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Preface

Masonry is used in flexural applications such as retainingwalls, roof and floor beams,
and lintels; however, its main application has been in load-bearing walls or columns
primarily resistant to compression loads.

The building degradation can be interpreted as the continuous reduction in perfor-
mance over time. If the performance decreases below the functionality limits, the
functional service life limit is reached. So, the eventual identification of potential
hidden defects is extremely useful, which can compromise the building’s perfor-
mance and, if identified late, can have very costly repairs or be out of warranty
terms. In other words, building pathology provides a systematic scientific approach
to analyse (experimentally and numerically) and propose new rehabilitation strate-
gies in a failed building. The objectivity it brings to bear helps to make an investi-
gation independent of prejudice and of matters of blame. The building pathologist
is concerned with what has happened and how it came to happen, rather than with
attributing blame.

The main purpose of this book, Masonry: Building Pathologies and Design,
is to provide a collection of recent research works related to blast-resistant
design, building pathologies, seismic coating, bottle-shaped concrete struts, delayed
ettringite formation and waterproofing.

The book is divided into eight chapters that intend to be a resume of the current
state of knowledge for benefit of professional colleagues, scientists, students, practi-
tioners, lecturers and other interested parties to network. At the same time, these
topics will be going to the encounter of a variety of scientific and engineering
disciplines, such as civil, mechanical and materials engineering.

Porto, Portugal João M. P. Q. Delgado
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Application of Blast Resistant Design
Model for Safer Cities

Prafulla Parlewar

Abstract Cities across world are affected continuously with terrorist attacks. These
attacks happens particularly on Embassies, Parliaments, trade centres and others
significant buildings. The nature of the blast intensity in case of terrorist attach
depends upon the detonator used and its distance from the ground zero. The research
here present a design of blast resistant building planned inMumbai, India. The design
showcase a model blast resistant method that can be applied for the design of similar
buildings affected by terrorist attacks. Some of the key aspect of this model methods
are blast intensity, blast load and retaining wall. Moreover, the chapter, illustrates
how does the structural components of building reacts during the blast? How can we
plan for safer cities? How the important institutional buildings can be protected in
event of terrorist attach? What kind of urban planning is essential for blast resistant
cities. Furthermore, a case illustrates the details design for blast resistant buildings.

Keywords Blast resistant design · Urban planning · Safer cities

1 Introduction

The blast resistant design for institutional, civilian, commercial and industrial build-
ings is required due to prediction of terrorist attacks. The chapter here illustrate a
blast resistant design for operational purpose in a industrial plant. The blast resistant
building is design as per the IS Code IS 4991 (1968). The proposed design is an
industrial building of size located at 30m from the ground zero. The research here
illustrates model process of design which can be used for design of blast resistant
buildings.

Many cities across globe are affected with terrorist attacks to institutional and
commercial buildings. In year 2001, New York World Trade Center (WTC) was
attached by terrorist by hitting the building with hijacked air strike. The building
collapsed due to the heat and caused large number of civilian casualties. In many
cities, numerous attacks happen in congested locations. Some of these attaches are
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2 P. Parlewar

either use of bombs in vehicles, grenades or various other types of blasts. Substantial
number of civilian causalities happens in these types of attacks. Also, governmental
buildings are some important targets for terrorist attack. Globally, various design
criteria are developed to make safe cities from terrorist attacks.

The research here illustrated how to design a blast resistant building? How this
model process can be applied for the design blast resistant institutional, commercial
or industrial buildings? What are the affect of terrorist blast on the design of the
building? What is difference between the terrorist and industrial blast criteria? How
the same parameters are applied for design of the blast resistant buildings? How can
we plan safer cities by designing blast resistant buildings? Some of these questions
are investigated in this research.

Generally, the blast by terrorist attack are conducted by car bombs, TNTpackages,
suicidal human bombs or grenade attacks. However, in case of industrial establish-
ment, the blast happens mainly due to the operational structures like hydrogen units
or inflammable cylinders. As per the IS code 4991 (1968) similar design criteria is
used for all types f buildings. Hence, in this research model process is illustrated
through a project designed in industrial establishments.

2 Blast Resistant Design Criteria

The blast resistant criteria for the design of the building requires understanding of
loading due to car bombs, TNT packages, grenade or suicidal human attack. Some
of the affect of the blast are flying splinter and heat that affect buildings and human
life. Also, the blast can affect the breaking the facade glazing, cause communication
failure and cut off the power leading to panic during the blast. The criteria for the
design of the blast resistant building can be structural and architectural design.

