additional shading of individual openings 
with the neighbouring higher building or eaves.

The last reconstruction of Small Building in 2008 in-
volved the removal of the door that served as wind pro-
tection (Fig. 7). Improper installation of some windows 
and the removal of the door resulted in increased air 
leakage at the building envelope which, consequently, 
led to greater energy consumption for heating and affect-
ed the feeling of comfort due to draught.

5 According to Technical Regulation on Rational Use of Ener-
gy and Heat Retention in Buildings (OG 110/08, 89/09, 79/13, 
90/13) the biggest permitted U-value for translucent façade 
 elements on buildings heated at +18°C or more is 1.80 W/(m²K). 
[8]

Fig. 7. Original Albini’s ground floor plan of Small Building. The 
drawing shows the position of the wind-protection door which 
was removed in the 2008 reconstruction of the building. Source: 
Faculty of Food Technology and Biotechnology, University of 

Zagreb
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4. Calculation of the Building’s Energy 
 Performance

Regardless of specific purposes of each of the described 
buildings, they are considered as a whole when speaking 
about thermal protection and energy savings. The amount 
of thermal energy required for heating of the building 
has been calculated according to the currently valid Cro-
atian norms.

The energy efficiency status of the building complex of 
the former Faculty of Technology was calculated using 
a software programme (Toplinska zaštita Novolit 2009, 
version.1.06). The required amount of thermal energy 
for heating was calculated according to the HRN EN ISO 
13790 standard6. The calculation included the climate 
data provided by the Zagreb Maksimir Weather Station, 
and the average climate data for continental Croatia7. [9] 
[10]

All the rooms except for certain labs and chemical stor-
age rooms were defined as heated spaces. In order to 
simplify the procedure the calculation of ventilation 
losses included an assumed natural ventilation of all 
spaces although some lecture rooms have been ventilat-
ed through mechanical systems enabling thereby waste 
heat recovery. Thermal bridges were also taken into con-
sideration and the calculation of linear heat losses in-
cluded defined types of thermal bridges and a selection 
of suitable details from a catalogue of thermal bridges8.

The defined heat losses comprised the losses through 
exterior walls, walls adjacent to unheated spaces, open-
ings, flat roofs, portions of ceilings that are cantilevered 
beyond the exterior wall, ceilings over unheated spaces, 
floors on the ground and foundation walls above the 
ground level. The total amount of energy required for 
heating was calculated on the basis of the following en-
try data: heating regime of 10 hours per day, 7 days a 
week with the estimated average indoor temperature of 
20°C.

According to the calculation of the overall thermal en-
ergy necessary for heating, which amounts to 30.8 kWh/
m3a, the building belongs to the E energy efficiency 
class9.

6 Technical Regulation on Rational Use of Energy and Heat Re-
tention in Buildings (OG 110/08, 89/09, 79/13, 90/13) determines 
that the level of heat protection and energy saving is calculated 
by the annual thermal energy required for heating buildings whe-
reas the energy spent on cooling, lighting etc. is disregarded. 
7 The building’s energy consumption is (for the purposes of ener-
gy certification) calculated on the basis of climate data for speci-
fic weather station and reference climate data for a certain region.
8 The catalogue contains illustrations of successfully reduced or 
eliminated thermal bridges and is an integral part of the new Tech-
nical Regulation on Rational Use of Energy and Heat Retention 
in Buildings (OG 97/14). [11]
9 The maximum permitted amount of energy used for heating 
buildings is 17.2 kWh/m3a.

5. Architectural Measures for Energy-efficient 
 Improvements

The results obtained through the calculation of energy re-
quired for heating and the recognized energy saving po-
tential formed the foundation of the proposal of architec-
tural measures for energy-efficient improvements. Each 
measure, and the way it contributes to energy efficiency, 
corresponds to the specific calculation of the amount of 
energy required for heating. The results have been com-
pared to the existing conditions and the return on invest-
ment periods have been estimated for each of the proposed 
measures (Table 1). [6] In addition to the proposed archi-
tectural measures, energy-efficient improvements are pos-
sible to achieve with the measures that are related to me-
chanical and electric installation equipment.

The calculated savings of the required heating energy, 
reduction of carbon emission and the return on invest-
ment period lead to the conclusion that the most suitable 
energy-efficient improvement measure for the buildings 
is M7. It comprises the M1, M3 and M5 measures: ther-
mal insulation of walls and roofs, replacement of old 
windows and doors and installation of a door for wind 
protection (Table 2).

Exterior walls make a considerable part of the building 
envelope10 and a lack of thermal insulation of the walls 
presents the problem of a great heat loss. Since the build-
ing complex of the former Faculty of Technology is an 
immovable cultural property, refurbishment of the exist-
ing exterior walls from the outside was not an option. An 
additional reason for proposing refurbishment of the ex-
terior walls from the inside may be the fact that the infill 
walls are recessed in relation to the load-bearing rein-
forced concrete structure of Large Building and as such 
they form niches in the interior spaces which contain ra-
diators. A great number of radiators were made from cast 
iron with no thermostatic valves which prevents the reg-
ulation of heat in individual spaces.11 Installation of ther-
mal insulation on the Large Building’s infill walls from 
the inside would not present a barrier in the interior. The 
installation can therefore be done simultaneously with the 
replacement of the old and outdated radiators.

This measure also includes thermal insulation of infill 
walls in Large Building with 15 cm thick plates of min-
eral wool which could improve thermal characteristics 
of the walls and reduce the U-value from 4.00 W/(m2K) 
to 0.22 W/(m2K). (Fig. 8) The building could thereby 
meet the standard set by the Technical Regulation on 
Rational Use of Energy and Heat Retention in Buildings 
for the highest permitted value of the U-value for exte-
rior walls is U ≤ 0.45 W/(m2K).

10 The surface of infill walls between the load-bearing reinforced 
concrete parts in the exterior walls (columns and beams) of Large 
Building is 2.606 m2. The overall surface of the exterior envelope 
of Large Building is 7.160 m2.
11 One of the proposed engineering measures is the replacement 
of old and outdated radiators. 
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Table 1: Architectural measures and achieved savings

Architectural
Measure Measure Description Q’H,nd

b

[kWh/m3a]

Energy
Efficiency 

Class
[-]

Carbon 
 Dioxide 

Emission
[kgCO2/a]

Return on 
Investment 

Period
[years]

Existing Condition / 30.8 E 404.360 /
M1 Thermal insulation of wallsa 20.4 D 267.840 3.0
M2 Replacement of decayed windows and doors 28.5 E 372.935 7.3
M3 Thermal insulation of roofs 29.8 E 390.445 38.8
M4 M1 + M2 + M3 17.0 C 223.410 6.5

M5 Replacement of decayed windows and doors 
and installation of door for wind protection 26.8 E 351.750 8.4

M6 M1 + M3 19.4 D 253.890 6.3
M7 M1 + M3 + M5 15.5 C 202.915 6.0
M8 M1 + M2 18.1 D 237.135 3.8

a Measure M1 proposes thermal insulation of the inner side of the exterior walls of Large Building in order to avoid changes in the 
original appearance of the facades.
b Specific annual requirement of heating energy; maximum allowed  17.2 [kWh/m3a]

