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Abstract: Tile delamination on the facades of tall buildings poses significant concerns for
public safety worldwide. This study investigates the underlying causes of tile delamination
and their linkages with other prevalent facade defects in order to develop a risk assessment
for preventing future tile delamination in tall buildings. Drawing on Singapore’s experi-
ence, data were gathered from case studies through field inspections and expert interviews.
The results have been supported by data findings and past laboratory testing conducted in
the Singaporean context. The findings indicate that the main causes of tile delamination
in Singapore’s tall buildings are linked to design, workmanship, materials, and environ-
mental conditions. Notably, cracks and water penetration often indicate a high risk of tile
delamination, highlighting a strong connection between delamination’s root causes and
their frequent occurrence on tile facades. Finally, this study gives recommendations for
designers, constructors, and maintenance teams to mitigate and eliminate risks associated
with tile delamination, aiming to enhance the safety and durability of building facades.

Keywords: tiles; external walls; facades; delamination; debonding; tropical; recladding

1. Introduction

Selecting a fagade type for a high-rise building involves consideration of several key
factors, including structural integrity, durability, cost efficiency, sustainability, and occupant
comfort [1]. In the wide range of fagade options, the use of tiles as a cladding material
for the external walls of tall buildings is still popular in many countries due to their hard-
wearing properties, low cost, pleasing aesthetic qualities, and perceived maintenance-free
properties [2,3].

Tile delamination is one of the most frequently encountered falling hazards worldwide.
According to Ma et al. [4], ceramic tiles account for 36% of falling objects from high-rise
buildings in Shanghai, making them the second most common. Typically, these tile falls
occur due to various factors, including improper adhesive application, thermal expansion
and contraction, structural movement, and a range of other issues stemming from technical
or environmental influences [5]. With more incidents of falling objects from heights globally,
more countries have enacted legislation on Periodic Fagade Inspection (PFI) to tackle this
serious public safety issue [6].

A tiling system is like a laminate system, comprising the tile, bedding adhesive, plaster,
and substrate. Its performance therefore depends on each layer, their compatibility, and
the grouting system. A good understanding of the mode of debonding failure is essential
for the whole delivery process of tiling the facade of a tall building, especially when
exposed to harsh environmental conditions. Factors to be considered include the selection
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of tiles and bedding adhesives, design and construction of movement joints, and adequate
workmanship in installing the plaster, bedding adhesive, and tiles [7]. There has been a
precedent established in landmark litigation cases that designers have a duty to ensure
proper design and supervision of construction projects of tall buildings with tiled facades.

Although there are several methods for fixing facade tiles, such as mechanical (dry)
fixing and the traditional wet method using cement mortar, the adhesive method is the most
popular for tiling the facades of tall buildings in Singapore. This approach was introduced
to the country around the 1970s, beginning with mosaic tiles and later expanding to ceramic
tiles and marble. Figure 1 shows a few examples of mosaic and marble-tiled fades that
were tiled using the adhesive method.

Figure 1. Mosaic and marble-tiled fagades.

Since the early 1990s, numerous cases of fallen tiles from tall buildings in Singapore
have appeared in media headlines, drawing significant public attention and concern. These
incidents have underscored a critical public safety issue, especially in areas where falling
tile debris poses serious risks to pedestrians and property. These delaminations not only
pose severe risks to operational safety but also degrade the lifespan of buildings, allowing
water infiltration, reducing thermal insulation, compromising structural integrity, and
diminishing aesthetic appeal [8].

Fagade tile delamination is not a defect that appears first; rather, it occurs after the
appearance of various other defects such as tile cracks, budging, water leakages, and so
on [9,10]. Therefore, it is critical to reduce and eliminate tile delamination risks by im-
plementing early defect detection procedures. Several studies have been conducted to
investigate tile facade flaws and associated mitigations, with a focus on important factors
such as weather, tile design, proactive maintenance measures such as laser scanning, and
thermographic defect diagnosis [11-13]. Furthermore, studies such as Wetzel et al. [14]
have investigated the progression of tile delamination from early tile cracking to crack prop-
agation and crack enlargement, which leads to full tile detachment, and offered appropriate
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mitigation techniques. Even though all of these studies focus on tile delamination, there is
a significant lack of scientific evidence that informs building/facilities managers about the
risk of fagade tile delamination while focusing on the availability of facade defects which
provoke the root causes of tile delamination.

Given the knowledge gap mentioned above, the aim of this study is to conduct a
thorough analysis of the root causes of tile delamination and their relationships with other
prevalent tile facade anomalies in order to quantify the vulnerability of future tile delami-
nation. Furthermore, by focusing on Singapore’s experiences, this research will improve
global awareness and provide actionable insights into best practices for improving the
safety, longevity, and maintainability of tiled fagades. The results of the study could guide
building professionals in maintaining tile facades, enabling safer, more robust buildings
capable of withstanding a variety of situations impacting tile performance.

2. Materials and Methods

In order to accomplish the goal of the study, a mixed-method approach comprising
both qualitative and quantitative analysis was used. The significant public safety concern of
fagade tiles falling from tall buildings in Singapore encouraged the study, and a knowledge
gap was discovered through works from the literature. The data collection and analysis
phases of the study were designed as shown in Figure 2 below.

Data Collection

/ Case Studies (160 Buildings) \

Building Investigations
Phase 1

Building Investigations
Phase 2

E Visual Inspection of Entire : ' Close ranae inspections * S
i Facade Area ! : 9 p : xpert Interviews

Data Analysis

Root Cause Analysis

!\ 1 DefectDrivenRisk |
(Case Study Findings + :* Assessment of Tile »E Recommendations

Former Laboratory Test | H Delamination i i i
Results) . : :

Figure 2. Phases of data collection and analysis.

