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Economic relevance is highest in the substrate, adhesive, and additional details’ layers. The main
cause is the high repair costs, as the replacement of the whole system is considered. The detectability
increased the relevance in the adhesive and reinforcement layers. These defects are covered at the
same time as they occur, and problems can be identified only during the brief application period.
The occurrence value was highest in the additional details’ layer, followed by the substrate layer.
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Figure 6. Average of the weighted technical severity value (SV) and economic risk priority number
(ERPN) by layers.

The categorization distributes the degradation factors of the simulations into three risk categories,
which are required to focus on the more relevant shortcomings. Figure 7 shows the share of degradation
factors and their count in numbers. The visualization shows that the high category concerns 9% to 17%
(7 to 12 factors) of the degradation factors, the medium category 65% to 74% (47 to 55 factors), and the
low category 13% to 18% (9 to 15 factors).

Figure 7. Number and share of degradation factors in risk categories for (a) simulation 1, (b) simulation 2,
and (c) simulation 3.

For the analysis of the degradation factors within a single risk category, the product of the two
variables, the TER value, is used. Figure 8 compares the average TER values of the simulations by
layers. There are two main reasons behind the difference in values between the simulations in the
substrate, adhesive, and additional details’ layers. Simulation 1 describes the purely bonded ETICS
with polystyrene as the insulation material, meaning that the adhesive layer has a higher significance
for ensuring mechanical stability, thus increasing the SV. Simulation 3 refers to the ETICS with mineral
wool, fixed with mechanical anchors and additional adhesive. The higher repair costs of the inner



Buildings 2018, 8, 155 12 0f 26

layers, where the whole system is to be replaced, increases the average ERPN. Simulation 2 has the
lowest ERPN due to the lower cost of polystyrene plates, which are fixed with mechanical anchors and
supplementary adhesive.
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Figure 8. Average technical-economic relevance (TER) value of the simulations by layers.

The TER model positions the degradation factors on the risk matrix as seen in Figure 9. For further
analysis, the categories are discussed in the following groups:

e SVin category 5, ERPN in categories 2 to 5 (Risk1);

e  ERPN value in category 5, SV in categories 2 to 5 (Risk2);
e ERPN and SV in category 4 (Risk3).

e Medium risk category

e  Low risk category
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Figure 9. The positioning of the degradation factors’ risk categories on the risk matrix.
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“Risk1” is the group with the highest SV and concerns three unique degradation factors relevant
for all simulations and one degradation factor relevant for simulation 1. The freezing of adhesive
during the curing process (M9b), relevant for simulation 1, has a strong influence on the adhesion
properties as the system is purely bonded. Other shortcomings relevant for all simulations concern
the layer of reinforcement and insulation—continuous gaps between the substrate and adhesive
which enable airflow in the system (I4), thin reinforcement mortar thickness (R6), and freezing of the
reinforcement layer (M9c).

“Risk2” describes the degradation factors with the highest ERPN category and concerns eight
shortcomings. All shortcomings in this group belong to the substrate and adhesive layers. Only one
degradation factor belongs to simulation 1—substrate covered with old paint (54b). All other factors
belong to simulation 3, which is the expected result due to the higher repair cost of the mineral
wool. The highest values have degradation factors which describe the low load-bearing capacity (S5a),
coverage of the substrate with old or existing paint (S4a), and an insufficient amount of adhesive (D3a).
The insufficient amount of adhesive received high values in the technical severity category of safety
against fire, which is reduced due to possible airflow in the system. The other relevant factors influence
mainly the stability of the system influenced by fixation—unleveraged adhesive on the mineral wool
(D5), dry curing conditions of the cement-based adhesive (M11a), usage of unsuitable adhesive (S7a),
and not pre-processed detached areas (S6a) are the other relevant shortcomings in this group.

Group “Risk3” describes the shortcomings in category 4 for both components. A relevant
degradation factor for all simulations is the improperly finished windowsills, enabling moisture
to penetrate into the system (X2). Other risks concern simulation 1 and simulation 2. They describe
the works that decrease the adhesion properties—low humidity of the substrate (S8b), insufficient
adhesive (D3b), problematic load-bearing capacity of the substrate (S5a), and reduced area of adhesive
due to a lack of pressure applied during the attachment of insulation plates (D8b).