Table 2: Calculated U-values of envelope structures and elements

Type of Envelope Structures and Elements U-value
[W/(m2K)]

U-valuea

[W/(m2K)]
Umax-valueb

[W/(m2K)]

VZ1 load-bearing parts in exterior wall (columns and beams) 2.75 – 0.45
VZ2 infill walls 4.00 0.22 0.45
VZ3 building plinth 3.15 – 0.45
VZ4 stone coated wall (Small Building) 4.35 – 0.45
VZ5 infill wall (Small Building) 1.55 – 0.45
VZ6 exterior wall or wall adjacent to unheated space 3.10 – 0.45
VZ7 partition wall adjacent to unheated space 2.60 – 0.45
K1 refurbished flat roof – corrugated sheet-metal covering 0.55 0.25 0.30
K2 refurbished flat roof – membrane covering 0.30 0.30 0.30
K3 flat roof (building at 4 Pierottijeva Street) 1.95 0.25 0.30
K4 flat roof – terrace 1.70 – 0.30
S1 ceiling above unheated space 1.20 – 0.30
S2 ceiling above open space 1.20 – 0.30
S3 ceiling adjacent to unheated space 1.45 – 0.50
P1 ground floor 2.55 – 0.50

VR1 aluminium exterior door or door adjacent to unheated space 2.00 – 2.90
VR2 wooden door adjacent to unheated space 2.00 – 2.90
VR3 PVC exterior door or door adjacent to unheated space 2.00 – 2.90
PR1 new windows (aluminium frame) 1.60 – 1.80
PR2 new windows (PVC frames) 1.30 – 1.80

PR3 old windows (aluminium frame) 2.90 1.30
(PVC frames) 1.80

PR4 old windows (steel frame) 5.90 1.61
(aluminium frames) 1.80

PR5 old windows (wooden frame) 3.40 1.30
(PVC frames) 1.80

a U-values calculated after implementing M7 architectural measure
b According to Technical Regulation on Rational Use of Energy and Heat Retention in Buildings (OG 110/08, 89/09, 79/13, 90/13)
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Heat losses through the uninsulated flat roof cause a 
great problem in the overall energy balance of the build-
ings belonging to the former Faculty of Technology. An 
additional reason for the roof refurbishment can be found 
in frequent problems with rainwater leakage in Large 
Building. The M7 measure therefore proposes refur-
bishments of the flat roofs: replacement of the existing 
waterproof membrane with a new one (Fig. 9). The wa-
terproof layer would be topped by 12 cm thick plates of 
mineral wool between the metal substructure elements. 
It is necessary to protect the mineral wool from the ven-
tilated air layer with a rain barrier and to reinstall the 
existing corrugated sheet-metal roof. Since the decayed 
openings (wooden windows, steel doors and windows 
and aluminium windows) on façades of the former 
 Faculty of Technology cause increased heat losses, the 
problem can be solved by the application of the M7 
measure. It proposes the replacement of old and worn 
out elements and the installation of PVC double glazed 
windows and doors with Low-E coating whose U-value 
equals 1.31 W/(m2K). (Fig. 10)

The exception is the eastern entrance into Small Build-
ing, built as a single glazed glass wall with steel frames 
which does not meet the present heat retention standards. 
The M7 measure proposes the replacement of this glass 
wall with a new one: double glazed, with aluminium 

frame, thermal break, Low-E coating and the overall 
U-value of 1.61 W/(m2K). The measure also includes the 
application of sealants on each door and window if they 
have been warped due to long-time use and UV radiation 
exposure, which could help in achieving a better level 
of envelope air tightness.

In addition to the replacement of decayed openings the 
M7 measure envisages the construction of a door for 
wind protection or the installation of glass partition be-
tween Small and Large Building (within the south vol-
ume connecting those two buildings). This would lead 
to the reduction of ventilation losses which currently 
contribute to the considerable difference in the temper-
ature of 4°C between the corridor, offices and class-
rooms. The wind-protection door would also reduce the 
air flow rate (and ventilation losses) in both Small and 
Large Building. The adoption of this measure envisages 
decreased air flow rate from 1.0 [h-1] to 0.60 [h-1].

Conclusion

Based on the energy audit and calculation the buildings 
formerly housing the Faculty of Technology (architect 
Albini) and the Society of Engineers and Technicians 
(architects Haberle and Bauer) belong to the energy ef-
ficiency class E and their values do not meet the stand-
ards proscribed by the Technical Regulation on Rational 
Use of Energy and Heat Retention in Buildings.

The proposed architectural measures for energy-efficient 
improvements have taken into consideration the fact that 
the building of the former Faculty of Technology is a 
protected cultural property. Comparative analysis has 
been conducted with the results of only those architec-
tural measures whose application does not disturb the 
original appearance of the façade of Albini’s building. 
The calculated savings of the required energy for heat-
ing, carbon emission reduction and the return on invest-
ment period lead to the conclusion that the most suitable 
energy-efficient improvement measure for the buildings 
is M7. It includes thermal insulation of the inner surface 
of Large Building’s exterior walls, thermal insulation of 
all flat roofs, replacement of the remaining decayed win-
dows and doors and the installation of a door for wind 
protection.

In addition to energy savings and decrease in mainte-
nance costs, implementation of energy-efficient im-
provement measures contributes to a better quality of life 
and work of people and extends the lifetime of building.
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Abstract

In recent years energy efficiency has become one of the most challenging themes for architects around the world. 
Energy problems and climate changes are more and more in charge of the future development of architecture. Ener-
gy-efficient approaches are incorporated into architecture as technical innovations, a particular use of materials 
based on the location or as utilisation of climatic conditions. Consequently, it is interesting to see what is actually 
built and how architects approach architectural themes in relation to climate and energy in Croatia.

The paper presents a national approach to Nearly Zero-Energy Buildings (nZEB) and way in which to meet the EU 
2020 energy and climate policy targets. This research focuses on the evaluation of energy-efficient design strategies 
of residential buildings in different climatic regions of Croatia.

Keywords: Energy Performance of Buildings, nZEB, Residential Buildings, Climate Regions, Croatia

1. Introduction

Energy efficiency has become one of the most challeng-
ing themes for architects around the world. Energy prob-
lems and climate changes are increasingly becoming in 
charge of the future development of architecture. New 
technologies, new materials and changes in social struc-
tures have changed the way buildings have been de-
signed and constructed. Today, new energy sources are 
necessary for architecture to develop, as the housing we 
build today will remain standing for at least 50 years.

 
As energy efficiency becomes an important aspect in 
building design, all participants in the building sector are 
confronted with numerous regulation changes in the 
field of energy efficiency. Consequently, it is interesting 

to see how architects approach architectural themes in 
relation to climate and energy in Croatia.

The paper does not offer an answer to what energy effi-
cient architecture should be, but rather asks the question: 
How do we design and build architecture with low en-

Fig. 1. Key years for nearly Zero-Energy Buildings (Directive 
2010/31EC). [1]
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ergy consumption? The paper brings forth an evaluation 
of energy efficient design strategies of residential build-
ings in different climatic regions of Croatia.