The structural design criteria includes the design of blast load of the building. The
important structural components that require to design the blast load are the retaining
wall, foundation, columns and slabs. In many cases the blast resistant building is
considered as a box concrete shape to reduce the impact on the building. In India, the
IS Code 4991 (1968) provides the design criteria for the buildings. The major criteria
for the design includes the affect of the rapidly moving shock waves during the blast.
This shock waves affect the building at the peak intensity. Significantly, this peak
intensity last for short time and causes major damages to the structure. The exterior
surfaces in direction of the blast faces the main load. This load is then transmitted in
the beams, columns, and slabs. In case, load is not sustained by the members, then
the failure of the structural members affect the human life. Human life is affected by
the broken structural members fallen due to the peak period blast. As all this impact
happens in a short time, it becomes difficult for humans to survive during the blast.
So, to reduce this impact, building is design like a cohesive unit. Each structural
components plays an important role in reducing damages to the human life. Peak
overpressure and maximum impulses are mainly dependent on the distance to the
explosion, the blast waves angle of incidence, and the flow resistance of the structural
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shape. The urban form of the building and urban set up can highly reduce the effect
of the blast on the building [1]. In many structure, the facade is treated with the blast
wall. This blast wall reduces the impact on the other structural members. Moreover,
the structural components are permitted for higher deflection within the plastic range
of materials.

The architectural criteria for the design of the blast resistant building includes
site planning, orientation of building, layout planning, facade design, ergonomics
and building services. In cities, old buildings or new buildings buildings are affected
by the terrorist blast. Some times many important institution use old buildings in
down-town area. In such buildings, there is very less passage between the road and
the building. However, the newly planned building, it become easy for undertaking
site planning. So, in case of the old building, the parking is avoided in front of the
building. However, it is advisable to keep the parking across the road. Buildings are
also protected by using bollards, and pavement to avoid pedestrian movement. In a
project of the Embassy building in Yangon, Myanmar, the pedestrian paving around
the building was designed in Reckli formliner with spikes. So, the movement of the
pedestrian can be avoided around the building. Also, the facadewas treatedwith blast
resistant doors and old glass windows were replaced with bast proof glass. The glass
was also designed with one side opaqueness to avoid the visibility of the pedestrian
inside the building. In case of the planning a newbuilding, the facilities can be divided
into the safety zones. Also, large open spaces can be planned in front of the buildings.
Parking spaces are kept away so that the cars do not reach the buildings. This criteria
reduces the source of the blast on the building. The building orientation during site
planning include exposing the blast wall towards the source of blast. Layout of the
building is not preferred as irregular shape. Because it causes more damages during
the blast attack. A regular geometry permits load transfer through all the structural
members of the building. Some of the challenges for the architects and engineers are
the design of facade for the blast resistant design. Generally, the shock wave causes
breakages to glass in building. So, to overcome this challenge, use of glass need to be
avoided in the buildings exposed to the blast. A building façade is considered to be
the first barrier of resistance against explosion waves, and therefore a building facade
has an important role in reducing a building’s vulnerability and human casualties.
In case of a lack of enough resistance, explosion waves enter a building and bring
about irreparable damage to the building [2]. In many structures, wall cladding are
attached to the structural system, therefore the blast reaction from the edges are
being transferred to the structural system [3]. This reaction is function of ductility
and fundamental time period of wall cladding. Ergonomic plays an important role
inside the building for the operation and human activities. It is particularity observed
that the activities and furnitures shall be user friendly to reduce the panic after the
event of the blast. Finally, it is indeed important to design the building services like
water supply, electrification, drainage and sanitation to reduce the impact of the blast.
Out of these services, electrification plays also an important role. Because during
the blast, the cut off of electricity causes panic. So, concealed type of wiring in steel
conduits are provided in the blast proof buildings.
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3 Building Profile

The proposed blast resistant building is located at 30m from the source of the blast.
The building is 8.9m long and 10.70m wide (Figs. 1, 2, 3, 4 and 5). It is planned as
single storey building in Reinforce Cement Concrete (R.C.C.). The bare charge of
100kg was consider as per the IS code 4991 (1968). Building includes two rooms,
pantry and toilet organised for the operations for controls of the industry. The struc-
tural elements are designed as follows: (a) wall thickness of 400mm, (b) columns of
size 400mm x 500mm, and (c) beams of size 400mm x 600mm. The building height
is 4.0m from the floor bottom to slab bottom. The entry is planned in a protected way.
So the shock waves do not affect the entry and rooms inside the building. Internal
wall are made of 9 in. thick brick masonry. The raft foundation of 1.0m depth was
proposed as per the design criteria of the blast resistant building.

The interior of the building is planned with concealed electrification. Use of false
ceiling is avoided in the building. Ergonomics was proposed as per the safety of the
blast proof building. No openings were provided in the building, however, Variable
Refrigerant Volume (VRV) air conditioning system was provided for effective air
circulation inside the building. All the VRV indoor units were planned to be floor
mountable than ceiling mounted (Table 1).