2.1. Data Collection

The case study approach was selected as the primary data collection method, and
160 tall Singapore buildings with tile delamination were studied over a three-year period.
These 160 buildings were chosen based on a range of factors, including location, function,
environmental exposure, and, most importantly, building age. However, all buildings were
comparable in terms of height and build. Accordingly, these buildings included a variety
of facilities such as HDB residential complexes, shopping malls, and office buildings, all of
which were located within 10 km of the southern coastline area and had experienced tile
delamination issues. When considering the ages of the buildings, four age categories were
taken into account, as shown in Figure 3.
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In the case studies, data were collected through facade inspections and expert in-
terviews. The facade inspections followed Singapore’s PFI (Periodic Facade Inspection)
requirements, which involve a two-stage investigation process. First, drone cameras were
used to conduct visual inspections, assessing tile delamination and other defects in building
facades. The drone images were then reviewed to identify problem areas and potential
falling tiles, guiding close-range examinations. To assess the extent of the issues, hands-on
close-up inspections were conducted. These included tactile assessments, localized tile
removal, and visual tests for signs of deterioration.

<10 Years
10%

>40 Years
10%

10-20 Years
25%

20-30Years
30%

Figure 3. Age profile of case study buildings.

Following the fagade inspection, semi-structured interviews were conducted with
maintenance professionals in the inspected building, including facility managers and
maintenance supervisors, with a maximum of three specialists per building. The inter-
views focused on the causes of tile delamination and other defects, as well as prevention
techniques for tile detachment.

2.2. Data Analysis

The data acquired from facade investigations and expert interviews were analysed
using manual content analysis to determine the main causes of tile delamination in tall
buildings in Singapore. This analysis method is well-known for its capacity to capture
nuanced meanings, high accuracy, flexibility, rich qualitative insight, and its application in
cases where subjective interpretations are necessary [15,16]. Furthermore, this root cause
analysis was supported by the results of several laboratory tests conducted specifically to
investigate tile fagades in the context of Singapore.

Moreover, this study used a defect-driven risk assessment to determine the vulnerabil-
ity to tile delamination based on the presence of various fagade defects, which are linked to
the root causes of tile delamination to varying degrees. This defect-based risk assessment
method has been used in many studies across multiple disciplines, including research in
the built environment (Table 1).

Table 1. Real-world examples of defect-based risk assessments.

No. Study Area Reference
01 Defect-based risk assessment model for prioritizing inspection of sewer pipelines [17]

02 Risk-Informed, Reliability-Driven Decision Support for Building Basement Systems [18]

03 Evaluating the Impact of Defect Risks in Residential Buildings at the Occupancy Phase [19]

04 Defect Risk Assessment Using a Hybrid Machine Learning Method [20]

05  Probabilistic Defect-Based Risk Assessment Approach for Rail Failures in Railway Infrastructure [21]




Buildings 2025, 15, 1054

50f22

In adopting the risk assessment process, the number of cases of each defect reported
in the investigated buildings was considered as the probability (P) value for the occurrence
of a specific failure. Subsequently, the linkages between each defect and the root causes of
tile delamination were mapped based on expert opinions regarding defects and established
knowledge in the field. The overall significance of a defect linkage to the root causes was
considered as an impact factor, determined by the number of linkages between the defect
and the root causes of tile delamination. It was calculated using the following mathematical
model developed.

Defects identified (A;), where i is the unique identifier for a defect.

Root cause categories of tile delamination (C;), where j is the category number.

Root cause under each category (Rjx), where k is the number of root causes under
each category.

If a linkage is present between a root cause and a defect (X): Xjj = 1; if not Xy, =0

Linkage Significance (LS;;) per root cause category.

LS;; = ZZ:1 Xijk (1)

where 7 is the number of available root causes for the root cause category considered.
Normalized: LS;j.
Zz:1 Xiik
LSije = — — ! )

Overall Linkage Significance (OLS;)) for a defect:

" LSij,
oLs;, = ==L

)
where m is the number of root cause categories of tile delamination.

Using the values of OLS and defect probabilities (P), the typical formula for risk estimation
can be adapted to calculate the Delamination Risk Index (DRI) using the following equation.

DRI =0OLSx P 4)

Following risk assessment, recommendations for addressing the root causes of tile
delamination were made based on the results of the study and a review of the state of the
art in facade tile delamination.

3. Results and Discussion
3.1. Tiling System

Tile claddings in tall buildings in Singapore comprise several layers (Figure 4) applied
onto the external wall (substrate), which include the following:

- Cement/Sand Rendering: This layer is applied over the substrate to provide a smooth,
level surface for the tile bed. It also serves as a levelling base to address irregularities
on the substrate surface, ensuring that the tiles are laid consistently. Additionally, this
layer helps distribute stress from the substrate, reducing direct impact on the tile bed.

- Tile Bed (Bedding Adhesive): This is the layer that bonds the ceramic tile to the
cement/sand rendering layer. It is often made of adhesive mortar, ensuring that the
tiles are securely fastened and able to withstand environmental stressors such as wind
loads and temperature-induced expansion and contraction.

- Ceramic Tiles: The visible, outermost layer provides an aesthetic finish to the building.
It protects the underlying layers while withstanding environmental stresses such as
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wind loads and temperature-induced expansions and contractions. Additionally, it
provides protection to the structure against impact from objects.

- Grouted Joints: Grout fills the gaps between individual tiles, creating a seal that
protects the edges of the tiles from water penetration and allows for slight movements.
Grout also enhances the visual appearance by forming clean lines between tiles.

- Movement Joints: These joints are designed to accommodate the expansion and
contraction of materials caused by temperature changes, moisture variations, and
structural movements. They are typically filled with flexible materials, such as sealants,
which allow for elastic movement without cracking or causing stress on the tiles

(Figure 5).

Ceramic tile

™ Tjle bed

Cement/sand rendering
(if necessary)

Grouted joints

Substrate (concrete
wall or brickwall)

Figure 4. Sectional view of a tiling system.

