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Abstract: Large panel system (LPS) buildings, during the 1950s-1990s, were the most widespread
among precast systems and are still a huge part of some national housing stocks. Disadvantages in
characteristics, poor quality of all construction stages, sudden disasters and poor retrofit and repair
techniques can result in demolishing some LPS buildings and thus the creation of huge amounts of
waste. There is urgent need of evaluating the possibility of reusing the elements of LPS buildings.
The novelty of the article is based on the formulation of research gaps in terms of recycling these
buildings and the justification of such need. The authors reviewed the current state of knowledge
regarding characteristics of LPS buildings, directions of retrofitting, durability and their locations
within cities. The possibility of recycling elements of LPS buildings was analysed. The findings are
that concrete load bearing panels, proved to be in satisfactory conditions in terms of strength and
durability, have the possibility to be recycled into recycled coarse aggregate (RCA), so such waste
could be beneficial for concrete. However, there are research gaps of such an application highlighted
in the text. The authors suggest that conducting comprehensive basic research in this area could have
significant benefits for the next generation of researchers and engineers.
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1. Introduction

Prefabricated (also known as “precast”) systems can be divided into four categories,
as shown in Figure 1, based on the load bearing structure. Below are the characteristics of
the individual systems.

Frame system sub-assemblages can be placed away from the critical frame regions;
linear elements are easier to assemble in terms of forming, handling and erecting spatial
elements [1]. Linear elements are generally preferred and their assembly means placing the
connecting faces at the beam—column junctions. The beams that are seated on corbels at the
columns to aid the shear transfer from the beam to the column are called hinged. Rigid
beam-column connection can be used when the continuity of longitudinal reinforcement
through the joint must be provided. Figure 2a,b present elements of a frame system [2,3].

The lift-slab system consists of prefabricated concrete columns (usually two storeys
high) and slabs [4]. All precast elements are connected by using joints. Slabs are poured in
forms on the ground, then lifted by cranes to the final height (Figure 2¢,d) [5].

Another category is a system based on prefabricated slabs and columns to form a frame
structure-slab-column system. (shown in Figure 2e). Slabs and columns are prestressed
in two directions so the whole construction can be stable and continuous. (Figure 2f) [4].
Although the slab-column system was designed particularly for high-rise buildings, it can
to be applied in public utility buildings (schools, hospitals, offices) and single-family row
housing units [6-9].
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Figure 1. Four typical types of prefabricated constructions based of the load bearing structure (based
on the information provided in [10,11]).
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Figure 2. Elements of frame system: (a) a cruciform, (b) key load-bearing elements in a perspective.
Elements of lift-slab: (c) key load-bearing elements (d) plan of a typical building. Elements of slab-
column or IMS system: (e) axonometric view of basic components (f) column-slab joint (based on the
information provided in [4]).
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Large panel systems are multistorey structures composed of prefabricated panels for
floors and walls, connected in the vertical and horizontal directions to form a box-like
structure. Wall panels are usually one storey high; roof and floor panels act as one-way or
two-ways slabs [12]. All the panels (vertical and horizontal) resist gravity loads—joined
horizontal panels act as diaphragms, transferring lateral loads to the walls [12]. Typically,
walls are sandwich panels, consisting of two concrete leaves separated by a layer of
expanded polystyrene with stainless steel ties to connect the leaves.

LPS can be typically divided into three categories based on wall layout: longitudinal,
cross-wall and transverse, as showed in Figure 3. The key structural components in these
structures are panel connections—joints [13]. They can be classified based on their location
and construction method, as shown in Table 1.
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Figure 3. Typical configuration of panels: (a) longitudinal (b) cross-wall (c) transverse, where 1—load

bearing walls and 2—direction of floor spans.

Table 1. Classification of joints based on their location and construction method (based on the

information provided in [11,13]).

Name

Description

Based on the location within the building

Vertical joints

Horizontal joints

Connect the vertical faces of adjoining wall
panels and resist vertical seismic shear forces.
Connect the horizontal faces of adjoining wall
and floor panels, resist gravity and seismic
loads. Examples: between floor slabs, between
the floor slab and cross-wall, between floor slab
and external wall.

Based on the construction method

Wet joints

Dry joints

Protruding reinforcing bars from panels
(dowels) are connected in the joint. Then cast
in-situ concrete is poured between panels.
Constructed by bolting or welding together
steel plates cast into the ends of the
prefabricated panels.
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This manuscript focuses mainly on the large panel system, due to its greatest contribu-
tion in European and national (especially in Eastern Europe) housing stock among other
precast systems. According to [14], if only urban residents are taken into account, 50% of
the population of Poland lives in LPS estates. In [15], the authors revised the condition state
of multifamily housing stock in the Russian Federation. Total area of LPS buildings equals
776.3 mIn m?, from which 4.5 mln m? are recognised as accident-prone. In [16], comparison
between several countries’ LPS stock was presented. Several problems when applying LPS
in the local Malaysian market were highlighted, such as lack of skilled workers, importing
prefabricated elements from other countries and low quality with high construction cost.
Authors of [17] noted that in former socialist European countries, up to 40% of people live
in a mass housing development, while in Western European countries, it is 10% of people.
In Russia, about 50% of the big cities” housing fund includes panel buildings, block and
brick houses from 1950-1970. This creates problems, such as aging in the same manner,
forcing renovation of many buildings at the same time, visually questionable modernist
style and technical standards not complying with modern ones. The contribution of LPS
construction is shown in Figure 4. From the 1970s to 1990s, depending on the country, LPS
construction was abandoned due to criticism of the building’s monotony, low technical
standards of construction and high operating costs. From then on, endless discourses
take place regarding what to do with the large panels, whether the blocks are technically
efficient and whether the residents should be worried about their flats being demolished.
Large-scale demolitions took or have been taking place in Western Europe as an attempt
to mitigate social segregation and due to urban area shrinkage. It is assumed that Eastern
European countries will follow this trend. Emphasising the circular economy concept, there
is a potential of recycling demolition waste from LPS buildings into new concrete mixes.
However, no data was found on such topic in the Scopus database.

5000 Other Large
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% 4000 + Brick System
- 3000 - 22% 24%
© . .
= i Monolithic
o 2000 3% )
2 1000 - % Pargel
ane
2 0 7 System
Hungary Czech Poland Romania UK 50%
Republic
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Figure 4. Contribution of LPS flats: (a) in selected EU countries (b) in Poland in years 1946-1992
(based on the information provided in [18,19]).