Fig. 1 Plan of blast resistant
building
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Fig. 2 Plan of plinth level blast resistant building

Fig. 3 3D model of blast resistant building
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Fig. 4 Image showing load 8 bending at Z axis

Fig. 5 Model of blast resistant design

Table 1 Minimum wall thickness in cm

S/N Material of Wall Charge of 50 kg Charge of 100 kg

1 R.C.C. 30 38

2 P.C.C. 34 45
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4 Load and Blast Pressure—The Model

The proposed building model for the blast resistant design could be illustrated as:
(a) estimation of charge on the building, (b) design for load during the blast, and (c)
architectural design (Fig. 6). The estimation of the charge depends on the distance of
the blast. As the distance increases, the blast waves on the building reduces. Also, the
the transfer of the blast waves inside the building reduces. So for 0.1 Tonne explosion
and a building of 4m height, estimation of charge of blast is Distance x = 20/(0.1)1/3.
The proposed model building is located at a distance of 30 m. However, in case of the
terror attack the distance may reduce for the building. In case the buildings are away
from the road, the distance increase. Similarly, the blast can also happen inside the
building. The ambient pressure (Pa) is assumed as 1.00 kg/cm2. The interpolation
is between 42 and 45 m. Some other important considerations are: (1) peak side on
pressure (Pso), (2) Peak reflected over pressure (Pro), and (c) Peak dynamic pressure
(qo). The time for positive phase of grade on pressure is represented by To. Td is
duration of equivalent irregular pulse. The value of To and Td are multiplied by
(0.1)1/3 to get the values of respective quantities for actual explosion at 0.1 Tonne
charge. After, this mach number of incident shock front is determined by formula

M =
√
1+ B

7 − Pso
Pro . If U is shock from the velocity and a is velocity of sound in air,

then U = M x a. U gives the pressure on the building. The Tc represent the clearance

Fig. 6 Image showing load 10 bending at Z axis
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Fig. 7 Plan showing design
of retaining wall and
foundation

time, Tt represent the transit time, and Tr represent the pressure rise time on the
back face. Hence based on this, the intensity of the blast is estimate. This similar
model can be used to determine the charge of the blast due to terrorist attack. The
distance can vary as per the situation of the blast. Along with the estimation of the
charge on the building the wind load, earthquake load, live load and blast pressure
in considered for design (Fig. 7).

For 0.1 Tonne Explosion

H = 4 m,

Building at 30m from ground zero

Estimation for charge of blast

Distance x = 30/(0.1)1/3

= 64.65 m

Assuming ambient pressure

Pa = 1.00 kg/cm2

Interpolation between 42 & 45 m

For scaled distance

Pso = ?
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Pro = ?

qo = ?

(1) Pso = Peak side on pressure

= 0.76 +(0.68−0.76)/(45-42) × (64.65−42)

Pso = 0.35 kg/cm2

(2) Pro = Peak reflected overpressure

Pro = 0.81 kg/cm2

(3) qo = Peak dynamic pressure

qo = 0.042 kg/cm2

The scaled time ‘To’ (Time for positive phase of grade on pressure)

To = P

To = 37.71 ms

Td = Duration of equivalent irregular pulse

Td = 28.32 ms

Values obtained Toand Td are multiplied by (0.1)1/3 to get the values of respective
quantities for actual explosion at 0.1 Tonne charge

To = 37.71 × (0.1)1/3

To = 17.50 ms

Td = 28.32 x (0.1)1/3

Td = 13.15 ms

M = Mach number of incident shock front

M =
√
1+ B

7 − Pso
Pro

M = 1.14

a = 344 m/s

a = Velocity of sound in air

U = Shock from velocity

= M x a

= 392.00 m/s
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= 0.392 m/ms

Pressure on Building

H = 4.0 B = 9.2, L = 29.80

S = 1
2 B or H whichever is less

S = 1
2 × 9.2 = 4.6 or S = 4

Hence, S = 4.0

Tc = Clearance time

Tt = Transit time

Tr = Pressure rise time on back face

Tc = 35
U = 3×4.0

0.392 = 30.61 ms > Td

Tt = L
U = 29.80

0.392 = 23.72 ms > Td

Tr = 45
U = 4× 4.0

0.392 = 40.81 ms > Td

For roof and side Cd = 0.4

Cd = 0.4

Pso + Cd x qo = 0.35 + (0.4 × 0.042)

= 0.3332kg/cm2

5 Cities and Terrorist Attacks

Many cities across globe are affected by the terror attacks. In history, the attach of
terror has been on many important cities. In year 2008, Mumbai, India underwent
series of terror attack by shooting and bombing important places. These places were
Taj Mahal Hotel, Oberoi Tirdent Hoel, Leopord Cafe and other places. In these
blast, hand grenades were used and it effected the interior parts of the buildings.
The quantity of illegal arms and explosives seized from the different centres and
groups indicate that terrorists are sufficiently equipped to strike terror in big cities.
The targets have also been expanded to important strategic locations [4]. Usually
Terrorists choose their targets to maximise the impact of their attack, or rather its
consequences, and minimize the efforts [5].