Mortar joints

Movement joints

Figure 5. Front elevation of tiles, mortar joints, and movement joints.

3.2. Defects in Tile Facades

A large number of tile fagade issues were discovered during the two-stage investi-
gation into tile cladding in 160 buildings with tile delamination, and a few of them are
depicted in Figure 6. The kinds of anomalies detected varied greatly in terms of their extent
and root causes. For example, some cracks were horizontal whereas some others were
diagonal (as illustrated in Figure 6), implying that the root causes of these cracks are indeed
different. Further, delaminations had occurred due to the failure of various part of the tiling
system of fagades, such as substrates and adhesive layers.



Buildings 2025, 15, 1054 7 of 22

Misiisiindd

Tile delaminations

Raising dampness

Diagonal cracks across

Joint failure Buckling

Dirt stains

Biological growth
movement joint

Figure 6. Anomalies identified in tall buildings’ tile fagades.

Among the identified anomalies, the seven most common defects were highlighted,
and the number of buildings exhibiting each defect was recorded according to their re-
spective age categories. To obtain the probabilities of defects, these frequencies were also
expressed as percentages of the total number of buildings within each age category, as
shown in Table 2.



Buildings 2025, 15, 1054 8 of 22
Table 2. Defects in tile fagades.
Buildings
Defect <10 Years 10-20 Years 20-30 Years 30-40 Years >40 Years Total
16 % 40 % 48 % 40 % 16 % 160 P)

A;. Cracking

15 94% 36 90% 43 90% 39 98% 16 100% 149 93%

A,. Efflorescence

25% 22 55% 26 54% 26 65% 14 88% 92 58%

Aj. Chemical attack

6% 3 8% 4 8% 3 8% 2 13% 13 8%

Ay. Water Penetration

56% 33 83% 42 88% 36 90% 16 100% 136 85%

As. Biological Attack

Ag. Joint Failure

38% 32 80% 36 75% 34 85% 16 100% 124 78%

Ay. Staining

4
1
9
3 19% 12 30% 23 48% 23 58% 8 50% 69 43%
6
9

56% 22 55% 40 83% 34 85% 16 100% 121 76%

The data indicate that cracking and water penetration are the most common defects in
tall buildings that have already experienced tile delamination. Moreover, water penetra-
tion issues tend to increase with the building’s age. These results support the findings of
Silvestre et al. [22], which explain that cracks are one of the major tile facade anomaly cate-
gories and the second most critical defect after tile delamination. Although it was initially
challenging to identify water penetration through drone images, hands-on inspections
at the locations suggested by the first-stage observations revealed that water penetration
was associated with most of the other defects. Failures in movement joints and grouted
joints, as well as varying degrees of staining, were also commonly observed as other defects.
It is also fair to conclude that chemical attacks are the least common defect, as tiles are
composed of dense, non-porous, and chemically stable materials that do not easily react
with alkalis, acids, or salts under tropical environmental conditions.

3.3. Root Cause Analysis
3.3.1. Type and Extent of Problems

Failures of tiled fagades are not limited to tile debonding alone. Other distress symp-
toms, such as cracking, water penetration, efflorescence, and sealant joint failures, may
contribute to the eventual debonding of tiles. Based on observations of these failures, the
patterns and distribution of debonding can be broadly categorized as follows:

- Localized and Isolated: The form of failure is limited to specific regions of the facade
rather than affecting entire sections. They may appear as isolated areas where tiles
have deboned or broken;

- Widespread and Random: These failures occur in a scattered, irregular pattern across
the fagade, often without a predictable pattern;

- Regular and Consistent: In this type, failures occur in a predictable, uniform pattern
across similar locations on a building.

As realized in the close-range investigations, it can be very difficult to determine the
extent of a building where the failure appeared to be localized and isolated or widespread
and random. It is as unpredictable as the workmanship itself. Regular and consistent
failure patterns on the other hand are largely predictable and usually related to design
or building layout. Examples include failure along corners of the building, within the
vicinity of movement joints, and around embedded steel. Given the multiple layers in a
tiled wall, the failure mechanism can and has been shown to occur in several modes. The
more common mechanisms of failure are the following:

- Debonding of the plaster from the substrate (typically concrete) (Figure 7);
- Debonding of the tile from the bedding adhesive (Figure 8).
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Figure 7. Debonding of plaster from substrate.

Figure 8. Debonding of tile from tile adhesive.

Cohesion failure within the plaster and bedding adhesive (internal failure within
materials), as well as movement and corrosion of embedded metals, were also observed.
For mosaic tiles, the common problem is the debonding of the mosaic from the bedding
adhesive. This is understandably due to the inherent difficulty in bonding to the glass
mosaic. The hazard of such failure may appear low for individual mosaic debonding
(Figure 9), but can be serious if the debonding is in the form of a patch (Figure 10).

Figure 9. Random debonding of individual mosaic.
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Figure 10. Debonding of mosaic in a patch.

3.3.2. Causation Factors

Based on the findings from field observations, expert interviews, and the support
of previous laboratory tests, the causes of facade tile delamination have been thoroughly
explained in this section, and they mainly include the following:

Design, including specifications, for instance, lack of provision for movement joint;
Workmanship, such as poor installation and surface preparation;
Materials, such as unsuitable adhesive and plaster;

Environment.

Being a laminated system of different layers, failures of any of the layers due to the
above causes can result in disastrous tiling failures.