According to [20], old buildings should be seen as resources of building materials.
The only research studies available present possibilities of re-using concrete panels from
buildings. Huuhka et al. was analysing Finnish housing stock. In [21], it was concluded
that floor slabs and wall panels from one average residential building could build up to nine
single-family houses. However, even if some systems such as Dutch DC-20 were thought
to be deconstructed and re-used, the majority of large panel systems were not designed
this way [22]. Additionally, especially during random causes, such as a gas explosion that
occurred in Magnitogorsk, Russia [23], concrete panels can be broken, damaged or even
crushed.

Niemela et al. [24] determined the cost-optimal renovation concepts of typical large
panel-structured apartment buildings located in cold climate conditions in Finland. The
survey indicated that the external concrete layer and the original thermal insulation are
typically demolished when the outer concrete layer is showing signs of carbonization.
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Meanwhile, large-scale demolitions took or have been taking place in Western Europe,
mainly UK, Germany, France and Netherlands, as an attempt to mitigate social segregation
and due to urban area shrinkage [25]. The demolishing operation of a high-rise building is
very complicated and leaves huge amounts of waste, impossible to re-use as complete and
undamaged panels in new constructions [26].

To identify such possibilities, the article provides an overview of the current state
of knowledge on the large panel system technology in civil engineering in the second
half of the 20th century. Based on the literature, the authors identified trends in other
research studies and described selected characteristics of LPS buildings. The novelty of the
manuscript lies in formulating knowledge gaps regarding maintenance, demolitions and
the possibility of elements’ recycling.

2. Scientometric Analysis of the Bibliometric Data

In order to investigate what is the trend of research studies concerning large panel
system buildings, a scientometric analysis of the bibliometric data has been carried out. It
enables creation of scientific visualization to analyse data for a variety of purposes and
establishes a connection between sources, keywords, authors, articles and countries within
a given research area. By using maps and connections between bibliometric data, one can
relatively easily spot the most frequently recurring topics in which the searched keywords
appear. Scientometric analysis is used by authors of various scientific fields [27-30], including
the concrete and construction industry [31].

The endless discussion on LPS technology resulted in numerous documents on various
topics. Because of the highest coverage of all databases (20% more than Web of Science),
the disadvantage of Google Scholar results in inconsistent accuracy; therefore, Scopus
was chosen for further citation analysis [32,33]. Scopus covers nearly 36,377 titles from
approximately 11,678 publishers [34] and was used to compile the bibliometric data for the
current analysis on large panel system technology in civil engineering. A data search was
conducted in January 2022. The searched keywords in Scopus were “Large Panel System
Building”. The subject area included the following fields: engineering, material science,
environmental science, computer science and energy, and resulted in 1446 documents
written in English. Data from Scopus were exported in the comma separated values (CSV)
format to import it in a suitable software tool. The science mapping and visualization were
created using VOSviewer version: 1.6.17 (developed by Leiden University’s Centre for
Science and Technology Studies, Ledien, The Netherlands). VOSviewer is a software tool
for constructing and visualizing bibliometric networks based on citation, bibliographic cou-
pling, co-citation or co-authorship relations. [35]. Maps to illustrate the various parameters,
their relationships and co-occurrence with the most frequently occurring keywords were
analysed. The minimum number of occurrences for a keyword was set to 10, and among
12,476 keywords, 292 of them met the threshold.

The results—the co-occurrence visualization of keyword networks, their connections
and the density associated with their correlation frequency—are presented in Figure 5a.
The size of a keyword node denotes its frequency, whereas its location denotes its co-
occurrence in publications. The colours red, green, blue, yellow and purple were used to
identify five clusters and to highlight their co-occurrence in distinct publications. Cluster
1 (red) contained 102, cluster 2 (green) 101, cluster 3 (blue) 66, cluster 4 (yellow) 22 and
cluster 5 (purple) 1 keyword. In Figure 5b, yellow, green and blue colours represent the
density concentration of keywords. Yellow represents the highest density while blue
the lowest. The visualisation can not only help in finding trends in large panel system
buildings, but also guide future authors to choose presented keywords to find published
data on a specific topic. From the results, one can see that the topics concerning large
panel system technology are grouped in four large clusters. The red cluster represents
the construction: structural design of buildings, construction materials and durability
of structures (stiffness, seismology, deformation and retrofitting). The green cluster is
connected to the environment and sustainable development, with the most used keyword
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photovoltaic cells. The blue cluster deals with energy efficiency and its utilization. The last
big cluster, yellow, presents social factors in large panel system technology. Considering all
keywords together, there is a strong trend in broadly understood modernization of LPS.
Improving living conditions, limited environmental impact and extending service life seem
to be popular topics. However, there are no keywords for words reusing, recycling or
demolition, indicating that there are few or no research studies concerning re-use of panels
or recycling concrete in the event of planned or accidental demolition.

united states wood products

wod @ crgsstaminated

ousegases | ousing
- sustamable devel

5tS,
photovoltaic cef

Renergy resources.

energy eﬁ'q

ntial buildi

Ict ural panels vall ]
seismolo
i

e nsionaly o i
retr‘ting& P engineerifig geology
tion igi ildi seisnilc p@iformance

thermal performance cgifjpos ® masonryinatgrials g

atmusphen_emperamre

(@) (b)

Figure 5. Results of scientometric analysis: (a) keywords network visualisation (b) keywords density
visualisation.

3. History of Large Panel System

Due to many reasons, including economic development and the political situation
after World War II, the history of LPS technology and its usage is different for Western
and Eastern Europe. The authors do understand that every country has its own history
regarding LPS technology. However, for simplicity, one can observe similar trends in the
West and separately for the East, as shown in Figure 6.
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Figure 6. The most important dates from history of large panel system technology with (a) Western
Europe (b) Eastern Europe—Polish example (based on information provided in [36—41]).

For the first time, precast concrete elements were used in the Netherlands during the
construction of the Betondorp estate in the suburbs of Amsterdam in 1923-1927 [38]. In
the year 1968, the perspective of LPS technology changed. A gas explosion in Ronan Point
apartment tower in London resulted in a partial collapse of the structure that killed four
people and injured 17. The causes of the disaster were the lack of alternative paths to redirect
the load in case of an unexpected event and poor connections between panels [41]. Due to
the Ronan Point collapse, building codes in many countries were updated with structural
integrity or “robustness” provisions [42,43]. Due to the tragedy and the increasing costs
of heavy transport, as early as the mid-1970s, Western countries started to abandon the
construction of further facilities in large panel technology on a large scale, and later on,
started the process of gradual demolition of some of them.