The terror attach also affect the urban economics and urban renewal. If the price of
space after the destruction is not high enough to cover the costs of new construction,
then the direct impact of bombing will be permanent [6]. In cities, the distance of the
blast from the building play an important role in the destruction and loss of human
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life. In Murrah Building in Oklahama, detonation was equivalent of 4000 pounds
of TNT at a stand-off distance of approximately 15 ft and in many urban locations,
it would be possible for smaller vehicles to park even closer to a building than the
distance in the 1995 bombing [7]. In the cities, the landuse and zoning regulation
is important to reduce the affect of terrorist attack. The protection of buildings or
quarters is still possible if there is a clear usewith access controls. It becomes difficult
when there are mixed uses [1]. These can be achieved with planning a special zones
with separate regulation in planning process. City builders—including architects,
urban planners and designers—are increasingly expected to consume and, through
practice, to re articulate the risk-and-threat discourse in concrete forms [8]. Thus,
the R.C.C. structure are most safe and ductile for the erection of blast resistant
building in urban areas. Some other planning consideration involved in cities are
landuse patterns. Public lands should be combined with dwellings and greenery, but
an overload in the shape of different land uses, especially in city centres and local
city centres, should be avoided [9].

6 Conclusions

Thus blast resistant building illustrated in this research indicate a model method of:
(a) estimation of intensity of blast, (b) design of retaining wall, and (c) architectural
design. The estimation of intensity of blast depends on the distance and intensity
of blast. Some of the important criteria while estimation are the mach speed and
ambient pressure. The design of wall thickness is the most important criteria. Also, it
is important to look into the external cladding, interior and ergonomic for the design.

The cities across theworld are continuously affected by the blast. Some significant
building are the public administration buildings, luxury hotels, Embassy building and
world trade centres. In making safer cities, it is indeed important to look for blast
resistant building design that avoid damages due to blast attack. The proposed model
building indicates the various parameters for design of the blast resistant building.
Such, model method can be applied on design of the blast resistant buildings to make
safer cities.
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Design of Facade for Blast
Resistant Buildings

Prafulla Parlewar

Abstract The facade of blast resistant buildings are important for safety during
the event of blast in cities and industrial complexes. The design of these buildings
includes design of blast wall and estimation of intensity of blast. Blast wall plays
significant role in reducing the blast waves on the building. Generally, this blast
wall faces towards the source of blast. Significantly, these are main facades of the
building viewable by visitors. So, it is indeed important to design these wall to make
aesthetically appealing for visitors. Many of these building are located at important
locations in cities and industrial complexes. So,making a landmark design is required
for these types of the buildings. The research here illustrate a design of facade for the
blast resistant building with use of innovative material made from concrete by use
of polyurethane formliner. Moreover, it looks into the questions like how the blast
wave affect the exterior of building?How to rehabilitate the old building facade?How
concrete can be used as a material for making aesthetic in blast resistant building?
Furthermore, it also illustrate the design criteria for the blast resistant buildings with
emphasise on the architectural design.

Keywords Blast resistant design · Blast design code · Blast facade design

1 Introduction

The facade is the most important part of the blast resistant building. Because during
the impact of blast the facade resist the pressure, heat and fire. In building, facade
are treated with concrete, glass, metal and many more types of materials. But, most
of these materials are fragile to the intensity of the blast. Fragile materials causes
the human casualties and damages to the various parts of building during the blast.
In such events, what can be most appropriate material for design of facade of blast
resistant buildings? What are the methods to rehabilitate the existing facade of blast
resistant buildings? How can blast wall of facade behave during the blast? How
can we design a landmark building for resisting the blast? What are the important
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criteria for the aesthetic improvements of blast resistant buildings? Some of these
questions are investigate in this chapter. Furthermore, a project in industrial complex
is illustrated for its design for rehabilitation of facade. The blast proof building was
designed as per the IS code 4991 (1968)with blast wall of 380mm thick. The building
is a significant building in the campus of petrochemical complex. So, building was
designed as a visual landmark with visibility in day and night (Figs. 5 and 12).

In industrial complexes, blast resistant building generally looks like plain concrete
boxes. Many industrial complexes maintain the architectural design of the buildings
to improve the aesthetic of overall complex. However, design of blast resistant facade
remains challenging to many designers in these industrial complexes. Also, during
the terror attack, the facade remains an important element affected during the blast.
So, the building suspected for the terrorist attack in cities requires special design con-
sideration for facade. If innovative materials are not used in facade, then the aesthetic
and structural criteria can not be designed in the blast resistant buildings. So, how to
design the facade of blast resistant buildings? What are the innovative materials for
the design of the facade to resist terror attack? Concrete by use of polyurethane form-
liner is one such material which provides strength and aesthetic for the blast resistant
buildings. Thismaterial is supplied bymany companies. Once such company is know
as Reckli located in Germany. Often precast concrete components are more aesthet-
ically pleasing than cast-in-place components. Additionally, precast concrete can be
more economical than cast in-place concrete. Since precast components can be made
with the same formwork repeatedly, the cost for constructing the component drops
[1].