Design Considerations

The errors identified in the design through close-range investigations and expert
interviews include incorrect or insufficient detailing and specifications of design elements,
such as dimensions, material types, and the integration of facade elements, as well as
performance requirements, and standards. One of the common errors in design is inad-
equate movement joints at the expense of aesthetics. Also, as Castro et al. [23] state, a
lack of and inadequately sized movement joints lead to reduced mechanical strength and
ability to absorb structural deformations effectively. Movement joints are perceived as
compromising the outlook of the building and hence provided at too far a distance or not at
all. Where movement joints were provided, they had often been wrongly positioned in the
investigated cases. If proper movement joints are not allowed for, the overall deformation
of the concrete frame under loading, creep and concrete shrinkage, and the progressive
moisture expansion of the tile leads to a build-up in stress and likely interface failure. To
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determine the size of movement joint to be provided, the amount of movement that could
be experienced from the structure must first be understood. This requires knowledge of
the behaviour of structural concrete under dead and live loads over time. Such awareness
is seldom exhibited in the design and provision of movement joints, to the point that it
was accepted practice not to include movement joints in the wall tile designs of buildings
constructed in the 1970s and 1980s. Additionally, the width of tile joints or tile-to-tile joints
is another point to consider in the cases observed. A wider width is usually required in
areas where large movements of the tiled system are anticipated.

Often, in attempts to mitigate failure, significant emphasis has been placed on the
specification, selection, and installation of the tiles, while neglecting the plaster. There
are rarely any adequately prepared specifications regarding how the plaster should be
applied, including proper surface preparation, application, and mix composition. Detailing
for plastering at the interfaces of different substrates is usually not provided, and these
areas are frequent sources of tiling failures. This observation is also supported by Pereira
et al. [24], who explained that inadequate plastering techniques, such as lack of experience
or poor material selection, can lead to higher defect rates in tile facades.

Concealed services or features have been observed to have caused tile bulging and
delamination. In one of the cases investigated, concealed lightning conductors in the plaster
behind the tiles had led to tile debonding. Water had leaked into the render along the
lightning conductor, causing corrosion and the plaster to fail. Additionally, defects in
concealed service lines beneath the fagade accelerated the deterioration of tile facades, such
as through water leakage and the penetration of moisture into the underlying layers.

Workmanship Issues

Problems with workmanship in the investigated cases started from surface prepara-
tions of the substrate to receive the plaster. Debonding plaster from brick walls was rare,
as most of the plaster failures were on concrete substrates such as beams, columns, and
walls. This was due predominantly to inadequate surface preparation such as roughening
or hacking. The use of precast concrete exacerbated the problems. Mold oil that is not
cleaned off inhibits good adhesion of the plaster. The increased grade of the concrete also
means that adhesion of the plaster becomes more difficult due to the increased surface
density of the concrete.

The application of plaster needs attention. Recommended practice is that concrete
walls should receive a spatterdash coat on striking formwork, and a cement render backing
(1:3 cement/sand or weaker) to level the surface before beating tiles into a full bed of mortar.
The sequence of work is important, especially during hot days; cement applied directly
under the sun will not have time to hydrate, which will affect bond strength. Due to the
increasing speed of construction, there is often insufficient time for the plaster to cure and
subsequent shrinkage can cause tiling failure. Application in excessive thickness increases
the shrinkage, which can also lead to failure of the plaster. This is common where the wall
is misaligned and plaster is used to compensate for it. Application of subsequent layers
that are richer than the earlier layers also increases shrinkage and risk of debonding of
the plaster. Improper control of the plaster mix on site and a lack of preparation of the
preceding plaster layer before application of the next may lead to plaster failure.

There were many cases in observed buildings where the bedding was poorly applied.
Notched marks were seen on the bedding after debonding. In some severe cases, the tiles
appeared not to have been adequately pressed onto the notched adhesive, giving little
contact between the tiles and the notched adhesives. Notching has also been noted to have
been carried out haphazardly in all directions, resulting in inconsistent coverage of the
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adhesive. There was also evidence of poor and inadequate coverage or adhesive being
applied too thinly in some incidences.

Not using an appropriate trowel was identified as another workmanship-related
issue. Different methods of application of adhesives such as trowelling with notching
and buttering are available and specified in codes, but there is a lack of appreciation for
which method is optimum for a specific application. In terms of the trowel itself, there are
different sizes and types, such as square and dog-tooth. In many cases, installers had not
paid attention to which type of trowel to use, which depends on numerous parameters
such as tile size, adhesive type, tiling site, and tile back key design. As a result, the proper
thickness of the adhesive mortar layer or tile bed was not maintained. Nonetheless, workers
should be aware that increasing thickness does not always increase adhesion and can in
fact diminish it due to stress concentration.

In some cases, movement joints were thought to have been provided, but these were
not true joints but rather cosmetic joints. The joints were not carried through the structure,
and some were even filled with mortar instead of resilient sealant with backer rods. Some
sealants had been poorly applied, resulting in a layer that was too thin or under-cured.

Another possible cause for observed tile failures due to unstable tile bedding would be
poor workmanship during the construction of cement-sand rendering. Most construction work-
ers follow the stipulated component ratio standards when mixing cement mortars; however, a
few increase the sand content, which reduces the bed’s ability to withstand compression.

Material Properties

During the study, numerous material-related causes of tile delamination were discov-
ered. The observed characteristics of movement joint sealants, such as sticky or excessive
softness, and small cracks and fractures on the surface, suggest that the materials used in
movement joint sealants are of poor quality. These were easily identifiable even in buildings
under the age of ten. Failures in movement joint sealants allow pollutants, water ingress,
and chemicals to penetrate the layers beneath the tiles, weakening them and causing tile
delamination. As a result, it was observed that choosing materials capable of withstanding
the designed stresses of the tiling system is essential, because outdoor circumstances, in-
cluding heating and cooling, wetting and drying, pollution, and wind, combine to produce
effects like thermal shock, which are extremely harmful to materials in tropical climates.

Another important consideration in material selection is examining the back profile of
tiles, as poor back profiles increase the risk of failure. Tiles with enough surface roughness,
including prominent peaks and valleys, enable adhesive mortar to grasp more effectively
through mechanical interlocking. However, when using high-quality adhesive, mortar
can still form a strong bond with tiles which have smoother back profiles. These adhesive
mortars should support both mechanical interlocking and chemical bonding, while also
providing wetting resistance and minimizing shrinkage.