In contradiction, Eastern European countries started to use LPS technology only after
the Second World War. This was justified as most of the major cities were destroyed and
the industry was devastated [44,45]. Firstly, large block system technology (LBS) was
introduced with prefabricated concrete slabs/blocks with a height of the entire storey and
a width of less than 2.40 m. In the following years, LBS technology was superseded with
LPS, allowing for a greater flexibility in dimensions, thus better satisfying the growing
housing need. Different types of LPS technology were based on modular grid, storey height,
spans and spacing [46]. The urbanization of Eastern Europe after World War II followed a
dynamic course, completely transforming the country from rural to urban. Between 1950
and 1997, the share of urban areas in Poland has increased from 42.5% to 61.7% of total
population [47]. Contribution of buildings per year in Figure 7 confirms that one of the
key factors in dynamic urbanization was the usage of large panel system technology in
construction. It can be easily noticed that with the introduction of LPS, LBS and other
construction techniques began to be less and less popular. However, in the 1990s, LPS
technologies were abandoned due to criticism of the building’s monotony, low technical
standards of construction and high operating costs. This chapter aims to demonstrate
that some LPS buildings still in use in Eastern Europe are now a similar age as when LPS
buildings from Western Europe started to be demolished. If the trend will be followed, the
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result can be the creation of huge amounts of waste that should be, if possible, recycled
and re-used.

100 - Large Panel System
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L= ED Others
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Figure 7. Contribution of buildings in years 1970-1985 in Poland (based on the information provided
in [17]).

4. Selected Characteristics of Large Panel System Technologies Having Impact on
Their Durability

After the construction boom period involving LPS technology in the 1960s, two main
events occurred: in 1963 many LPS buildings in Skopje, North Macedonia, were destroyed
because of the earthquake and, in 1968, the partial collapse of Ronan Point occurred due to
a gas explosion. Both events led, ultimately, to the creation of huge amounts of waste [48].
After that, attention was focused on the need of addressing abnormal loads in the design
of towers and joints, the weakest points in the structure, in order to prevent accidental
collapses. Unfortunately, even today, regulations remain rather generic and there are
no specific, exhaustive codes against abnormal loads. This and the poor quality of all
construction stages show LPS technology in a very bad light. These are the reasons LPS
technology was abandoned in Western Europe in 1970 (see Section 3), and the authors
believe similar processes will happen in Eastern and Central Europe. The disadvantages
having an impact on LPS durability have been discussed in this section. Authors suggest
there is an urgent need of evaluating waste from LPS buildings for recycling as some of
the buildings will be destroyed. However, one of the still valid advantages is concrete
load bearing panels are—even today—in good condition. In case of a demolition (planned
or accidental), there is potential to re-use them in new constructions, which would be
beneficial for the environment.

4.1. Seismic Resistance

Firstly, one should ask why LPS buildings are so vulnerable to earthquakes. During
ground motions arising from earthquakes, the ductility of steel framed or in-situ concrete
structures is responsible for dissipating energy. In LPS structures, developing flexural
ductility is difficult to achieve due to the limited vertical continuity. A. Pall, C. Marsh and P.
Fazio, in [49], stated that for LPS buildings designed for earthquake resistance, the damage
of developing cracks usually affects only the joints with minor or no damage to panels. A
non-linear behaviour is applied to the entire building along the joints, while the panels
remain in the elastic range. The suggestion was that panel connection should be maximized
for energy dissipation capacity since it is the only location possible for this process. In [50],
A. Pall suggests that the vertical joints are the most suitable for it. Under the flexible action
of the cantilevered shear walls, even after an energy dissipation slip, they can return to their
previous position. To the best of the authors” knowledge, no jointing system in 1980 and
before could function as an efficient means of energy dissipation and at the same time fulfil
basic design assumptions and carry the usual service loads without exceeding the elastic
range. Thus, A. Pall, C. Marsh and P. Fazio, in [49], concluded that only developing the
limited slip bolted joint (Figure 8) meets the requirements of an efficient energy dissipating
connection with elasto-plastic behaviour and stable hysteretic characteristics.
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Unfortunately, especially in the beginning of designing LPS buildings, in areas where
earthquake is marked as a major risk, because of no codes available, seismic resistance of
buildings was no major concern. As an example, in Bosnia and Hercegowina, structures
built up to about 1965 had no seismic code applied, as no such regulations existed in
that time there [51]. Another example is North Macedonia, where a lot of LPS multi-
storey family houses suffered a wide range of damage or collapsed, implicating serious
causalities during the 1963 earthquake [52]. The remaining ones were subject to structural
rehabilitation and strengthening by means of inserting new extra horizontal and vertical
reinforced concrete strips and throwing in supporting pillars within massive structural
walls [53]. After 1963, LPS buildings in North Macedonia started to be better quality and
safer to resist strong seismic activity in the region. According to the survey, buildings that
were built after the earthquake (the most in the 1970s, around 70% of national stock) are
mostly in good condition [54,55]. Still, no evidence was found that LPS waste from the
earthquake was somehow re-used or recycled, which would be beneficial if such events
ever occurred again.

(a) Connecting plate N /Vw An (b)

0 o
[O]]
M |§| Washers
(c) Joint (d)
- Bolts Insert Panel
onnecting plate
0 o ’
1 o y N
Nuts welded to insert

Figure 8. Details of limited wall-to-wall slip bolted joint: (a) elevation (b) insert (c) connecting plate
(d) section (based on the information provided in [53]).

4.2. Structural Integrity and Progressive Collapse

The Ronan Point example showed that progressive or disproportionate collapse (Fig-
ure 9) occurs when a small part of the building is damaged by any form of abnormal load,
and the whole structure losses its stability. LPS buildings are structures vulnerable to
it, lacking flexural ductility and continuity [56]. Because identifying and eliminating the
hazard can be in some cases impossible, designing all elements to be robust to withstand
abnormal loads is expensive; the most acceptable solution seems to be designing alternative
paths to redirect the load while the local failure occurs [57].