The literature on facade design of blast resistant building worldwide indicates that
designers emphasise on making explosion proof glazing systems. However, in this
research a practical approach is suggested for making the blast resistant design in
concrete. Some authors have indicated that glass is in general also the most fragile
part of a structure and its failure results in splinters that could seriously injure persons
inside the building [2]. When air blast pressure fracture window glass, flying and
falling glass shards pose a major hazard to anyone in the proximity [3]. It is indeed
important that the design of exterior window systems and cladding need to provide
higher or equal resistance to lateral-load than the transparency or panel for the fram-
ing, connections and supporting structure [4]. If building facades disintegrate, the
direct blast pressure entering the building can cause injuries to occupants and even
structural collapse. Blast-resistant glazing should therefore be used in buildings to
minimize, if not eliminate, the hazard from potential terrorist attacks [5].

A building facade is considered to be the first barrier of resistance against explo-
sion waves, and therefore a building facade has an important role in reducing a
building’s vulnerability and human casualties. In case of a lack of enough resistance,
explosion waves enter a building and bring about irreparable damage to the build-
ing [6]. Moreover, some author has also explained that progressive collapse is the
most serious consequence of blast loading [7]. Threats to building occupants due to
blast loads generally result from a combination of blast overpressure injuries due
to a breach of the facade system and glass fragmentation injuries. In petrochemi-
cal facilities, the effect is very large and not limited to only one structure and the
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complete facility is at the stake if a control building collapses in case of blast [8]. In
general the facade can be seen as a system capable of transforming the blast input
duration and peak pressure over a different combination of the two parameters, but
for the majority of cases without significant changes to their product (impulse) [9].
Aluminium foam retrofitting is a methods tried in old building. But the construction
method of the reinforcedwall significantly enhanced its performance sustaining blast
loads, even without protection by the aluminium foam [10]. The literature indicate
that the facade is the most important part of building to stop the spread of effect of
blast waves inside the building. Furthermore, it can be stated that brittle materials
like glass can not be accepted in the blast resistant buildings.

2 Building Profile

The rehabilitation of building in industrial complex included a main control room
used for the production of lubes. It was designed as the blast resistant building. The
main purpose of the building is to sustain the operations during the event of the blast.
So, building was designed as per the IS Code 4991 (1968). The ground zero was
located at 20m from the building. Hence the building was designed with 380mm
thick blast wall.

The rehabilitationmaster plan included following components: (1) complete reha-
bilitation of exterior facade as an landmark in the industrial campus, (2) revitalization
of the internal offices, pantry, toilets, and store rooms, and (3) rehabilitation of main
control room and server room. The external facade rehabilitation was main goal of
the master plan for redevelopment of the building. The length of the facade is 40 M
× 22 M. The building at the time of rehabilitation was more than 35year old. Due
to rain and weather conditions, it is expected that the R.C.C. blast wall must have
undergone substantial corrosion. Also, strength of the concrete is reduced than the
original strength. The compressive strength on the blast walls was found to be 22.56
Mpa during the rebound hammer test. However, strength in the roof was in range
between 50.01 and 77.47 Mpa. Ironically, this observation shows that the strength of
the concrete is reduced in wall and columns due to the weather conditions. But the
strength in the slab had remained unchanged due to the water proofing on the slab.
This indicated the necessity to rehabilitation of the facade.

The concept of the rehabilitation was to make aesthetically appealing exterior
and add strength to the blast wall. Hence the rehabilitation was proposed in concrete
designed from polyurethane formliner. The proposed concept included in situ and
off site concrete to give additional strength to the walls. The second part of the
rehabilitation of the project involved revitalization of office, pantry, toilets and store
rooms. This area were designed by making two zones: (1) zone for offices and stores,
and (2) zone for pantry and toilets. The offices were planned with open working
environment. A conference hall was placed in center of the office space. The third
part of rehabilitation involved control room and server room. The design of these
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rooms were undertaken by using metal wall panelling and ceiling system to avoid
damages to operation during the impact of blast.

The facade of the original building was plain R.C.C. wall without any facade
treatment. In case of blast resistant facade in R.C.C., the surface are exposed to
direct weather conditions. Generally, concrete is highly permeable for rainwater. So,
rain water percolates inside the R.C.C. walls. This causes damages to concrete and
reinforcement. In these conditions reinforcement become brittle andmajor strength is
reduced of the concrete. Also, the composition of concrete changes with percolation
of waster in R.C.C. walls. Thus, it is important to treat the R.C.C. blast wall with
concrete to add strength.