2. EU 2020 Energy and Climate Policy 
 Targets

The building sector holds high potential for energy de-
mand reduction. As a measure to realize this potential, 
the European Parliament approved the Directive on the 
Energy Performance of Buildings in 2010 (Energy Per-
formance of Buildings Directive 2010/31/EU EPBD). All 
the member states of the European Union have an obli-
gation to reduce energy consumption by 20% by the year 
2020. Each member state needs to develop a national 
scheme for achieving the required level of energy sav-
ings, in a way that best suits respective national circum-
stances and is at the same time in line with the common 
EU goals related to energy savings.
Nearly zero-energy buildings (nZEB) have very high-en-
ergy performance. The low amount of energy that these 
buildings require comes mostly from renewable sources.
The Energy Performance of Buildings Directive requires 
that after 31 December 2020, all new buildings in the 
EU will be nearly zero-energy buildings and member 
states should stimulate the transformation of the existing 
buildings under refurbishment into nearly zero-energy 
buildings. For public buildings the deadline is set for 31 
December 2018. Although the concept of “nearly ze-
ro-energy buildings” is not defined, the objective of this 
directive is to promote design of buildings with im-
proved energy performance in all EU member states. EU 
countries have to draw up national plans to increase the 
number of nearly zero-energy buildings.

2.1. National Approach to Nearly Zero-Energy 
Buildings

Climate and energy are closely bound together. The 
greater part of the CO2 emitted in Croatia – and in the 
world in general – comes from energy consumption in 
buildings. The government has a long-term vision of 
making Croatia completely independent of fossil fuels. 
What is required to fulfil this vision is both political 
actions and actions on the part of individual citizens. The 
Republic of Croatia’s Energy Strategy is focused on the 
period before 2020, which corresponds to the period 
covered by all adopted EU energy strategies. This facil-

itates the comparison between national goals and EU 
goals. Buildings account for as much as 42.3% of the 
total energy consumption. Therefore, reaching the goal 
will require a concerted effort to reduce energy con-
sumption in buildings. Households are the largest indi-
vidual energy consumers in Croatia, about 30% of the 
overall final energy consumption, and the largest users 
of electricity, over 40% of the overall final electricity 
consumption. The energy efficiency policy in the resi-
dential building sector is based on raising public aware-
ness of possible savings and incentives to plan and build 
residential buildings in harmony with the principles of 
energy efficiency [2].
As an EU member state, Croatia has honoured its obli-
gation of establishing the nearly zero-energy building 
standard (nZEB) and has laid down requirements in the 
document entitled Technical Regulation on the Rational 
Utilisation of Energy and Thermal Insulation of Build-
ings (Official Gazette 128/2015) which has been in ef-
fect since 1 January 2016 [3]. The Technical Regulation 
sets the deadline for design of nearly zero-energy build-
ings, which is 31 December 2020. From that date, all 
new buildings must be nearly zero-energy, while the 
deadline for the new buildings that are owned by public 
institutions is 31 December 2018.
In addition to new buildings constructed in line with the 
Long-Term Strategy for Mobilising Investment in the 
Renovation of the National Building Stock of the Repub-
lic of Croatia (OG 74/2014), the building renovation 
model following the nZEB standard was chosen as 
cost-effective. According to said strategy, apartment 
buildings and family houses in continental and coastal 
areas of Croatia are expected to undergo refurbishment 
in accordance with the standard from 1 January 2021.
Numerical requirements for the annual thermal energy 
demand for heating and the annual primary energy are 
different depending on the type and uses of individual 
buildings. These values have been determined by the 
Technical Regulation. According to the document, resi-
dential buildings are divided into family and apartment 
houses. A family house is a residential building with the 
maximum of three individual housing units and with the 
gross floor area less than or equal to 600 m2. An apart-
ment building is a residential building with four or more 
apartments.
Nearly zero-energy buildings must also meet the require-
ment of relying on renewable energy sources for at least 
30% of the annual primary energy supply.

Table 1. The highest allowed values for new buildings and nearly zero-energy buildings heated and/or cooled to the temperature of 18 °C 
or more. [3]
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2.2. Climatic Conditions in Croatia

Meteorological and climate data are important for mod-
elling energy consumption in buildings. Croatia’s cli-
mate is determined by its geographical position in the 
northern temperate zone, which is in terms of relief char-
acterised by a mixture of mountains, plains, forest and a 
long littoral belt. The topography of Croatia is geograph-
ically diverse and climatic conditions are not uniform, 
which makes analyses and estimations of energy saving 
possibilities in the residential building sector a complex 
matter. A specific feature of Croatia’s housing stock is 
rationality, which can be defined in terms of climatic 
conditions. The northern, north-western and eastern 
parts of Croatia have a continental climate, and this area, 
together with the central part of the country which has 
an alpine climate accounts for 64% of the housing stock. 
The coastal area (Istria, Kvarner bay and Dalmatia) with 
a Mediterranean climate accounts for the remaining 
36%. The annual amount of energy needed for heating 
homes therefore varies considerably by location.

The first regulation on thermal insulation of buildings, 
introduced in 1970 (Ordinance on Technical Measures 
and Conditions for Thermal Insulation of Buildings – 
Official Gazette of the Socialist Federal Republic of Yu-
goslavia 35/70) divided the Croatian territory into three 
building climate zones. Each zone had the highest al-
lowed U-values (W/m2K) prescribed for individual ele-
ments of the exterior building envelope. The division 
stemmed from general climatic conditions and the tem-
peratures in the coldest months of the year. The division 
had been in use until early 2006, when the new Technical 
Regulation on Thermal Energy Savings and Thermal In-
sulation in Buildings (OG 79/2005) was implemented. 
From then on, the Republic of Croatia was divided into 
two zones. The first included cities and places whose 
average outdoor air temperature of the coldest month 
measured at the building’s location was ≤ 3°C. The sec-

ond comprised cities and places whose average temper-
ature of outdoor air of the coldest month at a building’s 
location was >3°C, which in fact corresponded to the 
continental and costal climate zones. The Ordinance on 
Energy Certification of Buildings (OG 113/2008) intro-
duced a new division into two zones: the continental and 
coastal climate zones. This division was based on the 
number of heating degree days in a year. There were 
cities and places in the continental climate zone that had 
2200 and more heating degree days per year, and in the 
coastal climate zone that had 2200 and less heating de-
gree days per year.