In order to develop a design for alternative load paths, a maximum damage volume
or area must be defined. It can be achieved using [58]:

e direct approach (notional removal of structural elements, accurate but troublesome
and time-consuming);

e indirect approach (seeking and verifying alternate load paths, allows to evaluate
indirect design, can be applied to many forms of structure).

Because of the structure with vertical and horizontal joints, other research studies lean
towards the indirect approach in the case of LPS buildings [57,58].

In the 1970s, the Portland Cement Association (PCA), under the sponsorship of Hous-
ing and Urban Development (HUD), conducted research on the structural integrity and
progressive collapse resistance of LPS structures. The results of their work are shown in
Tables 2 and 3.
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Table 2. Results of tests by the Portland Cement Association (based on the information provided in

[59-63]).

Analysed Element

Testing

Results

Cantilever behaviour of walls
while removing a panel

The slab suspension

mechanism

Horizontal joints, the
transmission to the vertical
loads and the potential for

wall splitting

Scale model depicting a
six-storey building where five
of them acted as a cantilever
over the removed wall. The
loading included floor dead
load, partition dead load and
1/3 of the live load for the
catastrophic condition

The cantilever behaviour of
the walls is the main
mechanism for unfolding
alternate load paths. The
cantilever rest moment
depends on the tension at the
joints on each storey and the
compression at the lowest
level.

Removal of the support
between two full-size floor
slabs (jointed in the centre)

The slab suspension provided
an additional alternate load
path. Tensile joints above the
damaged area provided
partial support for the load.

Horizontal joints with

platform framing. The
analysed properties: mortar
strength, amount of wall
transverse reinforcement,
filled or unfilled slab cores,

Results enabled the design of
guidelines for the joints based
on the variables investigated.

applied moment and rotation

Table 3. Horizontal and vertical joints—-recommendations based on results (based on the information

provided in [64-68]).

Name of the Joint

Role

Characteristics

Transverse joint

Longitudinal joint

Vertical joint

To transfer vertical shear from
the walls above the damage to
adjacent walls in the line of
the damaged wall by
providing cantilever and
beam action

To develop membrane action
of the floor

To develop suspension action
on ineffective walls to reduce
debris load

To be installed in floor and roof systems
and over interior wall supports and
between members and exterior walls, the
joints should provide a nominal strength
of 2.03 kNm (1500 Ib*ft) with enough shear
strength to prevent horizontal panels from
sliding. Spacing of bearing walls should
also be the maximal spacing of joints
perpendicular to floor or roof slab spans.
Spacing of the joints parallel to the span of
the ceiling or the roof slab should be at
intervals of maximum 3 m. It must be
ensured that the forces are transmitted
around the openings.

To be installed in all walls and along the
height of the building, the joints should
provide a nominal tensile strength not less
than 4.07 kNm (3000 Ib*ft). Each panel
should have at least two joints.
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Figure 9. Problems with structural integrity in LPS buildings: (a) immediate local damage followed
by (b) progressive collapse (based on the information provided in [64]).

Currie et al. [65] defined typical defects of joints in LPS buildings: lack of or poorly
compacted dry-pack, reinforcement bars and anchors not correctly located or lapped in
the joints, small diameter bars and their different end treatment or reinforcement cut-off
or bent back from the concrete element, all resulting in weak connections. Although, after
the Ronan Point collapse, efforts have been made to require a minimum level of resistance
to progressive collapse, they remain rather generic and there are no specific, exhaustive
codes against abnormal loads [14]. Thus, there is still a possible danger when an accident
generates huge amounts of waste that must be disposed of.

4.3. Reliability and Fire Safety

Folic, Laban and Milanko [58] investigated large panel system residential buildings
in three countries: Bulgaria, North Macedonia and Serbia, in terms of reliability and
sustainability. According to their research, most of the LPS buildings in the Balkans lack
essential fire safety regulations. The authors suggest that improving fire protection means
and analysing risks should be key aspects during renovations. However, even when
improved fire regulations over time were mandatory to follow, the authors stated that in
many cases they failed to be implemented. For example, in North Macedonia, according
to [57,66], only 30% of LPS buildings are being well maintained, repaired and renovated
over time, despite the fact that numerous amendments to fire safety regulations have
appeared since erecting the estates. In Serbia, only in 1984 did detailed regulations on fire
protection appear, even while using LPS technology since 1960. Even then, these rules were
often being neglected, reduced to the simple solution and extrapolated to larger models [58].
Still, one of the key problems is the lack of maintaining buildings in terms of fire safety,
even if it is required by law [67].

In 2011, three LPS buildings, each in a different Balkan country, were comparatively
analysed and evaluated (Table 4). Unfortunately, despite constant renovations and mainte-
nance, no analysed buildings met the current fire safety regulations. If many LPS buildings
(according to the literature survey) are not properly maintained, based on their disadvan-
tages (see Sections 4.1 and 4.2), they might not fulfil their planned service life.

Table 4. Analysed three large panel system residential towers in terms of reliability (based on the
information provided in [58]).

Country City Building Built in [Year] Fire Safety
Bulgaria Sofia Mladost 3 1980 Unsatisfactory
Serbia Novi Sad Detelinara 1987 Unsatisfactory

North Macedonia Skopje Karpos 1966 Unsatisfactory
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4.4. Defects during Design, Execution and Exploitation Stages

Although the LPS structure remains one of the most significant construction technolo-
gies of the 20th century, it is impossible not to mention the disadvantages of all construction
stages, especially when analysing buildings from the post-war period 1945-1990, as pre-
sented in Table 5.

Table 5. The most popular defects on each stage of erecting a building in large panel system
technology (based on the information provided in [68,69]).

Stage

Occurring Problem Characteristics

Implementation

Errors, flaws during construction

Poor knowledge of guidelines governing the design in LPS
technology.
Adopting weld dimensions based only on theoretical
assumptions and sometimes impossible to install later on site.
Lack of knowledge on material’s parameters and incorrect
solutions enabling water penetration and corrosion. Wrong
selection of technical solutions for designing construction details
and finishing elements. Incompetent design of structures under
unusual loads (e.g., paraseismic shocks, ground deformation,
mining damage).
Material flaws, poor quality of the produced elements and use of
building materials without confirming their quality. Damages
Poor quality in prefabricate during storage and transportation. Wrong preparation of concrete
production mix: low quality of the applied aggregate, using various
aggregate fractions, incorrect recipes and addition of water for
better workability. Omitted or imprecise vibration of concrete.
No control of element’s quality on site, assembling parts that had
dimension deviation and shape errors. Design changes without
consulting the designer. Incorrect execution of joints and too large
dimensional tolerances. Lack of contractors who could assemble
proper interconnections and welds. Vertical and horizontal
displacements of load-bearing walls and slabs. Execution of
flashing enabling water to penetrate into inner parts. Excessively
thin layer of foam glass and sealing welds with tarred rope.