2.1 Rebound Hammer Test

The rebound hammer test indicate the compressive strength of the concrete. The test
was conducted on the slab andwall of the building to understand the present scenario.
The test was conducted at the equal intervals and average of the rebound was studied
for compressive strength of the building. The five point on the wall were taken for
studies. The test indicated that the rebound reading was 22.56, 28.44, 32.36, 24.52
and 28.44 Mpa on the wall. Thus, the average strength was 27.26 Mpa. Whereas,
reading on the slab were 59.82, 63.74, 63.74, 50.01, 55.90, 63.74, 63.74, 50.01,
55.90, 63.74, 77.47, 61.78, 61.78, and 67.78 Mpa on slab. So, the average strength
was found to be 60.93 Mpa. As compared to the strength of the slab, the strength of
the wall is found to be less. Hence, the compressive strength is reduced of the blast
wall.

3 Facade Blast Pressure

The important criteria to understand the blast resistant building facade is the pressure
during the impact. In the analysis of facade of the blast resistant building the yield of
the explosion from the ground zero play an important part of the design requirements.
Also, the distance from the ground zero reduces the pressure on the facade. The peak
initial pressure is indicated as Pso act mainly during the blast. On the facade of
the blast proof building, the pressure rises instantaneously. So, the peak dynamic
pressure qo also rises instantly and affect the facade surface. During the blast, the
shock wave moves outward in all directions in high speed and then a negative phase
is followed creating a suction effect. At the time of blast effect, the waves create
an impulse which spreads spherically and negatively affects some of the beams and
slabs above at counter-gravity direction (+Y). It means, negative bending moment
occurs at the midspan of the beam, and positive bending moment occurs at the beam-
column connection parts. This kind of load is themost critical situation for reinforced
concrete [11]. Blast load design is complex problem and cannot be made separately
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for each building element [12]. In order to mitigate the effects of explosions, the
facades are first to be designed against conventional loads and then to be verified
against explosive loads [13].

4 Facade Design

The facade design of blast resistant building can be understood in architectural and
structural components. As the blast waves first reaches the facade, it is important
to estimate the impact of blast on the facade of the building. Similarly, to resist
this blast wave, materials with stable strength are required for the blast resistant
buildings. R.C.C. is one such material which can be used for facade treatment in the
blast resistant buildings.

The concept of facade design includedmaking an landmark buildingwith aesthetic
appeal during day and night time. It is an important building in the industrial camplex.
So, it needed anew facademakeover to show its significance in the industrial complex.
Significantly, this building include offices and control room of the lube production
in side the complex. The concept of architecture design was to exhibit the various
lube products in the exterior in an abstract text art (Figs. 1, 2, 3, 4, 5, 6, 7 and 8). This
concept is developed by using in situ concrete in polyurethane formliner.

These formliners gives exposed concrete facade a unique visuals. The in situ and
off site precast techniques consist of use of poly urethane elastomer material. It has
high flexibility and elasticity. This allow a clear release of the pattern on the concrete.
It can make an exact reproduction of patterns as designed by the architect. The poly
urethane formliner is cut to fit the formwork frame. Important care is taken to keep
away the air cushion in the formliner while casting the concrete. Reinforcement is
placed and ready mix concrete is mechanically placed inside formwork work. Suffi-
cient vibration has to be undertaken by vibrator to reduce the air cushion. However,
the frequency of the vibrator has to be low to avoid damage to the formliner.

Fig. 1 RHT of blast wall
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Fig. 2 RHT of slab

Fig. 3 Front elevation of building

Fig. 4 Side elevation of building

Fig. 5 View of building
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Fig. 6 View of front facade of building

Fig. 7 View of in situ text art in front facade of building

Fig. 8 Elevation of in situ text art
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The facade have three types of concrete elements by using polyurethane formliner:
a) in situ casting of concrete and b) offsite casting of concrete. The in situ casting
of the concrete include the casting of text art in the facade. The text art is created
on the surface of the blast wall of the building. The formliner for the text art is
supplied by the Reckli. After, reaching at the accurate drawings, the formliners are
manufactured in the factory and supplied at site. The polyurethane formliner are
light weight and easy to install. The total size of the text pattern proposed was 28.8
M x 2.0 M. The casting was proposed one signal formliner. So, a formliner of size
29.00 M × 2.2 M was proposed for in situ casting. Generally, formliner are pasted
with adhesive on the form work . So, after placing the form work, concrete is poured
and compacted. Once the formwork is removed from the wall, the text art pattern
appears on the blast wall. After removal of the formwork the finishing and curing is
undertaken for the text pattern. The in situ concrete became a cohesive mass with
the old blast walls. Thus, improving the strength of the blast wall. After the concrete
reaches its strength, it is expected that the impact of the blast will be resisted by the
cohesive mass. Significantly, provision of such facade treatment have advantage of
providing additional strength to the blast wall. Age of the building is about 35years.
It is expected that the strength of the wall may have been reduced due to weather
conditions. It was evident in the rebound hammer test that the strength of the concrete
is reduced from original. Some of the important effect on the R.C.C. wall and slabs
are the corrosion of reinforcement due to the weather conditions. This corrosion in
concrete is not visible and sometime cannot be estimated easily. So, it it important
to add the strength to the concrete by undertaking such in situ treatments. Hence,
such concrete design provides aesthetic and structural strength to the facade of blast
resistant building.