The currently adopted Ordinance on Energy Audits and 
Energy Certification of Buildings (OG 88/2017) has di-
vided the country into zones according to the monthly 
average outdoor air temperature of the coldest month 
measured at the location of a building. The continental 
climate zone now includes cities and places whose av-
erage monthly outdoor air temperature of the coldest 
months measured at the location of the building is ≤3°C. 
The coastal climate zone includes cities and places 
whose average monthly outdoor air temperature of the 
coldest months measured at the location of the building 
is >3°C

Since 2006, climatic data used for the calculation of en-
ergy performance of buildings could be found enclosed 
in the Technical Regulation on the Rational Utilisation 
of Energy and Thermal Insulation of Buildings (OG 
128/2005). Since 2015 meteorological data comprising 
meteorological values measured at authorised weather 
stations, which are necessary for calculations based on 
physical building features in terms of rational energy 
consumption and thermal insulation, have been pub-
lished on the web site of the Ministry of Construction 
and Physical Planning [4]. Considering the great differ-
ence between the climate zones in Croatia, the difference 
can also be discernible in the energy performance of 
buildings in individual zones.

Fig. 2. Division of the Republic of Croatia into three building climate zones (left). Outdoor design temperatures (right). [8]
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3. Chosen Models of Residential Buildings

For the purposes of this study, the authors compared en-
ergy performance of a model of the reference family 
house and a model of the reference apartment building, 
both of which are located in Gospić and Split, two cities 
with extremely different climatic features. The lowest 
temperature in the coldest month in Gospić is -17.2°C, 
and in Split -3°C. The global irradiance values (southern 
orientation, 30°) for Gospić is 4930 MJ/m2, and for Split 
6295 MJ/m2 [6]. The analysis was done in line with the 
current Technical Regulation and with the use of En-
Cert-HR v.2.37 software.

All the models of the reference buildings have favoura-
ble surface-to-volume ratio, which means that the sur-
face area of their external envelope (parts of the building 
that separate the interior from the exterior and unheated 
spaces) is relatively small compared to the volume of the 
heated space of the building. In contrast to buildings 
with complex plans, compact buildings have smaller sur-
face area through which heat can escape, which conse-
quently reduces heating energy consumption as well as 
construction prices.

The model of the family house is a one-storey house with 
a loft and covering 160 m2 of the useful floor area. The 

dominant orientation of the rooms is on the east-west 
axis. The south-facing side would be the most suitable 
for using solar gains in winter. However, statistically, the 
more frequent are east or west oriented buildings, which 
have been adopted as the assumed orientation of the 
models of the family houses and apartment buildings. 
The apartment building is a four-level structure with four 
apartments on each floor connected by an inner staircase, 
all levels are used for housing purposes and apartments 
covering floor area between 42 and 60 m2. Half apart-
ments have two-sided orientation, and half are only east 
or west facing [7].

3.1. Research Results

The use of the structural elements in the models com-
plies with the requirements of the Technical Regulation 
(OG 128/2015). The thickness of specific insulation ma-
terials corresponds exactly to the values prescribed by 
the Technical Regulation. Thicker insulation materials 
would improve energy efficiency, but would also raise 
the construction price and would result in a longer return 
on investment. Using thermal insulation twice the size 
prescribed by the Regulation would decrease the heating 
energy demand per square unit of the useful floor area 
Q’’H,nd (kWh/(m2a) for the family house in Gospić by 

Table 2. Structural elements: description, real and the highest allowed U-values.

Fig. 3. Chosen models of the reference family house and the reference apartment building.
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23.3% and for the house in Split by 37.8%. Although the 
percentages represent considerable savings, the differ-
ence in the annual cost of heating is still relatively small 
in relation to the initial investment.

Due to higher prices of windows than walls, the average 
size of glazed surfaces on family houses and apartment 
buildings does not exceed the dimensions of most com-
monly used windows. When the total amount of glazing 
on building envelopes is relatively low, heating costs, 
which would be saved by the use of triple-glazed insu-
lated windows, would be very small, which would also 
result in a long return on investment. For the house in 
Gospić, the annual savings of heating and cooling would 
rise by 1.5%, and for the house in Split, the costs would 
actually increase by 2.5% per year. For buildings with 
large glazed surfaces and different orientation the impact 

would be much higher as well as the cost-effectiveness 
of triple glazing installation.
In addition to heat loss due to transmission through walls, 
windows, floors and the roof, a considerable amount of 
heat loss is due to ventilation. In comparison with natu-
rally ventilated family houses, the use of 80% efficient 
heat recovery ventilation system reduces the thermal en-
ergy demand for heating per square unit of the useful floor 
area for the family house Q’’H,nd (kWh/(m2a) in Gospić 
by 36.2% and of the house in Split by 56.7%.
For the houses with average or low energy consumption 
such systems are rarely cost-effective, but necessary 
when lower consumptions is wanted. Cost-effective ben-
efits of using heat recovery ventilation during heating 
seasons can exceed 20 years for the house in Gospić and 
80 years for the house in Split.

Fig. 4. Comparison between specific heating energy demand Q”H,nd (kWh/(m2a) in relation to different thermal insulation thickness 
and in relation to double and triple-glazed insulated windows on the family houses in Gospić and Split.

Fig. 5. Comparison between specific heating energy demand in 
the cases of natural and mechanical ventilation with heat recovery 

in the family houses in Gospić and Split.

Fig. 6. Annual amount of energy needed for heating (Q” H,nd) 
and cooling (Q” C,nd) per square unit of useful floor area based 
on real climatic data for a family house and apartment building in 

Gospić and Split.
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In the comparison between the values of annual thermal 
energy demand for heating per square unit of useful floor 
area of buildings based on actual climate data Q’’H,nd 
(kWh/(m2a)), it has been shown that the naturally venti-
lated family house in Gospić (continental climate zone) 
demands 5.4 times more energy for heating in order to 
create the same microclimatic conditions as the house in 
Split (coastal climate zone), which has the same orienta-
tion and the same characteristics of construction elements.

In the comparison between the values of the annual ther-
mal energy demand for cooling per square unit of useful 
floor area of buildings Q’’C,nd (kWh/(m2a)), the results 
show that the family house with an installed cooling sys-

tem in Split needs 5.5 times more thermal energy for cool-
ing in order to create the same microclimatic conditions.

In a comparison between the total values of the annual 
thermal energy demand for heating and cooling per square 
unit of useful floor area for identical family houses, it has 
been shown that the family house in Gospić needs 2.0 
times more thermal energy than the family house in Split.

The comparison between the values of annual thermal 
energy demand for heating per square unit of useful floor 
area based on actual climate data Q’’H,nd (kWh/(m2a)) 
has produced the following results. The naturally venti-
lated apartment building in Gospić in relation to the 
same apartment building in Split needs 6.2 more thermal 
energy for heating for the creation of the same microcli-
matic conditions. When the values of the annual thermal 
energy demand for cooling per square unit of useful floor 
area of buildings Q’’C,nd (kWh/(m2a)) are compared, 
the results show that the apartment building with a cool-
ing system in Split needs 7.3 more thermal energy for 
cooling in order to create the same microclimatic condi-
tions as the identical building in Gospić.

Table 3. Comparison between the annual thermal energy demand 
for heating (Q” H,nd) and cooling (Q” C,nd) per square 
unit of useful floor area based on actual climate data for 
the family houses and apartment buildings in Gospić 
and Split.

Fig. 7. Requirements in terms of specific annual consumption of primary energy for new buildings and new nZEBs [kWh/(m2a] and in 
terms of the share of renewables in the energy consumption of buildings [%].