Errors during design stage

Exploitation

Temperature and material shrinkage influence. Mildew and

Flaws during exploitation and fungus caused by neglecting problems with ventilation. Failure to

maintenance perform periodic technical inspections and assessments.
Insufficient quality of maintenance and repair works.

Low durability of curtain walls due to incorrect kind of steel used
for joints between panels. Allowing for scratches, cracks without
adequate protection against corrosion. Changing norms and
standards, residents’ expectations over time caused LPS
structures to not meet the current demands and have to be
technically upgraded.

Material ageing, corrosion

Although initially, LPS buildings appeared to be innovative and a relatively cheap
housing option for the working class, the perception of the large panel system has changed
dramatically over the years. The prefabricated elements were often heavy and required to
be delivered to the construction site by expensive means of transport, adapted to heavy
and large-size elements. Loading, unloading and assembly required the use of a crane.
A significant problem, especially for the construction industry of socialist Poland, was
the low quality of workmanship. Salaries were low and production plants, together with
construction sites, were characterized by poor work organization. A large percentage of
elements, which did not meet the dimensional standards, often disorganized work on the
site. Some of the problems appeared only in ready-made facilities, and therefore remedial
actions were taken, such as additional board anchoring or patching cracks with tar sealants.
The classic large panel was uniformly flat, and slight damage to the edges resulted in gaps
that were difficult to fill.
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LPS housing estates are generally grey, often built with the use of materials harmful
to health—e.g., asbestos. Flats are small and too expensive to operate (related to the fact
that an uninsulated large slab has very high thermal transmittance, thus heating costs are
very high). Despite many improvements, the joints between panels are still difficult to seal.
The wall thermal insulation standards were over three times lower than those required
today [70]. Insulating buildings began in the mid-1980s, and this tendency intensified in
the later years due to a significant increase in the cost of heat supplied to apartments. In
many housing estates, works are carried out to improve the insulating properties—usually
the facades [71]. However, a layer of insulation with a thickness of several centimetres, and
a new plaster and colour, can change the appearance of a building. Many such renovations
are controversial because the original facade is lost, and new colour and patterns are
sometimes inconsistent with modernist architecture.

4.5. Concrete Load-Bearing Elements

It is worth noticing that the research studies below, in many cases, focus on other topics
connected with concrete (for instance, durability of interlayer connections or insulation in
external sandwich walls). Concrete itself is hardly ever the primary case in studies on large
panel system buildings. The authors of various studies agree that the concrete is still in
satisfactory condition. Possible cracks and scratches in concrete and unsealing of partitions
are usually caused by reinforcement defects of structural and textured concrete layers and
methods of their bonding.

Jasiczak and Girus, in [72], examined the external layer of the external wall of the
edifice completed in 1986 with LPS technology (R-76, version of Rataje closed variant) with
13 overground storeys in Poznan, Poland. The thickness of triple-layer curtain wall layers
were: external concrete layer of 6cm (expanded clay concrete C12/15 or standard concrete
C16/20), thermal insulation of 9cm and structural concrete layer of 21 cm (expanded clay
concrete C12/15 or standard concrete C16/20). The structure was transverse and longitu-
dinal, with 4.8 m and 2.4 m spacing of load-bearing walls. The condition of concrete was
determined by hardness and compressive strength. For a non-destructive test, authors used
a Schmidt sclerometer. The tested concrete was in the air-dry state, and the temperature
was 20-25 °C. The surface was prepared for measurement by splitting the surface layer
of grit and grinding with smoothing with a wire end. Significant differences may result
from conducting the test on the not-rigid-enough component (minimum thickness of the
element, according to recommendations, should be 100 mm). Results are presented in
Figure 10a. To determine compressive strength, the cored boreholes of 43-44 mm diameter
were taken from the same structure. In order to avoid reinforcement in the samples, the
location of steel rods was determined using a ferromagnetic device. For testing, a universal
testing machine SATEC was used, and the results are shown in Figure 10b. Errors during
construction stages, years of exploitation and poor maintenance [73] resulted in a great
number of scratched panels, falling grit, visible hangers and pins in the examined building.
However, results regarding the state of concrete are favourable.
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Figure 10. Results of concrete strength parameters: (a) hardness using Schmidt hammer (b) compres-
sive strength using SATEC machine (based on the information provided in [72]).

Girus [74] evaluated the external layer of the external wall of the edifice completed
in 1988 with LPS technology (SL-85, version of S-Sz closed variant) with five overground
storeys in Poznan, Poland. The thickness of triple-layer curtain wall layers were: external
concrete layer of 8 cm (expanded clay concrete C12/15 or standard concrete C16/20),
thermal insulation of 6cm and structural concrete layer of 22 cm (expanded clay concrete
C12/15 or standard concrete C16/20). The structure was transverse with 4.8 m and 2.4 m
spacing of load-bearing walls. To determine compressive strength, again, the cored bore-
holes of about 44 mm diameter were taken from the structure. The test was carried out
on the Instron SATEC testing machine. Differences in strength, shown in Figure 11a, can
be related to concrete segregation and depend on the arrangement of the expanded clay
aggregate [74]. However, in most cases, the results are satisfactory and confirm the design
assumptions.

Bacharz et. al. [75] analysed loggia wall in W-70/M-K system in Kielce, Poland. The
precast walls were made of concrete class C12/15 (B17.5). To evaluate the compressive
strength of concrete, N-type Schmidt hammer was used at six points. The results are
presented in Figure 11b and indicate that the concrete class was C25/30 (B30) and so higher
than the assumed design class.

Knyziak [76] analysed the durability of 95 apartment buildings in Warsaw, Poland—33
in large block technology and 62 in large panel technology. Although he noted several
defects, including insufficient thermal insulation, devastated window frames, bad condition
of water drains and old building’s infrastructure, the conclusion was that concrete load-
bearing elements are in good condition. The results from the research are shown in
Figure 12. The vast majority of elements present good condition. The inspection was
carried out according to [77].