The second element of the design of the facade of the blast resistant building is use
of off site cast tiles (Figs. 9 and 10). The predetermined patterns are easily available
from Reckli. So, numerous patterns can be used in the exterior of the building. As
an addition on the surface of the building, various patterns can be used on the main
facade of the building. These are off site cast tiles prepared in high grade concrete.
This act as an additional surface barrier during the impact of the blast. The off site
casting of Reckli is relatively easy. The tiles in the project were casted in 1.0 M
× 1.0 M size with 10cm thickness. The process of the casting of the tiles include
preparation of formwork. The polyurethane formliner is pasted with adhesive on the
surface of the form work. The 1.0m x 1.0 m frame reinforcement is placed as per
the design criteria. The concrete is mechanically placed and careful compaction is
done to avoid damages to the formliner. Once the formliner is removed, the pattern
get imprinted on the concrete tiles. The concrete tiles are cured for more than fifteen
days. This formliner is used for multiple repetitions. Hence, multiple casting of the
tile can be undertaken.

These tiles are erected on the facade by use of M. S. tube framing. Frame of 1.0
square metre was used on the blast resistant wall. During the casting of the tiles, the
fasteners are pre-inserted for joining the tiles on the framing system. The pipe size
used in the framing was 110mm × 110mm. The tiles were placed in layers starting
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Fig. 9 Detail of facade of Building

Fig. 10 Detail section of
front wall (a 380mm thick
blast wall, b off site cast tiles,
c in situ text art, and d slab)

from the bottom till the end of top. Finally, the tiles are finished at joineries to finish
the surfaces.

The aesthetic assembly of the facade was organised with plain tiles, irregular
tiles and text art. This assembly encourage aesthetic contrast of the shapes i.e. plain
and irregular. So, this aesthetic contrast make the facade appealing to the viewer.
The facade was also having text pattern as a focus or focal point. This focus is eye
catching for any visitor and it make the reader involved to read the various products
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Fig. 11 Plan of Entrance Lobby (a Steps, b blast wall, c entry, and d entry

and important in the text art of facade. These type of text art makes the facade
interactive with human psychology. Finally, the entrance to the building is designed
as a second focus and attraction to make visitor perceive the aesthetic easily.

The entrance lobby in the facade is designed such that it reduces the impact of
the blast inside the building (Fig. 11). This is done by making a barrier wall partition
in R.C.C. in the lobby. So, a person need to take a turn while entering inside the
building. Significantly, this reduces the impact of blast wave at the main operation
of the building. Koccaz had indicated that the foyer areas should be protected with
reinforced concrete walls; double-dooring should be used and the doors should be
arranged eccentrically within a corridor to prevent the blast pressure entering the
internals of the building [14].

5 Conclusions

The facade is the most important part of the blast resistant building. Because it is the
first part of building which resist the pressure and impluse to reach the other parts
of the building. In many old and new blast resistant building, innovative material are
required in facade for resisting the blast wave. In urban areas, glass is predominantly
used as a facade material. Also, in many buildings steel is used toward the blast
wave. Glass can not be fully treated to resist the blast source. Moreover, use of steel
is also acceptable due to the extensive heat generated during the impact. Because the
steel members during the extensive heat condition can lead to failure of the building.
During the blast, for very short time extreme intensity heat is exposed to the bast
surface. So, steel and glass both can be potentially hazardous materials as it causes
human causalities. Some of the advantages of the design of facade by using the
concrete in polyurethane formliner are summarised as follows:
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Fig. 12 View of building during night

(a) The design of facade in polyurethane formline provide multi options of design
for old and new facade of the blast resistant buildings. The old facades can be
aesthetically integrated to make an landmark building in cities and industrial
complexes.

(b) The design of facade can be undertaken with in situ and off site casting of
the concrete. Both have its own advantages. The in situ casting provide direct
connectivity with the blast facade. Moreover, it directly add to the thickness,
strength and resistant of the wall. Whereas, the off site concrete cast is more
flexible to make tile of required sizes and install on site.

(c) The most important advantage of this type of technique is strength of structure
for mitigation of pressure and impulse during the event of the blast.

(d) In overall, it can be summarized that the aesthetic consideration are one of the
important part of the design of the facade of the blast resistant building. So,
integrating it with the aesthetic and structural requirement make the building
landmark in cities and industrial complexes.