Furthermore, selecting adhesives with the best shear life while being compliant with
the building’s climatic conditions is also a challenge. The open time, i.e., the period before
skinning of the bedding adhesive sets in after spreading and trowelling onto the wall,
as stated in most product literature, is calculated under laboratory circumstances. This
normally lasts 20 to 40 min. On site, however, the adhesive’s shelf life might be drastically
reduced due to exposure factors such as wind and temperature. In other situations, the
shelf life was lowered to a little more than 5 min. Therefore, applying such adhesives
ultimately led to tile detachments.
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Environment

The tropical climate in Singapore, characterized by harsh weather conditions, poses
significant challenges to the durability of tile facades on tall buildings. These adverse
conditions affect not only the performance of tile facades during their operational phase
but also affect the bonding strength of adhesives during construction. As evidenced by
laboratory tests (Table 3), the frequent temperature fluctuations (high-frequency thermal
cycles) and moisture variations (high-frequency moisture cycles) typical of tropical climates
have a detrimental effect on the adhesive strength of tiles. Although non-tropical countries,
such as those with temperate temperatures, experience large temperature fluctuations
throughout the year, the rate of change is less than in the tropics. This reduces the frequency
of thermal stress in tile systems, resulting in a slower adhesive expansion and contraction
cycle. As a result, the risk of tile delamination is lower than in tropical regions [10,25].
Furthermore, the slower curing rate in temperate areas diminishes adhesive bonding
strength, resulting in a weakened connection between the tiles and the underlying layers.

Table 3. Laboratory tests on tile fagades [10,26,27].

Relevance of Results

Test Purpose Parameters Used to Tile Delamination  References
Shear Streneth Test Tile size (100 x 100 mm?), Four
E fefzar ;‘?Fg es Evaluate how storage distinct adhesive compositions, Extreme storage
%thé;(és Oimperature temperature affects curing (3 days initial, 3 days at test temperatures weaken [26]
Bond Strength) adhesive bond strength temp, 24 hours equilibration), test tile adhesion
temps (—10 °C, 25 °C, 60 °C)
Tile size (100 x 100 mm?), Four
(S]? fffzzlcrtsé?il{le% h erzrf;tture Assess how application distinct adhesive compositions, Extreme application
During A liga tion on temperature impacts gluing temps (10 °C, 25 °C, 40 °C), temperatures cause [26]
Bond gtrelr)lgth) bond strength curing (6 h at gluing temp, weakened bonds
8 days ambient)
Slow-curing sealants
Evaluate the curing rate . may fail to withstand
and elastic recovery of Mould size (300 x 10 x 15 r?m), early facade
Elastic Recovery Test high-performance curing conditions (26 + 2 °C, movements, stressin [27]
y gp . 65 + 5% RH), sealant types (Table 1), . 4 &
sealants (polysulphide, test intervals (1-150 days) tile adhesives and
polyurethane, silicone) y contributing to tile
delamination
Tile size (100 x 100 mm?, sandstone,
0.3% absorption, 0.2% moisture
Shear Strength Test Study how storage expansion, 0.6 thermal expansion
(Effect of Temperature temperature affects coefficient), Four distinct adhesive ¢ err]f Xg?;iesso‘i,i%ien [10]
Extremes on adhesive flexibility and ~ compositions, curing (3 days initial, }?cile adhesion
Bond Strength) bond strength 3 days at test temp, 24 hours
equilibration), temps
(—10°C, 25 °C, 60 °C)
Tile size (100 x 100 mm?, sandstone,
Shear Strength Test 0.3% absorption, 0.2% moisture
(Effect of Te%n erature Assess application expansion, 0.6 thermal expansion Extreme application
Durine A ligation on  temperature’s impact coefficient), Four distinct adhesive temperatures cause [10]
Bond gt PP th) on bond strength. compositions, gluing temps (10 °C, weakened bonds
ond streng 25 °C, 40 °C), curing (6 h at gluing
temp, 8 days ambient)
Shear Strength Test Tﬂg gi/ze (b}OO ><t.100 (r)nzrg}z, Sal?‘%smef Moisture cycles and tile
(Effect of Study moisture and tile =270 absorption, U.2 7o Mo1sture type affect bond
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E1) Temperature variations

Pollutants trapped in joints and layers were often noticed during case studies. The
high pollutant levels in tropical climes which are caused by heightened temperatures, wind,
and rain cycles, have left a substantial impact on tile facade longevity. These conditions
also have promoted vegetation in tile gaps. Salt crystallization on facades was also noted
as a grave problem. The wind, which brings high humidity and frequent showers, aids in
the transportation of salt to the facades. As the temperature rises during the day, moisture
evaporates from the facade, leaving salt deposits behind. The crystallization process causes
the salt to expand, creating pressure between the facade’s adhesive and substrate layers,
eventually resulting in tile delamination.

Based on the causes discussed in each category, a Fishbone (Ishikawa) diagram can be
used to illustrate the root causes of tile delamination (see Figure 11). To provide ease of
future reference, each root cause is allocated its own code.

Environment Design

o D1) Inadequatefinaccurate detailing
E2) Humidity and specifications

D2) Inadequate movement

E4) Sallil'_IESS of the Joints 3) concealed services lines
win

E3) Wind speed

E5) Pollutants S
D4) Improperly sized tile joints

Inguficient curing

of the plaster
Excessive thickness
of the plaster

Impeoper control of
the plaster mox

Improper preparation
of the plaster layers”

Tile Delamination

W3) Poor installation

W2) Inadequate M4) Adhesives with

& /Haghazard surface preparation  a shortened shelf life
4‘? nelches

o

~
é,;]' Improper
prissng of ties

M3) Poor-quality movement

M2) Failure to examine joint sealants

W1) Cosmetic Joints the tile back profile

M1) Unsuitable plasters

Workmanship Material
aterials

Figure 11. Fishbone diagram on the root cause analysis of facade tile delamination.