Knyziak et al. [78] noted that the thickness of concrete in the fagade layers often
exceeded the design values. Although it resulted in reduction of thermal insulation and
increase in weight, objectively speaking, there is a relatively thick layer of load-bearing
wall made of good quality concrete.

Tofiluk et al. [79], based on their own research and experience of other scientists,
created a list of typical necessary work to perform in large panel system buildings as part
of repairs and assuring the safety of exploitation. The list includes:

Strengthening of hangers fixing external panels;
Modernization of thermal insulation;

Improvement of acoustic insulation;

Replacement of improvement of old ironwork of balconies;
Replacement of dry rises.

The authors suggest that the main factor determining the technical usefulness of a
structure is the deterioration degree of the foundation and load-bearing walls. However,
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the list of works to perform do not include improvement of concrete precast elements. The
authors agree that concrete is in good condition.

Krentowski et al. [80] examined the condition of external curtain walls used in common
late LPS systems (1980s) in Poland. He stated that the durability of the external partition
(concrete structural layer, thermal insulation, outer layer of textured concrete) is highly
influenced by the quality of the connections of layers. The state of the external partition
is important as it affects LPS resistance to the possibility of a progressive collapse of the
whole building. The conducted research and observations of buildings proved that the
tested concrete of precast wall elements had sufficient tightness. It has been noticed that the
internal structural concrete layer is not exposed to the direct weather influence and, from
the external side of the building, it is covered by insulation material. In terms of durability
estimation, the work conditions of the wall panels are good.

Szlendak et al. [81] presented the results of load capacity of the anchorage system
connecting the textured layer with the structural wall.

The above statements seem true also for LPS buildings in other countries. In [54],
the authors analysed the durability of estates in Bulgaria, Serbia and Macedonia. In all
three countries, despite a lot of deteriorations (especially connected with fagade), concrete
bearing elements are in good condition. Additionally, thickness of the concrete in the facade
layers often exceeded the design values.

Botici et al. [82] used three large panel typologies: T744R, 770 and 1340 to determine
possibilities of sustainable retrofitting. The reinforced concrete structural layer was 11 cm
thick for T744R and 1340, while 9.5-12 cm for 770. The external layer was 5-6 cm for all
systems. All layers were made with C16/20 equivalent concrete class and preserved the
strength at the time of research.

Muntean et al. [83] analysed the building with one of the most popular typologies
in Romania—770. According to the authors, this five-storey residential unit built during
the 1970s, offered 14 cm C12/15-equivalent concrete panels in the interior floors. The
exterior wall panels were made of two layers of C16/20-equivalent concrete class. The
ultimate cubic compressive strength of concrete for the tested wall panel was 17.5 MPa [84].
Joints between the panels were made by welding the concrete steel reinforcements and
C18/22.5-equivalent concrete class.

From previous paragraphs, one can assume that large panel system buildings con-
structed during the 1945-1990 period approach or have already exceeded their service
life. However, from the information presented in this section, one can find out the con-
crete used in the construction of panels seems to be in satisfactory condition. This creates
opportunities of re-using or recycling panels.
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Figure 11. Results of concrete strength parameters: (a) on loggia wall, using Schmidt hammer, based
on [80] (b) on external wall, using SATEC machine (based on the information provided in [79]).



Buildings 2022, 12, 1822

16 of 26

95 - e o ]

S 85 4 [ ] 7 7 7
= 1
o 75 1 I
0 65 4 M
£ 1 ]
T 55 A & ¥
S 45 4 H g
s) 2 ]
L 359 [ 2
© 25 4 7
= I I
2 15 A A #
S 5 1 ot Bk B Bt ol L £ #
> _5 n
= o & & & o 3 S s &

& A A A s & o A

?}\o ‘§’b & &8 \\\(\Qo ooo"o 2 © &2
o & ,;\°°° ,;\°°° & \ &5
& & &P &P < O bad &
’b"’ 0 S ,Qj—: . 2
o R & & Bsatisfactory R
,z}\o ,b\\o ‘o’b\g B good
_‘g}(\ &Q}Q very good
2 &

Figure 12. Technical state of bearing elements (based on the information provided in [76]).

5. Possibilities of Recycling Concrete Panels

No doubt, large panel system dwellings built in the second half of the twentieth
century require constant maintenance and repair works. They were designed to last 50
years [85], and some of them have already exceed this period. For many years, there has
been a discussion whether these buildings should be demolished, or their service life should
be extended by means of repair works. The whole problem is extremely diverse, and the
solution can be based on urban planning, social and technical issues and the economy:.

5.1. Concrete Load-Bearing Elements

The direction of change and revitalization potential can differ in countries, which is
shown in Table 6, or even regions.

Table 6. Trends of revitalization in selected European countries (based on the information provided
in [15,84]).

Action

UK France Netherlands Germany Poland Denmark Sweden Norway Finland

Demolition

Yes

Partial demolition

Yes Yes Yes

Repair works—preventing
further deterioration

Yes Yes

Modernization
works—improving standard
of equipment, residential
functions

Yes Yes Yes Yes Yes Yes Yes Yes

Modernization including
improvement of building’s
surroundings

Yes Yes Yes Yes Yes Yes

Preserving the structure of
the estate, taking into
account cultural activities

Yes Yes

Revalorization of the estate

Yes Yes Yes

Supplementing services on
the estate

Yes

There are many techniques of structural retrofit, depending on the country and region.
In Poland, this usually takes the form of modernization works, similar to ones presented
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in Figure 13. Meanwhile, research studies pay attention to, still, a lack of knowledge in
those techniques. Nowakowski, in [45], concludes that it is necessary to develop new
construction and technological solutions to properly organise renovation of LPS buildings.
Protection of the natural environment, energy and other resources should be taken into
consideration. The review of LPS retrofit techniques was presented in [14]. The authors
demonstrated the need for more precise characterization of LPS buildings subjected to blast.
It was stated that structural deficiencies in LPS blocks are still evident in all of Europe.
In [54], the authors admitted that a huge number of analysed blocks have undergone, more
or less, unskilled renovation. Special attention should be considered by the government,
architects and urban designers, taking into account also cultural and social issues.

Figure 13. Example of improving residential functions—thermo-modernization of the estate.