Fig. 8. Primary energy factors of fuels and specific annual primary energy in relation to the individual fuel used by family houses in 
Gospić and Split.
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The comparison between the total values of the annual 
thermal energy demand for heating and cooling per 
square unit of useful floor area for identical apartment 
buildings has shown that the building in Gospić needs 
1.5 times more thermal energy than the same building in 
Split.

In relation to present-day buildings, the Technical Reg-
ulation requires that the nZEB has much lower specific 
annual primary energy a greater share of renewable en-
ergy sources in the annual primary energy. The annual 
consumption of primary energy highly depends on ener-
gy resources, and less on the efficiency of the heating 
system and the buildings’ consumption. Figures show 
comparisons between primary energy factors of certain 
fuels, specific annual primary energy for the family 
houses in Gospić and Split in relation to the fuel, a 
 comparison of the share of energy from renewable sourc-
es and a comparison between specific delivered energy. 
[9]

Fuels with a low primary energy factor or the utilisation 
of highly efficient heating systems will most certainly 
meet the nZEB requirements determined in the Technical 
Regulation. These include renewable sources, and heat 
pumps which become increasingly popular.

Consumption results in relation to the use of different 
fuels and heating systems are shown in Table 4.

It is clearly evident in Table 4 and Figure 9b that the 
annual delivered energy demand for heating, cooling and 
domestic hot water (DHW) has the lowest value when 
the heat pump is used. Heat pumps use electrical energy 
only for transferring heat from, or to the environment. 
That is the reason why they have far greater useful effi-
ciency than the heating systems using thermal energy 
that is contained in the fuel itself. Heating pumps can be 
used for heating, cooling and preparation of DHW. The 
total useful efficiency of such systems varies and is η~3-
5, which means that 1 kWh of consumed electrical en-
ergy produces ~3-5 kWh of efficient thermal energy.

The initial investment for such a system is considerable, 
but it is possible to apply for subsidies for the use of 
renewable energy sources. As heat pumps are highly ef-
ficient and use only electricity, this relatively small en-
ergy consumption can be compensated with photovolta-
ic systems especially for cooling and DHW during 
summer. As well as in case of heat pumps, investment is 
considerable but subsidies can be applied. Even if sub-
sidies are not possible, in case of Gospić with less irra-
diation reaching the surface payback period for most 
optimal photovoltaic systems is around 10 years, and in 
Split around 6 years.

Figure 10 compares annual electricity production of PV 
system and electricity consumption of heat pumps for 
the reference models with applied PV systems.

Table 4. Versions of the use of energy  sources and systems in the cases of family houses and apartment buildings in Gospić and Split, 
which fit the nZEB criterion according to the Technical Regulation (NN 128/15)

Fig. 9. Share of energy from renewable sources in relation to the individual fuel [%] and specific annual amount of delivered energy 
depending on the fuel used by family houses in Gospić and Split.



Vol. 13(4) 2018  –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––  23

4. Conclusion

Energy efficient and resource conscious approaches are 
incorporated into architecture in many different ways. It 
may be a technical innovation, a particular use of mate-
rials based on the location or utilisation of climatic con-
ditions.
Energy performance of buildings is highly dependent on 
the characteristics of the climate zone in which the build-
ings are located. Considering their position, climate dif-
ferences between the zones of Republic of Croatia are 
significant, and that exerts an impact on the energy per-
formance of buildings. The paper has brought froth an 
analysis of energy performance models of the reference 
residential buildings (family houses and apartment 
buildings) which are located in two cities with excep-
tionally different climate features – Gospić and Split. 
The analysis entailed calculations and comparisons of 
values of the annual thermal energy demand for heating, 
cooling and DHW, specific annual primary energy and 
specific annual amount of delivered energy in relation to 
different heating systems.
Considering the heating season, the values of the annual 
thermal energy demand for the two family houses in two 
cities show a difference that is five times greater and be-
tween the apartment buildings in the cities a difference be-
ing more than six times greater. If buildings with an in-
stalled cooling system are taken into consideration, the 
values of the annual thermal energy demand for heating and 
cooling in the cases of the two houses are 2 times different 
and the two apartment buildings 1.5 times different.
The comparison between the annual primary energy for 
different heating, cooling and DHW systems point to the 
fact that the nZEBs in entire Croatia will predominantly 
use fuels from renewable sources and high efficient heat-
ing systems. These include heat pumps, wood-pellet 
boilers, solar PV and DHW panels, while systems run-
ning on fossil fuels such as coal, heating oil and the like, 
could only serve as auxiliary systems.
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Abstract

The paper describes the experimental research of masonry columns behavior under the load of vertical compression. 
A total of thirty-four specimens were tested: three unconfined specimens and thirty-one specimens confined with GFRP 
straps. In addition to the load-bearing efficiency analysis of confined columns in relation to the number of the con-
finement layers, the intention of these tests was to determine the efficiency of spiral confinement in relation to con-
ventional confinement. The impact of the existing compressive stress in a column during confinement to the final 
increased load-bearing capacity of the confined column was also studied.. The test results have shown that all of the 
confined specimens have a greater load-bearing capacity and ductility than the unconfined specimens. The results of 
spiral confinement were almost identical to the results of conventional confinement, which is vital considering that 
spiral confinement is easier to perform. The results of the test lead to the conclusion that the presence of compressive 
stress in a column during confinement does not significantly reduce confinement efficiency. This makes it possible to 
effectively increase the bearing capacity of masonry columns without the need to previously unload the structure, 
while the structure is in service. The paper also provides expressions for the estimated increase in the compressive 
strength of confined columns that well correspond to the testing results.

Keywords: tests, masonry columns, strengthening, glass fibre reinforced polymer straps, GFRP, results

Notation

Ef modulus of elasticity of GFRP straps;
EM modulus of elasticity of wall;
EM1-3 secant modulus of elasticity of wall determined for 

the compressive stress of 1,0 to 3,0 MPa;
F compressive force in masonry column during te-

sting;
ff tensile strength of glass fibre fabric (GFRP);
fM compressive strength of unconfined masonry co-

lumn;
fMc compressive strength of confined masonry column;
f
l
′  effective lateral stress in column during confine-

ment;
fu ultimate strain of glass fibre strap;
M longitudinal strain of column;
Mu longitudinal strain of masonry column at failure;
Mc longitudinal strain of masonry column for M  

fMc;
l lateral strain of column;
M compressive stress of column;

1. Introduction

Due to the growing need for reconstruction and rehabil-
itation of the existing masonry, new methods and tech-
nology of strengthening the existing load-bearing ele-
ments of masonry structures are being investigated 
today. The greatest number of investigations is focused 
on increasing the load-bearing capacity of masonry 

structural elements by applying fibre reinforced polymer 
(FRP) [1]. This type of strengthening has more advan-
tages than the traditional methods. The most important 
benefits of such a type of strengthening are in the fact 
that the existing bearing structure of the building is not 
undermined; that it is fast and simple to perform, and 
that it does not violate the aesthetic requirements of the 
building and its functionality during the strengthening 
process. Although FRP is not a ductile material, it could 
be used for strengthening masonry structures as the col-
lapse is mainly achieved through masonry. Over the past 
few years extensive experimental, analytical and numer-
ical investigations of masonry wall [2], as well as ma-
sonry columns being strengthened with glass fibre rein-
forced polymer straps (GFRP) have been conducted. The 
purpose of these investigations was to research and de-
scribe in the most helpful way the behaviour of masonry 
walls subjected to horizontal in-plane load strengthened 
with glass fibre straps as well as the behaviour of ma-
sonry columns under compressive load that are confined 
with glass fibre straps.