The medium-risk category has the largest amount of degradation factors. The degradation
factors in the substrate, adhesive, and additional details” layers received the highest TER values.
The highly relevant shortcomings in the substrate layer concern the preparation of the substrate
surface—cleaning from biological growth (S3b), dust (S2b), and old paint (S4a), as well as problematic
load-bearing capacity (S5b) and detached and unfilled areas of the surface (S6a). Additionally, the usage
of an unsuitable adhesive type (572, S7b) is relevant. The mixture preparation and curing conditions
received higher TER values. Relevant are the low-humidity weather factors of the substrate (S8a),
high temperature (M10b), and low relative humidity (M11a). For the application process, the exceeded
working time of the mixture (D7a, D7b), high share of kneading water (M3b), and additional unsuitable
ingredients (M8) are noted. The occasion when the adhesive is not applied on the border of the
insulation plates (D1b) is relevant for simulations 1 and 2. The shortcomings during the application
of additional details concern moisture penetration into the system through problematic fixed frame
connections (X4) and penetrations into the system due to objects attached on the facade (X7).

The low-risk category concerns mainly the shortcomings in the layers of the finishing coat,
insulation, and mechanical anchors. In the finishing layer, low relevance is set for the increased
and decreased thickness of the applied mortar (F3, F4) and missing primer (F1). In the mechanical
anchors layer, the highly or deeply placed anchor plates (A7, A6), wrong placement of the anchors in
comparison to the manufacturer’s recommendations (A5), as well as uncleaned anchor holes (A10)
are noted as irrelevant. The shortcomings during the application of insulation plates show that the
increased width of the neighbouring polystyrene insulation plates (I7), crossed joints (I5), broken
and not filled polystyrene plates (I9), and missing fire-retardant areas if required (I10) are the least
problematic (I10). The reason for their low values lies in the ERPN, as the defects are easily detectable
and do not occur very often.
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For further analysis, the TER values of the simulations are positioned in accordance with their
sequence in the construction process in Figure 10. The circles around the degradation factors show
their belonging to the risk category. The horizontal lines show the average TER values by layers;
the groups with a green line are discussed more specifically. The figure shows that construction works
have the highest relevance for simulation 1 in the substrate and adhesive layers, while in other layers,
the impact is relatively similar to other simulations. This difference is mainly due to the fixation type,
which increases the technical risk. The lowest risk can be noted for simulation 2, which concerns the
insulation plates made out of polystyrene and fixed with mechanical anchors and supplementary
adhesive. Simulation 3 is in between, with the exception of the work concerning additional details,
which is marked as group TE9. Simulation 3 has a comparable average technical risk to simulation 2,
but increased economic impact due to the higher cost of mineral wool as the insulation material.
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Figure 10. Technical-economic relevance (TER) values and risk categories of the degradation factors
by the sequence of construction works.

The increased deviation between simulations is noticed within the substrate layer (group “TE1”).
The group includes eight degradation factors in the substrate layer, of which four concern simulation
1. The common factors are the occasions when the substrate is covered with old paint and it reacts
with adhesive (S4a, S4b) or is under the load-bearing capacity (S5a, S5b). Other highly relevant
shortcomings are the very low humidity of the substrate (S8b), which is a risk in the curing process
mainly for inorganic mixtures and unsuitable adhesive types (S7b). The low-relevance group “TE2”
contains the shortcomings which concern the substrate coverage with oil (S1a, S1b). Although the
factors of substrate covered with old paint (S4a and S4b) and substrate covered with dust or dirt
(S1a and S1b) have the same technical effect on the system, the ERPN of the low relevance group is
decreased substantially due to good detectability and low occurrence probability, which reduce the
relevance value by more than five times.
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The high relevance group “TE3” brings together the factors in the adhesive layer, concerning
the application of insufficient adhesive (D3a, D3b) as well as missing adhesive in the centre (D2a) as
insulation plates made out of polystyrene are applied. The differentiation from the average is caused by
a high occurrence value. The low relevance group “TE4” describes wrong material storage conditions
(Mla, M1b) and an insufficient mixing procedure which leaves clots in the mixture (M2a, M2b).
In contrast to “TE3”, the high deviation is due to a very low occurrence value. For the same reason,
the group “TE5” differentiates from the average. The technical severity of the degradation factor from
“TE5”, which describes continuous gaps in the system due to the installation application (I4), is highly
influenced by the effect of fire protection as the requirement is highly influenced by airflow within
the system.

The groups “TE6” and “TE8” include a number of factors which have a negative deviation from
the trendline. The groups include the majority of degradation factors in the insulation, mechanical
anchors, and finishing layers. The degradation factors in the reinforcement layer (group “TE7”) have
a positive deviation, but the values remain in the middle area compared to all factors. The degradation
factors that occur during the installation of additional details (group “TE9”) received relatively high
values. Problematic are the windowsills (X2) and fixed frame connections (X4), as well as unfinished
penetrations through the system when objects are added on the surface of the system (X7). The value
of the failures in this group is increased due to the high occurrence rate.