Additionally, to still present lack of full knowledge of retrofit techniques, these actions
cannot fully stop the end of service life. LPS buildings were designed to last 50 years. It is
assumed, theoretically, that properly managed maintenance can extend the service life for
another 50 years [86]. At the same time, some of the buildings are already older than their
design age. Exceeding their service life brings us inevitably to the prognosed end of service
life. According to provisions of the Paris Agreement, the civil engineering sector should
decarbonise globally by 2050. Thus, effective strategies, based on the lifecycle of redesigned
materials to be less resource intensive, acquiring waste as a resource to manufacture new
materials, are needed. Antonini et al. [87] assumed that reversibility and durability features
can improve the circular resource flow. The durability was defined as the intensive correlation
between the maintenance of a building object and its features and the ability to maintain technical
efficiency. Thus, the aging of materials due to exploitation and environmental impact results
in the process of gradual durability loss. The durability of load-bearing elements, according
to [88], is determined by two parameters: the ultimate limit state (strength and stability)
and the limit of stiffness (serviceability limit state). Konior, in his research on durability [89],
stated that the durability of building materials and their components depends on the period
in which a properly operated product remains fit for the intended use. If the serviceability
falls below the established minimum standard, this results in a partial or complete loss of
durability, thus a renovation is needed (Figure 14).
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Figure 14. Reliability of construction over time.

Konior [89] noticed several problems concerning durability periods of buildings and
their elements:

e no publication of guidelines and instructions exists for various civil engineering
sections;

e  appropriate maintenance is the key factor in reaching the required durability of a
residential building;

e maintenance is given up or not carried out in time and with no quality required,
resulting in lowering the value of the building;
expenditure on maintenance will increase in time;
making an assessment of the pace of progressive degradation is of high importance.

Furthermore, the actual technical wear in the initial stage of an element’s exploitation
is greater than the theoretical one and represents overdurability. When time t;, reaches a
certain value (which can be calculated), the wear ratio is reversed and remains in this state
until the end value of the age of the structure tmax, which represents infradurability. With
age, the disproportion only increases, exposing a great discrepancy in calculations using
theoretical time methods. However, according to [90], buildings with errors, flaws during
design, construction and exploitation stages are much more complicated cases. Unforeseen
degradation phenomena, difficult to diagnose and remove, can take place, which does not
satisfy the durability condition. This makes it possible to correctly calculate the remaining
service life, including tmax and tp,, for properly constructed and designed buildings only. In
Section 4.4, it was proven that LPS buildings built in the years 1950-1990 had many errors
during all construction phases. In Section 4.3, it was emphasized that maintenance is often
of poor performance. Thus, it seems impossible to correctly assess remaining service life of
many large panel system buildings.

Although complete replacement of LPS technology with new buildings is yet to come,
taking into account sudden disasters, such as gas explosions, progressive collapse and
planned demolitions, the trend can result in the creation of huge amounts of waste. There
is urgent need of evaluating the possibility of reusing the elements of large panel system
buildings. Looking back at Section 4.5, the most reliable part seems to be concrete panels.

5.2. The Amount of Waste and Its Localization

Housing construction generates approx. 1/3 of the demand for ready-mixed con-
crete [91]. Concrete is the basic material in the segment of housing construction, enabling
the production of every element—from the foundation through the construction of walls,
ceilings, terraces and balconies to the roof. The strength of concrete in the case of residential
construction guarantees the durability of the building. However, it is worth knowing that
in the event of demolition of even a small percentage of the total LPS number, landfills will
be filled with tons of construction waste. According to official government reports [68], in
Poland, there are about 60 thousand LPS buildings with approx. 2.5 million apartments,
which is 20% of the national housing stock.
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Undoubtedly, a major problem in the future demolition of tower blocks is their location.
LPS technology in Poland was considered a “mass solution” to satisfy the growing housing
need. The policy of the post-war government resulted in the construction of new housing
estates and reconstruction from war damages in a new architectural style. Due to social
changes, sometimes whole cities were built of prefabricated panels. An example of such a
solution is Tychy. A rural commune until 1954, the expansion of the city of Tychy began,
which was to fulfil the role of a bedroom city for the Upper Silesian Industrial District.
The first housing estate built was marked with the letter “A”. The next housing estates
were named according to the letters of the alphabet (Figure 15a). According to data from
the Central Statistical Office of Poland from 31 December 2020, the city is inhabited by
126,871 people [91]. The problem of large panel location is shown in Figure 15b. In the
event of demolition, all LPS housing estates of the city of Tychy are located in the centre,
complicating the entire operation logistically. Additionally, two housing estates are located
in the immediate vicinity of the historic city centre. This is just one example out of thousands
of cities in the country. In [92], the author stated that intensive economic growth forces
finding an alternative approach to the development of the world that next generations will
use. According to the author, eco-towns are the only sure and safe direction towards a
sustainable approach. The presented example of Tychy and thousands of more towns with
LPS estates unfortunately do not fit into the concept of eco-towns anymore.

(b)

(d)

Figure 15. Example of LPS technology in Tychy, Poland: (a) housing estates built in 1950-1990. The
letters of the alphabet stand for the names of the estate [93] (b) administrative borders of the city in
2022. The red colour shows housing estates from (a), blue colour indicates the historical centre [94]
(c,d) estate O buildings.
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In 2015 in Poland alone, 6474.2 thousand tonnes of building waste were accumulated
in landfills, similar to the one in Figure 16, and only 1249.9 thousand tonnes of it were
recycled [91]. Considering repair works and maintenance as only extending the service
life of already old LPS buildings, in the near future in Eastern Europe, there will be an
inevitable problem concerning their demolition. This will, in turn, significantly increase the
size of construction waste landfills.

Figure 16. Example of construction waste landfill.

For the sake of the environment, there is a trend of replacing natural coarse aggregate
in a concrete mix with recycled aggregate from construction waste that has caused the
beginning of emerging codes and guidelines for designers [95]. As coarse aggregate
constitutes about 70% of the volume of concrete [96], such recycling would contribute to a
real reduction in the size of landfills. While the poor quality of construction joints is the
main issue in LPS, as proven before, concrete in these buildings was still in fairly good
condition. Due to the fact that the concrete in LPSs made in Poland in the 1970s and 1980s
has very good strength parameters, it can be reused as a recycled aggregate in new concrete
mixes. Recycling of materials through recovery is part of the circular economy. The goal
of recycling is to keep the circularity of materials in a product chain for a long period.
Preferably recycled construction and demolition waste should have original quality. As
a result, in principle, fewer natural resources are needed to produce new concrete. Thus,
avoiding new material sourcing and their production can have a positive impact on the
environment [97].