The paper shows a part of the investigation relevant to 
the behaviour of masonry columns under variable axial 
compressive load until failure. Experimental testing of 
confined and unconfined masonry columns were con-
ducted, which is only a continuation of similar investi-
gations in the world [3], [4], [5]. The experimental re-
search was aimed at determining the impact of the 
method and volume of confinement with glass fibre 
straps on increasing the compressive strength of mason-
ry columns. Considering that in practice it is difficult to 
obtain full load release of a column during confinement, 
the compressive strength of a column during confine-
ment on the increase n load-bearing capacity was ana-
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lysed within the conducted investigations. The aim was 
also to obtain good working diagrams of the confined 
columns behaviour, as well as the relations between lon-
gitudinal and lateral strains with the load change for 
further numerical and analytical analysis. The paper 
shows the results of the completed experimental inves-
tigations and proposes analytical expressions for the es-
timate of the total bearing capacity of confined columns.

2. Experimental program
a. Test specimens and material properties

Testing was conducted on small masonry column spec-
imens with dimensions a/b/h  122/122/700 mm (Fig-
ure 1). All specimens were made with masonry elements 
of solid brick of width/height/length  58/65/122 mm, 
made by cutting brick of standard dimensions w/h/l  
120/65/250 mm into 4 identical parts. The mean values 
of tensile strength and compressive strength of bricks 
were 3.98 MPa and 23.33 MPa, respectively. The mortar 
used in making specimens was cement-lime mortar of 
the same volume content (cement/lime/sand  1/3/9). 
The mean value of compressive strength of mortar was 
5.70 MPa, tensile strength of mortar was 1.74 MPa. 
Straps and glass fibre fabrics were used for confinement 
of masonry columns, along with the epoxy adherent and 
levelling mortar. The description of the testing procedure 
was given in Soric et.al. [6]. The tensile strength of FRP 
composite (glass strap embedded in epoxy resin) was 
890.1 MPa; strain at failure: f,max  19.3 ‰; modulus of 
elasticity was 46169 MPa. The properties of levelling 
paste declared by the manufacturer were: compressive 
strength > 80 MPa; tensile strength > 30 MPa; strain at 
failure 12 ‰; modulus of elasticity 3000 MPa. The spec-
imens had curves R  20 mm on vertical edges to avoid 
sharp edges and possible damaging of strengthening 
straps at the bending location of vertical edges.
Twenty-six masonry columns were tested to determine 
the impact of the method and volume of confinement 
with glass fibre straps on the increase in compressive 
strength of masonry columns: three unconfined column 
specimens (type A) and twenty-three confined speci-
mens. Confined masonry columns were strengthened in 
eight different ways (Figure 2). Seven series had three 

specimens, and one had two specimens. All confined 
specimens were confined with the same GFRP straps 
(Mapewrap G UNI-AX 900/60, Mapei); with the only 
difference being the method of confinement (horizontal, 
spiral), the number of strap layers and their width.
Specimens of type B, C and D were confined with hori-
zontal confinement (conventionally confined specimens) 
over the entire surface. Confinement was made with two 
300 mm wide straps, and one 100 mm wide strap 
(2×300+100700 mm  height of specimen). The strap 
length depends on the number of confinement layers (1-3 
layers). The strap overlap of these specimen types was 
100 mm. The neighbouring straps were set to each other 
without overlapping.
Specimens of type E, F, G have spiral confinement with 
100 mm wide straps. The confinement was made with a 
vertical overlap. The value of overlap varies from the 
type of specimen. E type specimens have vertical over-
lapping of 5 mm and represent specimens with one lay-
er of spiral straps. F and G type specimens have an over-
lap of 50 and 70 mm respectively and represent specimens 
with two or three layers of spiral straps. The percentage 
of confinement which corresponds to one, two or three 
layers of glass fibre strap is made by a smaller or larger 
spiral pitch. Specimens of type H and I have a spiral 
confinement with 50 mm wide straps, but the unconfined 
space between two straps is also 50 mm. H type speci-
mens have one layer of strap while I type specimens 
have two layers. This type of confinement is used to 
determine strengthening efficiency without covering the 
entire specimen surface.

Fig. 1. Tested sample of masonry column

Fig. 2. Specimen type of confined masonry columns
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All specimens were made on 15 mm thick steel plates. 
Before confinement with GFRP straps, masonry surfac-
es of the specimens were well brushed, coated with 
primer, and then levelled with levelling paste. After the 
column surfaces had been levelled, glass fibre straps 
were glued on surfaces using epoxy resin.

Additionally nine masonry columns were tested to de-
termine the impact of compressive stress in column dur-
ing confinement on the increase in bearing capacity of 
the confined masonry column.

All nine specimens were confined and their method of 
confinement matched the strengthening types C, F and I 
shown in Figure 2 except for their exposure to compres-
sive load during confinement. Compressive load was 
achieved by prestressing with a steel bar db  12 mm 
placed at the centre of the cross section. Compressive 
stress during confinement was M  2,0 MPa which cor-
responds to 21.5% of bearing strength of unconfined 
masonry column. The compressive stress value was de-

termined based on the fact that compressive stress in 
masonry columns under the dead load of the structure 
(after load release during removal of floor layers, facade 
and useful load) was 20-25% of the wall strength. That 
way the real situation was simulated in practice of ap-
plying FRP strengthening. Prestressed specimens are 
shown in Figure 3.

b. Testing procedure

The main objective of testing was to record the axial 
stress-strain curve and the failure mode of all masonry 
specimens that were subjected to axial load applied 
monotonically under the displacement control mode in 
a compression testing machine. The testing machine was 
Zwick Z600E with a 600 kN capacity. Before the begin-
ning of the main testing every specimen had been 
“trained” , i.e. loaded twice up to force F  30.0 kN 
(corresponding to stress   2.0 MPa) and unloaded to 
0 kN. In the specimens that were prestressed immediate-

Fig. 3. Specimens which were exposed to compressive load (prestressing) during confinement

Fig. 4. a) Scheme of loading and LVDT setup and b) Specimen during testing
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ly before testing, the specimens were unloaded by releas-
ing prestressing force and removing the bar in the middle 
of the section. Specimens were tested using displace-
ment control, at a displacement speed of 0.2 mm/s. The 
loading scheme and LVDT setup is shown in Figure 4. 
During testing the value of vertical compression force 
(F) was measured as well as the vertical displacement of 
the hydraulic jack (1). Also, vertical deformations were 
measured in three places (2, 3, 4) as well as horizontal 
deformations in the middle of the specimen height (5, 6, 
7). Horizontal displacements (8, 9, 10, 11) in the middle 
of the specimen were also measured.