4. Implications of the Latency Period on the Decision-Making Process

The stakeholders in the construction process should reduce the occurrence of degradation factors
for a better overall outcome. However, the economic reasonability of resource allocation is influenced
by the contractual defect liability period, which is, by law, two years in many cases.

The latency distribution of the degradation factors shows that the majority of shortcomings appear
after the two years of construction for the systems attached to mechanical anchors (simulations 1 and
2), while the majority of the shortcomings for the purely bonded system appear during the first 2
years (simulation 3). Figure 11 presents the distribution of the shortcomings according to the latency
period. Simulations 1 and 2 have more degradation factors with the high- and medium-risk categories,
which appear after the latency period of two years.
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Figure 11. Count and share of degradation factors distributed by the 2-year latency period and
risk category.
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In order to take a closer look, the high- and medium-risk category degradation factors have been
differentiated by layers and a 2-year liability period in Figure 12. The latency period of the shortcomings
in the substrate and adhesive layers for the purely bonded system (simulation 1) differentiate from the
other simulations—19 factors out of 24 appear during the first two years after construction. This means
that the adhesion properties are more relevant to the contractor and problems show visible signs of
deterioration during the short period after application. Additionally, in the finishing layer, five of
six relevant shortcomings appear during the two-year period in all simulations. These defects are
technically less relevant, but are visibly detectable and occur quite often. Especially in these layers,
the legal liability is covered by the contractor.
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Figure 12. Distribution of the high- and medium-risk category degradation factors by layer and by
latency period of (a) less than two years and (b) equal to or more than two years.

5. Conclusions and Suggestions

The increased number of energy efficiency requirements have increased the refurbishment
rate of apartment buildings covered with an external thermal insulation composite system (ETICS).
The majority of visible defects in the years following completion are caused by shortcomings during
the construction process. To avoid failures, quality control should focus on the factors which have
increased technical relevance as well as financial impact.

The technical-economic relevance (TER) model expands the traditional FMEA approach by adding
the impact of future costs caused by the shortcomings of technical severity, detectability, and occurrence
of the failure. The model evaluates and differentiates the significant onsite construction activities
in terms of system type for more rational resource allocation and is also suitable for small- and
medium-sized enterprises. The model was tested on three simulations which quantify the onsite
degradation factors of ETICS.

In this study, 103 degradation factors were evaluated through expert judgment. The data was
validated with the Delphi technique and nonparametric Friedman’s test. Cost data for three simulations
was received from one active company from the industry. The results emphasize the relevance of
onsite activities during substrate preparation and the application of adhesive and a base coat with
reinforcement mesh. Less relevance is assigned to the activities during the application of a finishing
coat and installation of insulation plates.
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According to the results of this study, the following onsite aspects should be considered to increase
the quality of the fagade system:

1. The shortcomings during the preparation of the substrate and application of adhesive have a very
high impact on the technical severity as well as a fatal outcome on the system as the critical limit is
exceeded. The possible high cost of replacement should be replaced by an increase in the quality
and more careful inspection during the application process. The majority of the shortcomings of
the purely bonded system appear in the two years following construction.

2. The frequently occurring and systematic problems occur due to the installation of additional
details, such as windowsills, connections between fixed frames and ETICS, and other penetrations
through the system. These defects cause significant technical degradation as well as having high
repair costs. It is suggested to reduce the moisture penetration into the systems.

3.  The weather-related degradation factors are relevant for most of the layers which concern
mixtures. Freezing or drying out of the mixtures, as well as high humidity remaining in the
system, have a relatively high impact on the technical outcome. Good climate through coating as
well as temperature and humidity control are highly recommended.

4. During the application of the adhesive and reinforcement layers, the shortcomings will be covered
simultaneously, which makes it difficult to detect and repair the mistakes during the process.
The habits and working methods of individual artisans have a high impact as the activities are
repeated. To avoid the shortcomings in these layers, the upscaling of skills and work methods is

highly suggested.

The simulations have provided logical results and are relevant to the decision-making process.
For more specific modelling, a sublevel of onsite activities could be applied in future studies.
For example, the mixtures can be differentiated by their nature and ingredients, which are only
partially observed in this research. The construction process shortcomings have different severity
impacts on various mixture types. Additionally, the additional details in this study are only generally
described. It would be worthwhile to select specific solutions for additional details and develop their
degradation factors in a more specific manner.
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