3.4. Defect-Driven Risk Assessment

Tall buildings with tile delamination often exhibit a range of other defects, as dis-
cussed in the previous sections. Notably, tile delamination can be reduced or eliminated
by addressing other anomalies that typically foreshadow it. A clear identification and
understanding of how each defect is linked to tile delamination make it easier to implement
proactive measures. To support this, the relationships between the defects identified in
the case study buildings and their direct linkages to the root causes of tile delamination
were mapped in Table 4. This mapping was based on expert insights gathered through
interviews, field observations, and established knowledge of building defects.

Tile cracks and water penetration issues were identified as the major defects showing a
significant link to the root causes of tile delamination. In contrast, chemical attacks exhibited
the least direct link to tile delamination, given their minimal impact on the functionality of
facade elements. Even though this matrix does not provide any indication of the impact
of defects on each other, it does not affect the goal of this risk assessment. This is because
most of these defects do not act individually in contributing to the vulnerability of tile
delamination but rather function as risk contributors to varying extents.

The linkage significance, which represents the quantified strength of the connection
between a defect and a root cause category, was determined based on the number of
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linkages in Table 5. The overall significance of these linkages was calculated using the
mathematical model developed in Section 2.

Table 4. Defect-root cause map.

Causes
Defect D2 D3 D4 W1 W2 W31 W32 M1 M2 M3 M4 E1 E2 E3 E4 E5
Aq. X X X X X X X X X X X X X X
Aj. X X X X X X
As. X X X X X X
Ay. X X X X X X X X X X X X
As X X X X X X X
Ag. X X X X X X X X X X X
Ay. X X X X X X
Table 5. Calculation of overall linkage significance.
Cause Category . .
Defect Cj. Design C,. Workmanship C3. Material C4. Environment OLS
A;. Cracking 1 1 1 0.8 0.950
A,. Efflorescence 0.25 0.5 0.75 0.8 0.575
Ajz. Chemical attack 0.5 0 0.5 1 0.500
Ay4. Water Penetration 1 1 1 0.6 0.900
As. Biological Attack 0.75 0.25 0.5 0.8 0.575
Ag. Joint Failure 0.75 0.75 0.75 0.8 0.763
Ay. Staining 0.5 0.5 0.5 0.4 0.475
Defects (A;),i=1,2,3,...,7.
Root Cause Category (Cj),j=1,2,3,4.
Root Causes (R jk), k=1, 2, 3,4 for Cq, C;, C3 and k =5 for Cy.
Linkage Significance (LS;;) per root cause category
4 5
LSija—3 =13 4 Xjgand LSy =Y /X
Normalized: LS;;.
Y1 Xijk Y1 Xiak
LS,‘]‘*;1,3 = T] and L5i4 = %
Overall Linkage Significance (OLS;)) for a defect:
4 L LSi;
OLS; = JT’]* (5)

Once OLS is obtained, the final step is to determine the delamination risk indices.
These can be obtained by multiplying the OLS by the likelihood of defects in tile facades
(Table 6).
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Table 6. Delamination risk indices.

Defect Overall Linkage Likelihood (P) Delamination Risk  Priority

Significance (OLS) Index (DRI) No
Cracking 0.95 0.93 0.884 1
Efflorescence 0.575 0.58 0.334 5
Chemical attack 0.5 0.08 0.040 7
Water Penetration 0.9 0.85 0.765 2
Biological Attack 0.575 0.43 0.247 6
Joint Failure 0.763 0.78 0.595 3
Staining 0.475 0.76 0.361 4

Cracking and water penetration exhibited the highest delamination risk indices, given
that both their defect likelihood and their relationship with the root causes of tile de-
lamination were stronger than those of other defects. This implies that the presence of
cracks and/or water penetration on tile facades significantly increases their vulnerability
to future tile delamination. This result can also be confirmed by the findings of several
studies. Castro et al. [23] identify cracking as a major anomaly that greatly contributes
to the degradation of tile facades. Their study further explains that water penetration
compromises the overall condition of tile cladding, reducing its durability and service lifes-
pan. Similarly, Silvestre et al. [22] highlight that cracking is a frequent and severe anomaly
that can directly cause or lead to tile detachment. Furthermore, this study emphasized
that water penetration into the adhesive was the primary cause of more than 30% of the
281 defects observed.

In real-world contexts, it is rare to identify the discussed facade defects individually,
as they are interconnected through complex relationships. However, the provided risk
implications for each defect create a sense of independence among them, offering guidance
on maintenance work by indicating which defects should be prioritized based on their
criticality in order to prevent facade tile delamination.

4. Recommendations
4.1. Design

In the design of tiling works, a greater understanding of the environment and tile
properties is needed to select tiles suitable for external use. The characteristics of the
project such as the environment the tile will be exposed to, the structural behaviour of the
building, and the geometry of the building must be analysed and assessed. The selection of
materials used in the tiling system requires a good understanding of project characteristics,
including their compatibility and suitability for the intended environment. For example,
the use of non-textured surface tiles is recommended to reduce the accumulation of dirt and
improve the maintainability of the fagades. Additionally, identifying the composition of the
adhesive mortar is important when suggesting materials for construction. Understanding
the chemical phenomena that affect mortar over time can help diagnose potential issues,
and the mortar to be used should be determined with these factors in mind. Designers can
draw on studies, laboratory tests, experiences from similar cases, and careful consultations
with product manufacturers to make informed decisions [25,28].