3. Experimental results and discussion

Table 1 shows the mean values of test results for each 
series of column specimens. The following values are 
shown: Fmax  maximum compression force; fMc  com-
pressive strength of confined masonry specimen; Mu  
sample failure (ultimate) strain; EM1-3  starting modulus 
of elasticity (secant modulus of elasticity for the stress 
level from M  1.00 to 3.00 MPa); EM  secant mod-
ulus of elasticity for the stress level M  0.3×fMc.

a. Description of the behaviour of particular 
specimen types

Unconfined columns (Type A) – For a comparison with 
other specimens, three unconfined (reference) specimens 
were tested. The first visible (vertical) cracks appeared 
at approximately 90% of compressive strength. Just be-
fore the brittle failure of the specimen, they spread and 
developed at the full height of the specimen. The results 
of testing and the appearance of the specimen are shown 
in Figure 5.

Conventionally confined columns (Types B, C, D) – Un-
til the compressive force F  230 to 250 kN (M  14.68 
to 15.83 MPa) for the specimens type B, the force F  
275 kN (M  17.36 MPa) for the specimens type C, and 
the force F  320 kN (M  19.65 MPa) for the speci-
mens type D, there was no visible damage of specimens. 
Specimens acted as a single monolithic structure which 
is confirmed by the diagram “M-M” up to these stress 

values. Up to the previously stated values of compres-
sive load the serviceability of specimens was not im-
paired. After that the first visible damage followed by a 
cracking sound begins to appear. There are no visible 
vertical or horizontal cracks, but the fabric confinement 
at the place of horizontal joints begins to fold (Figure 6). 
This folding increased with an increase in compression 
and deformation. The reason for that is crushing of mor-
tar in joints between two bricks, which leads to greater 
longitudinal masonry deformation at these places.

After the first visible damage had appeared, the increase 
in the deformation increment at the same load increment 
was significantly higher than before the damage. This 
could be seen in the diagram “M-M”, which has an ap-
proximately horizontal branch (Figure 7a). That “yield-
ing” pattern is the result of mortar and bricks crushing 
where the confinement straps do not allow its decompo-

Table 1. Test results for column specimens (mean values)

Fig. 5. Test results of unconfined specimens: a) “σM – εM” diagrams; b) “σM – εl” diagrams; c) appearance of specimen failure

Fig. 6. Development of specimen damaging during testing until 
failure (B2 specimen)
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sition (the effect of sand in a bag). Furthermore, “yield-
ing” is the result of specimen bending where bending is 
not solely the result of physical stability loss. Bending 
is also the result of material homogeneity lack where the 
damage is localized in one part of the specimen, resulting 
in larger deformations in the area which causes buckling. 
This occurrence should be taken into consideration in the 
case of slender columns since it affects the stability and 
bearing capacity of columns. With the number of fabric 
layers increasing, the strength and deformability of spec-
imen increased too. The specimen failure occurred when 
local deformations caused confinement failure at one 
specimen edge. The straps were damaged due to folding 
and inclining little brick pieces into the strap. The tearing 
of straps occurred in one of the places where confine-
ment was significantly folded and where masonry was 
completely squashed and almost turned into dust. Con-
ventionally confined specimens had significantly greater 
load bearing capacity than unconfined specimens. They 
also had much greater ductility, i.e. there was no brittle 
failure at the point where maximum stress was reached. 
The failure of the specimen was ductile with large lon-
gitudinal and transversal deformations (Figure 7a). 
Specimens of type D with three layers of confinement 

had the greatest ductility, while the specimens of type B 
with one layer, the lowest. The confinement increased 
the specimen compressive strength up to three times in 
case of confinement with three layers of straps, while the 
increase in the ultimate strain was as much as seventeen 
times. An increase in the load bearing capacity and the 
ultimate strain depended on the number of confinement 
layers. The greatest step of load bearing capacity and 
ductility growth was achieved with one layer of confine-
ment in comparison with the unconfined specimen. An 
additional strap layer increased the load bearing capaci-
ty and specimen deformation, but for a smaller step than 
in case of one confinement layer.
The modulus of elasticity of the unconfined specimen 
was increased by approximately 5% by specimen con-
finement. This increase was more a result of primer and 
epoxy usage than of the confinement itself. The first part 
of “M-M” diagram is similar for both the unconfined 
and confined specimens.
After failure stress, the confined specimens showed fur-
ther resistance followed by large deformation and stiff-
ness reduction due to cracking. It is important to notice 
that modulus of elasticity of the confined specimens 

Fig. 7. Comparison diagrams of specimens A, B, C and D: a) “σM – εM” diagrams; b) “εM – εl” diagrams

Fig. 8. a) “σM – εM” diagram of spiral confined columns; b) Comparison “σM – εM” diagram for conventional and spiral confinement with 
one layer of GFRP straps
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wasn’t proportional to their compressive strength (as it 
is proposed by codes, for instance EM ≈ 1000 fM). This 
should be considered in some numerical models.
Spirally confined columns (Types E, F, G) – The only 
difference between specimen types E, F and G from 
types B, C and D was the spiral type of confinement. 
The straps were wrapped spirally because of easier con-
finement process, especially if there were two or three 
confinement layers. The behaviour of spirally confined 
specimens is identical to the one in conventional con-
finement. Compressive strength of spirally confined 
specimens was almost identical as in the case of conven-
tional confinement while ductility was somewhat re-
duced. The specimens still had high ductility and strength, 
and the reason for reduced ductility in relation to the 
conventionally confined specimen was that the spirally 
confined strap could easily be damaged because of the 
specimen longitudinal deformation which could cause 
tearing of straps. Figure 8a shows “M-M” diagrams for 
specimen type A, E, G and F, and Figure 8b gives a 
comparison of spiral and conventional confinement in 
case of confinement with one layer of fibre glass strap.
Spirally confined columns with gap between straps 
(Types H and I) – The failure of both H and I specimen 

types occurred due to a damage at the area of specimen 
without straps i.e. between straps. The specimens did not 
show substantial ductility and considerable deforma-
tions. However, the specimens had an increase in bearing 
capacity compared to unconfined specimens because the 
straps prevented the development of vertical cracks and 
splitting of specimens. Figure 9a shows comparative di-
agrams for specimens A, H and I. These diagrams show 
an increase in bearing capacity of 80%. However, the 
increase in bearing capacity was much smaller than in 
fully confined specimens because the specimen failed in 
the area between spiral straps (Figure 9b). Increasing the 
number of confinement layers did not increase the bear-
ing capacity. The reason for that was that the failure oc-
curred in the area without confinement between spiral 
straps.