Although the use of recycled coarse aggregate (RCA) can lower the durability of
concrete, even 80% of natural coarse aggregate can be replaced by RCA, resulting in
obtaining concrete with satisfactory properties [98]. This could offer an opportunity to
overcome sustainability problems. Thanks to this, it would be possible to use recycled
coarse aggregate from the dismantling of large panel system buildings for the purpose of
designing new concrete. Conducting comprehensive basic research in this area could have
significant benefits for the next generation of researchers and engineers. Some researchers
claimed that manufacturing recycled aggregate concrete can contribute to a worse carbon
footprint than virgin aggregate concrete [21]. However, Xiao et al. [99] investigated the
carbon footprint of two identical twin towers, with one tower made of recycled aggregate
concrete and the other made of natural aggregate concrete. Replacing natural aggregate
concrete with recycled one in the high-rise structure resulted in about a 2.175 x 10° kg Ce
decrease in carbon footprint. Another research [100], confirmed that applying recycled
aggregate results in carbon dioxide equivalent emissions slightly decreasing with cement
having the greatest influence on greenhouse gas emission generation of all materials.

Although RCA has been widely used in many applications, it generally lowers prop-
erties of concrete [101,102]. LPS technology is a special issue as the concrete used for
these structures present good strength parameters. There is a possibility that such waste
could be beneficial for concrete. Analysis of RCA from precast concrete suggests that the
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compressive strength can stay the same or even increase with the addition of RCA [103,104].
However, researchers tend to not focus on sources of RCA, but rather check the replace-
ment percentage and chosen concrete properties [105,106]. LPS buildings are a huge part
of national stocks, and some of them might be demolished in the near future. If decent
quality of concrete for recycling influences concrete properties, LPS buildings can make a
significant contribution to the creation of durable eco-concrete and greater attention to the
source of the waste. Cement-based mortars and concrete have been successfully applied
in retrofitting and strengthening structures [107]. Because no research proved this theory,
there is urgent need for the evaluation of recycling concrete panels.

6. Research Gaps

Does the morphology of large-panel recycled coarse aggregate affect the durability of
concrete and the properties of the fresh and hardened mix? How does large-panel recycled
coarse aggregate affect the homogeneity of the concrete’s cross-section, transition zone
and bleeding? Does recycled aggregate have a higher water absorption rate than natural
aggregate? How much natural aggregate can be replaced by RCA? How is it best to select
waste from the dismantling of large panel buildings to be used as aggregate? What are
the obstacles that need to be solved when using such RCA (for example heterogeneity
of the aggregate, alkaline reactivity)? To the best of the authors” knowledge, there is no
publication concerning recycled coarse aggregate from large panel system buildings in the
investigated database (Table 7). Answering the above questions to be further developed
can satisfy reduction of construction waste from LPS buildings. Even though RCA from
various types of demolished buildings has been successfully applied in many research
studies, LPS technology is a special issue with good quality of concrete and great presence
in national housing stocks. The Scopus database was searched based on selected keywords.
The document type was limited to article, conference paper, book chapter and book, and
language to English only.

Table 7. Number of articles that were found using phrases below when searching in article titles,
abstracts and keywords in the Scopus database (date of search: 7 January 2022).

No Keyword Articles
Concrete 364,206
1 keyword Large Panel System Building 1333
Recycled Coarse Aggregate 2841
Concrete + Recycled Coarse Aggregate 2727
2 keywords Large Panel System Building + Recycled 1
Coarse Aggregate
3 keywords Large Panel System Building + Recycled 1

Coarse Aggregate + Concrete

Only one research study came close with searched keywords, in three keywords label,
the combination Large Panel System Building + Recycled Coarse Aggregate + Concrete.
I. Pe¢ur, M. Bagari¢ and B. Milovanovi¢, in [108], developed prefabricated facade panels
containing recycled construction and demolition waste (CDW). The authors replaced a
maximum 50% of natural coarse aggregate with recycled CDW, acquiring durable material
with satisfactory mechanical and hygrothermal properties. A possibility of producing a
system from recycled CDW that meets all performance requirements seems promising.
However, the authors did not consider existing large panel system dwellings built in the
second half of the twentieth century.

7. Conclusions and Perspectives

Precast constructions include buildings, where the majority of structural components
are standardized and produced in plants, transported to the site and then assembled. Large
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panel system technology is the most widespread among precast systems with a great
contribution in European (especially Eastern) housing stock. Due to the disadvantages
presented in the article, which even led to catastrophes, increasing costs of heavy transport,
as early as the mid-1970s, Western countries stopped the construction of LPS buildings
on a large scale. While they started the process of gradual demolition, in Eastern Europe,
especially from 1970s, transforming countries from rural to urban was possible thanks to the
mass usage of large panel system technology. In the 1990s, LPS construction was abandoned
due to criticism of the building’s monotony, low technical standards of construction and
high operating costs. The authors believe that the following conclusions from a literature
survey suggest some of the buildings will have to be demolished:

e  While LPS buildings were designed to last 50 years, it is assumed that properly
managed maintenance can extend the service life for another 50 years. However, it
only brings us inevitably to the prognosed end of service life;

e  Research studies pay attention to, still, a lack of knowledge in retrofit techniques. A
huge number of analysed blocks have undergone, more or less, unskilled renovation;

e Despite a number of catastrophes, weak connections at joints between panels are still
the biggest concern.

Authors verified the possibility of recycling elements of LPS buildings in the case of
accidental or planned demolitions with the following conclusions:

e  Concrete used in the construction of panels seems to be in satisfactory condition with
a possibility to re-use it as a recycled coarse aggregate in new structures;

e  The influence of RCA on the homogeneity of concrete along the thickness of concrete
should be studied in more depth, especially with regards to the properties of concrete
at its early stage;

e  To the best of the authors” knowledge, there is no publication concerning concrete
with recycled coarse aggregate from large panel system buildings from the second half
of the twentieth century.

Further research should focus on the properties of concrete with the addition of
recycled coarse aggregate paying attention to the preparation of aggregate and mix phases.
The research results will contribute to the reduction of construction waste resulting from
the demolition of large panel system buildings. Ideally, transport to storage of waste in
landfills would be significantly reduced, structures with acquired recycled coarse aggregate
could be easily concreted (even in city centres) and the desired material properties could be
obtained by controlling the morphology of coarse aggregate.
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