Currently, researchers and industry professionals are exploring more sustainable and
safer tile facade materials. One promising approach is the use of low-thickness ceramic tile
cladding with fiberglass net reinforcement, which demonstrated exceptional improvements
in mechanical performance and safety when checked through extensive artificial aging
tests conducted in the study by Bazzocchi et al. [29]. In this study, tests were conducted
to simulate harsh weather conditions on low-thickness tile cladding. The results showed



Buildings 2025, 15, 1054

17 of 22

that the fiberglass net improved the tiles” ductility. After breakage, the tiles did not collapse
immediately but kept the fragments in place, reducing the risk of falling debris. This
finding is immensely valuable for high-rise buildings, where falling tiles pose a serious
safety risk.

For effective tile fagade design, the Code of Practice for the Design and Installation of
Ceramic Tiles, Part 2: Wall Tiling (BS 5385-2:2015), along with SS 509-2 and BS 8221-2, should
be used as references for tile fagade design, providing essential guidelines for recommended
surface treatments and protection. It is crucial to ensure proper detailing at critical junctions,
such as window and door openings, as well as abutment points, where water seepage
can occur and potentially lead to delamination of the tiles. Implementing these practices
will enhance the durability and performance of tile facades. Design movement joints are
recommended on the structural concrete in accordance with BS 6093 or equivalent.

4.2. Materials

Tiles—Tiles perform differently under varying exposures. Under tropical conditions,
cyclical expansion and contraction affect tiles differently depending on their thermal and
moisture expansion coefficients. The former is dictated by the tile’s colour, while the
latter depends on the makeup and the manufacturing process of the tile. Heavier tiles
require high adhesion bond strength and are more commonly associated with failures. Thin
ceramic glazed tiles are relatively lightweight, while clinker tiles are heavy in comparison.
Such characteristics should be understood thoroughly before tile selection and use. Test
reports (such as SS 483) provide a good indication of the tile’s future performance.

Tile bed—Cement mortar used for the plaster layer may be modified with polymer
or latex additive to increase its adhesion, cohesion, and water resistance. The render used
should be of a high grade capable of withstanding external conditions.

Tile adhesive—A poor bond between the tile and the tile bed is a common cause of tile
failure. As revealed by the root cause analysis, weathering agents attack and deteriorate
adhesives. As a solution, epoxy adhesives are recommended for their high resistance to
chemical attacks from acid rain. Adhesives with an excessively short pot life should be
avoided, particularly in hot and dry environments. In addition to that, the application
of geopolymer adhesives has been scientifically confirmed to enhance the conservation
and restoration of tile fagades. The study by Moutinho et al. [30] tested the performance
of two different geopolymers, evaluating their water absorption, compressive strength,
and resistance to salt formation. Overall, the results showed that one type exhibited
higher workability, lower water absorption, moderate adhesion, and better resistance to salt
formation, indicating its suitability for conservation purposes. The other type demonstrated
higher compressive strength and stronger adhesive properties, making it more effective for
restoration work.

Grout for tile joint—Polymer- or geopolymer-modified grouts are recommended for
their superior adhesion, flexibility, and water resistance. The study by Assaad [31] high-
lights the advantages of using polymer-modified compounds in tile grouts and adhesives
by testing polymer-modified mortar against unmodified mortar. The results show that
the polymer-modified mortar offers higher flexural and compressive strength, as well as
improved adhesive strength, helping to prevent damage caused by water penetration.

Material for movement joints—Polymeric backer-rod or compressible filler board
should be used to fill movement joints. The sealant used to seal movement joints should
also be compatible with the backer rod material. If not, a bond breaker strip should be
provided between them.

Joint Design—The design of movement and grout joints is important for tiling works
to accommodate cyclical expansion and contraction of the tiling systems. In addition,
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these joints must be installed over substrate movement joints to compensate for movement
caused by substrate shrinkages and movements [32]. Where movement joints cannot be
provided at all required locations, stainless steel mesh should be used to traverse areas
of expected movement. Generally, movement joints of 6-10 mm width (Figure 12) are
recommended for the following;:

- Every 3 to 4.5 m in horizontal and vertical directions;

- Atstorey heights;

- Where the tiling changes directions or angle;

- Where tiles abut other surfaces and along existing movement joints in the structure;

- Filled with a stable sealant such as polyurethane

—_

:_' BEENNNY

Figure 12. Movement joints of 6-10 mm width.

4.3. Workmanship

Sufficiently remove the curing agent (used for early stripping of formwork) to ensure
proper adhesion on the substrate and ensure proper substrate preparation (cleaning) prior
to application of plaster/tile finishing. Perform quality workmanship on the fagade through
the correct handling and angle of application to prevent delamination and debonding in
accordance with BS 8000-0 or equivalent. Lay adhesive and tiles in the sequence according
to the manufacturer’s instructions.

External tiling work should commence at an appropriate level and proceed down-
wards. This will prevent contamination of completed tiling at lower levels from the works
above. It also allows for quicker dismantling of scaffolding once tiling works at the upper
levels are completed (Figure 13).

For multi-story construction, some form of deflection of the building may occur at
lower levels due to increased loading with height. Hence, by selecting an appropriate
level at which to commence tiling, movement due to deflection at the lower levels can be
accommodated before tiling work begins. The substrate should be well-cleaned and free
from dust, ready to receive the tile bed. When applied in hot and dry environments, the
concrete substrate should be dampened and cooled with a wet sponge. The surface should
also be surface saturated-dry. Too wet a surface will result in poor bonding. The substrate
should also be adequately roughened so that the adhesive will bond. If this cannot be
achieved, then a stainless-steel mesh should be mechanically secured to the substrate and
the tile bed applied over it.
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External tiling to commence at an
appropriate level and proceed downwards

Figure 13. Sequence of tiling (red arrow indicating where the next tile needs to be installed).

During the tiling process, tiles selected at random should be removed from time to
time to ensure that proper adhesion is achieved. The adhesive mix proportion should
be in accordance with the manufacturer’s specifications. Too rich a mix causes excessive
shrinkage and stress between layers. Plaster mix, if too rich, may result in excessive
shrinkage. When excessively fine aggregates are used, the water content of the mix must
then be increased to obtain workability, and an increased water/cement ratio increases
shrinkage. The back of the tile should be covered with adequate adhesive and, once
installed, the tile must be firmly pressed into place to eliminate voids.