Specimens subjected to compressive load during con-
finement (Types C-p, F-p and I-p) – Behaviour of ma-
sonry columns subjected to compressive load during 
confinement was identical to the behaviour of the same 
specimens that were not subjected to compressive load 
during confinement (specimens types C, F and I). In col-
umns with full confinement an increase in compressive 
strength was smaller by 6.2% compared to the same col-

Fig. 9. a) Comparison “σM – εM” diagram of specimens A, H i I; b) failure of specimen I

Fig. 10. a) Comparison “σM – εM” diagram of A, C and C-p; b) Comparison “σM – εM” diagram of A, I and I-p
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umns that were not subjected to compressive load during 
confinement (Figure 10), while the modulus of elasticity 
was somewhat higher (3.7%). Although the efficiency of 
confinement in these specimens is somewhat lower, a 
further increase in bearing capacity due to confinement 
is significant compared to unconfined columns (an in-
crease by 118% for confinement in two layers). A slight-
ly higher modulus of elasticity that was achieved is the 
result of compressive stress during curing of specimen 
which ensured a better consolidation of the column than 
in the case of the specimens that were ”trained” during 
testing. In spirally confined specimens with a gap be-
tween straps almost identical results were obtained as in 
specimens that were not subjected to compressive stress. 
The results of testing are shown in Figure 10.

b. The relation between longitudinal and lateral 
strain

In addition to diagram “M – M” during testing the dia-
grams of the relation between longitudinal and lateral 
strain were analysed i.e. “M – l”. Although the working 

diagram “M – l” has three areas described by the design 
model for confined concrete by researchers Saenz 
and Pantelides [8], for practical application the relation 
“M – l” can be approximated by a bilinear diagram (Fig-
ure 11a) and expressions (1).

For 0 � � � � � � �
�
�
� �� � � �

�
�

�l l l l l
l

l lf f f( ) ( , ) ( )o M

Mo

o

 
(1)

for � � � � �

� � � � � � � �

� � �

� � � � � �

l l l l

l l l l l

f

f f
o u

M Mo o

( )

( , ) ( ( ) )

Where: � �� �Mo o, l   longitudinal and lateral strain that 
determine the point of failure of diagram “M – l”; l  
line gradient of the other area of diagram in Figure 11a 
(l  tan a). A good congruence with the test results was 
obtained for values: � ��Mo 1,74 ‰, � �� lo 0,44 ‰, l  
0,71; 0,83; 0,96 (for confinement with one, two and three 
 layers of strap) which can be seen in Figure 11b. For 
strain values that determine the point of failure of dia-
gram “M – l” it can be assumed that it is � � � �� �Mo Mo0 82,  
� � �0 82 2 13 1 74, , ,  ‰ and � � � � �� �lo Mo0 25 0 44, ,  ‰. 
Bilinear diagrams for individual cases of confinement 

Fig. 11. a) Bilinear “εM – εl” diagram; b) Bilinear “εM – εl” diagram of confined columns with two layers

Fig. 12. a) Bilinear “M – l“ diagram for different number of confinement layers; b) “M – l” diagram of unconfined columns
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with strain that is congruent with the compressive 
strength of columns are shown in Figure 12a. In line 
with the testing and graph shown in Figure 12a lateral 
strain and effective strain in FRP that is congruent 
with the compressive strength of the confined column is 
l  fe 7,04 ‰.
Accordingly, stressing in FRP that is congruent with 
the compressive strength of the confined column is 
ffe  Ef · fe  46169 · 0.00704  325.16 MPa. With 
that stress value an analysis was conducted in Chapter 
4.

4. Estimate of compressive strength 
 of confined masonry column

Based on the testing results the calibration of general 
expression (2) was made to determine the increase indec 
compressive strength of confined column as well as the 
modification of the expression (3) proposed by Mander 
[9] in 1988, for the estimate of an increase in compres-
sive strength of concrete columns due to the lateral 
stress.
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Where: a, k1  constants determined by calibration of 
the testing results; ′fl  effective lateral stress in column 
during confinement taking into account geometric char-
acteristics of cross section in line with [4].
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Where: k  correction coefficient with which the exist-
ing expression for confined concrete proposed by Man-
der [8] is adjusted for the design of masonry columns 
that are subjected to triaxial load.
Expression (2) taking into account that lateral strain 
of the confined column at maximum bearing capacity 
l  fe 7.04 ‰ best matches the testing results for 
values a  0,68 and k1  2,3 i.e. as presented in expres-
sion (4).
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Columns that were subjected to compressive load during 
confinement had compressive prestressing M  2.0 MPa 
in which longitudinal strain was M  0.28 ‰ and later-
al strain l  0.05 ‰ (see Figures 5a and 12b). In the 
columns that were subjected to compressive load during 
confinement, the effective strain of FRP that matches the 
compressive strength of the confined column and 
amounts to fe  7.04 - 0.05  6.99 ‰ was decreased 
by that exact value of lateral strain.
Taking into consideration a decrease in effective strain 
of FRP due to the already incurred lateral deformation 
of the column in prestressing according to expression (5) 
the obtained value of design compressive strength in ex-
pression was fMc  20.45 MPa. Comparing the design 

compressive strength determined for specimens that were 
not prestressed before confinement, fMc  21.58 MPa, 
and the design compressive strength determined for 
specimens that were subjected to compressive strength 
before confinement, fMc  20.45 MPa, the obtained de-
crease in comp. strength h  (21,58 - 20,45)/21,58  0,053 
i.e. 5,3%. A decrease in bearing capacity of prestressed 
specimens from the previous analysis (5.3%) approxi-
mately matches the bearing capacity decrease from ex-
perimental testing (6,2% for C-p type specimens). This 
also explains why the presence of the usual level of com-
pressive stress in masonry columns in practice during the 
time of confinement has no significant impact on an in-
crease in compressive strength and bearing capacity. In 
practice it allows the application of confinement of ma-
sonry column with compressive load without a need to 
implement full unloading of columns.

5. Conclusion

Full confinement of masonry columns significantly add-
ed to increased bearing capacity. An increase in bearing 
capacity approximately linearly depends on the number 
of layers in which the greatest increment of increase in 
bearing capacity is achieved with one layer of confine-
ment, whereas for several layers the increment of growth 
is somewhat lower. Full spiral confinement yields results 
almost identical to full conventional confinement which 
is important considering that spiral confinement is easi-
er to perform. The use of spiral confinement with a gap 
between straps increases the bearing capacity, though it 
is lesser than in the case of full confinement since the 
failure of column takes place in the area between straps. 
An increase in bearing capacity in columns with a gap 

Fig. 13. Comparison of experimental results with theoretical 
expressions (4) and (5)
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among straps does not depend on the number of layers 
in confinement; it is almost equal for one, two or three 
layers. The presence of moderate compressive stress (≈ 
0.21 fM) during column confinement insignificantly de-
creases the bearing capacity of the confined column 
compared to columns without compressive prestressing. 
In practice that permits implementation of confinement 
in masonry columns with compressive load without ne-
cessity for full unloading.
For the practical application, the relation of longitudinal 
and transversal strain can be described with a bilinear 
relation diagram. The paper also provides expressions 
for the estimate of compressive strength of confined col-
umns that correspond with the testing results presented 
in this paper as well as with the results published by 
certain researchers [3], [5] and [9].
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