Potential points of water ingress should be identified and protection provided over
these areas so that water is not given a chance to seep beneath the tile. Metal cappings
and flashings can run over tile heads, tile edges, windows, doors, or similar abutments so
that all such openings are protected. Horizontally tiled surfaces should also be avoided.
Preventing water ingress from concealed systems, such as water supply and drainage,
into facade layers is essential for durable tile installations. This can be achieved by using
high-quality, water-resistant sealants or adhesive compounds and ensuring their proper
application. Additionally, it is vital to perform all necessary system checks, including pres-
sure testing, before enclosing the systems. Applying waterproofing membranes correctly
in vulnerable areas further enhances protection. Together, these measures contribute to
improved workmanship and durability in tile facade construction [33].

4.4. Maintenance

Enhancing maintenance programs is an essential solution to prevent tile delamination.
Based on the nature of the examined tile failures, most of them could have been mitigated
and eliminated through a proper maintenance program. According to Prieto [34], issues
within the key defects of tile cladding, which are cracking, water penetration, joint defects,
and many more, could be effectively addressed through well-developed maintenance
programs aligned with relevant maintenance standards. Repair of spalled surfaces should
be carried out by removing loose and flaking material down to the base and replacing it with
new bricks or blocks, or with layers of mortar. Consolidate weathered masonry (to stabilize
the degradation) in accordance with SS 509-2, BS 8221-2, or equivalent. Maintenance and
repair of renders should be carried out in reference to BS EN 13914-1, ASTM C926-20, or
equivalent. Attend to cracks on the facade surface promptly to control moisture ingress
in order to avoid delamination. Re-tile deboned tiles or over-clad existing the facade to
remedy delamination.
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The industry is increasingly adopting innovative solutions for protecting tile cladding
on tall buildings. One method is to use geopolymer compounds, such as GM1000, for
preventive maintenance, focusing on areas where cracks and separations are common in tile
fagades [35]. The rectification process must begin with removing degraded mortar or fillers
with a proper scraping instrument, then wiping the surface with a moist cloth to remove
dust and dirt. The GM1000 paste should then be applied using an appropriate applicator,
such as a spatula, pressed firmly into the gaps to establish a solid bond, and allowed to
cure for at least 24 h at a temperature of 20-30 °C and 50% relative humidity (RH). Unlike
standard cementitious mortars, geopolymer treatments result in smaller shrinkage ranges
in tile fagades, preventing the emergence of new fractures.

Predictive maintenance techniques, such as infrared thermography inspections and
drone inspections, can be effectively applied to prevent tile delamination by identifying
symptoms early. Infrared thermography tests can identify temperature variations across
the tile surface, helping to pinpoint areas where delamination may be occurring due to
moisture intrusion, voids, or bond failure. Once images are taken, anomalies should be
identified by considering the cooler and irregular thermal spots in the thermal images, as
tiles are at risk of delamination and those with underlying voids often show temperature
variations. Moisture or air gaps can change the thermal conductivity of facade layers.

The reliability of these inspections can be further enhanced using active thermography
tests, which employ a controlled external heat source applied to the surface to improve
temperature contrast. In Garrido et al. [36], the active thermography tests effectively
distinguished areas of tile facades with trapped air, water, and regions of delamination.
In order to perform these inspections, thermal contrast of at least 1.5 °C is needed, and,
when there is a higher contrast of up to 4.0 °C, the clarity of the images is improved.
Furthermore, to assist with these inspections, drones can be utilized and novel technologies
such as machine learning can also be leveraged to prevent fagade tile falls. The study
by Cao [37] used a specially trained machine learning model called YOLOM to detect
tile peeling on building facades. This model scanned images which were captured by
drones for patterns that suggest peeling, such as irregular edges or texture differences in
tiles. It then created clear outlines around the images of damaged tiles, making it easier
to assess them. Additionally, digital replicas also facilitate advance facade monitoring,
allowing for regular inspections of facade conditions and the optimization of maintenance
work. A real-world application of this approach is discussed in the study by Barbosa
et al. [38], which involved creating a virtual prototype of an educational facility using a
computational tool to develop strategies for preventing fagade moisture damage through
thermography evaluations. Accordingly, the captured images of the facade were overlaid
onto the virtual model, and then the exact location, size, and shape of the moisture-affected
areas due to the moisture were mapped. Using this method, the study identified five types
of moisture-related issues in the inspected fagade.

5. Conclusions

The problem of tile delamination on the fagades of tall buildings in Singapore high-
lights the urgent need for advancements in the design, construction, operation, and main-
tenance of buildings. The root cause analysis conducted in this study identified four
main categories of root causes contributing to tile delamination, which are linked to other
common facade defects to varying extents. Moreover, a novel approach was adopted to
predict the risk of future tile delamination through a risk assessment based on existing
facade defects. The results indicate that defects such as cracks, water penetration, and
joint failures significantly increase vulnerability to tile delamination. These findings em-
phasize the importance of proactive maintenance management, where actions should be
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taken based on identified facade anomalies and their respective delamination risk indices.
Furthermore, the study provides recommendations on tile facade design, workmanship,
materials, and maintenance, offering valuable guidance for construction professionals and
facilities managers involved in any phase of a building project to mitigate and eliminate
tile delamination risks.

Beyond tile delamination, the proposed approach is adaptable for addressing other
issues in the built environment that share similar characteristics. Specifically, this method
could be extended to assess the problems in other various types of facade as well. Ad-
ditionally, further research could focus on evaluating the complex interactions between
various types of defect in buildings and developing a methodology to address the root
causes of those defects in a holistic manner. Such an expansion would contribute to a more
comprehensive understanding of facade deterioration and provide a structured framework
for improving long-term building performance.
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