Hence, innovative material like concrete casting from polyurethane formliner can
provide better solution for facade of blast resistant buildings. Indeed, in situ casting
of concrete in polyurethane formliner provides additional thickness and strength to
the blast wall.
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Application of Geometric Patterns
in Architectural Design Process

Prafulla Parlewar

Abstract Geometric patterns in interior and exterior of building provides an appeal-
ing aesthetic. The chapter here illustrates a project for rehabilitation of the cafeteria
in an administrative building. In this project the rehabilitation of old interior was
undertaken through use of innovative aesthetic consideration of design. Geometric
patterns are parts of design combinations used by many designers in exterior and
interiors. The research here investigates how geometric patterns can be applied in
the architectural design process?What is the process of rehabilitation in small spaces
in buildings? How materials are designed in rehabilitation of interior spaces? What
are the architectural considerations for design of interiors? How structural criteria
are assessed before rehabilitation of old interiors? Indeed, it is important to combine
aesthetic and structural knowledge in rehabilitation. So, the research here illustrates
an application of hexagonal patterns in the architectural design process for rehabili-
tation of old interiors.

Keywords Building pathology · Architectural design process · Rehabilitation

1 Introduction

The rehabilitation of old building interiors requires innovative methods and archi-
tectural design which provide elegant ambience for visitors. In this rehabilitation
process, it is important to analyse the building pathologies and develop architectural
design for better aesthetic. The architectural design process for designing requires
use of elegant materials. Once, such a project was designed by rehabilitation of an
old cafeteria in Mumbai, India. This project included rehabilitation into a cafeteria
for the Global Fortune 500 Company. The research here investigates the question on
how to rehabilitate old buildings?What is a design process for redesign small spaces
inside the buildings? How to apply the geometric patterns in the architectural design
process? How do quality materials give good ambience in the interior spaces? The

P. Parlewar (B)
City Development Corporation (P) Ltd., Mumbai, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
J.M. P. Q. Delgado (ed.),Masonry: Building Pathologies andDesign, Building Pathology
and Rehabilitation 22, https://doi.org/10.1007/978-3-030-80496-1_3

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-80496-1_3&domain=pdf
https://doi.org/10.1007/978-3-030-80496-1_3


26 P. Parlewar

research thus illustrates a complete sequence of rehabilitation of a cafeteria used in
a main administrative building.

The various literatures on the application of geometric patterns in the architec-
tural design process have indicated the importance of aesthetics in the design process.
Importantly, the earliest theories of Christopher Alexander have indicated the prob-
lem solving approach in the architectural design process.Alexander in his books “The
timeless way of building” and “A pattern language” has introduced a theory and prac-
tical approach to architectural and urban design [1, 2]. Leopold [3] also investigated
fundamentals for design processes, in order to escape from an arbitrary design and
finding a rational basis for design processes. When we look back in the history of
architecture, we can find the background of geometric structures as important funda-
mentals for designing, for example in symmetry concepts or using transformations.
In Islamic architecture, patterns are extensively used as a part of interior design. The
objective judgement of beauty can be used to explain the aesthetics of Islamic pat-
terns; helping to understand the shape grammar and formal mathematical rules that
generate these patterns beauty and strength. In addition, the subjective judgement of
beauty can be applied to understand the aesthetic spirituality of users according to
their personal experiences and imagination [4]. One of the main reasons that made
geometric patterns widely spread in the Egyptian artistic and architectural domain
is its major usage in most Egyptian traditional crafts, gifts, pottery, textiles, copper
works, handmade jewellery, wood works and ceramics [5]. Attempting to humanize
space should be the first priority for everyone and more so for the architect. In a civi-
lization which is more or less urban, responsible for giving order to the living space.
Accordingly city planners, policy makers, contractors, green-spaces specialists and
artists are in harmony with architects, more or less responsible for creating consis-
tency between man and his environment [6]. Jia [7] had identified how to apply CAD
based patterns of traditional Chinese interiors in the redesign of the interior spaces.
Some of the major observations found by them are the requirement of knowledge of
the generation, inherent application scenario, material and processing methods and
implicit cultural significance of traditional patterns used in the interior space based
on their different features, analyzed there fixed and variable elements, for applica-
tion for indoor environment. In the history of architecture geometric rules based on
the ideas of proportions and symmetries formed fixed tools for architectural design.
Proportions were analyzed in nature and found as general aesthetic categories across
nature and art. Therefore proportions such as the golden section were seen as the
power to create harmony in architecture as well as in art and music [8]. Leopold [9]
also studies the use of geometry in art by Gerard Caris. He uses the geometric order
structures for experiencing them in aesthetic compositional processes. In this way
he explores many geometric relationships in an aesthetic expression.

Liotta [10] had worked extensively on use of patterns in Japanese architecture.
He explains that the most mysterious forces in the universe manifest themselves
via patterns, as they are a collector able to receive cosmic energy, metabolize and
filter it, and finally release it in ordered shape back to life. Patterns can be seen
as latent forms potentially ready to incarnate into tangible and intangible elements
where there is no apparent structure, and also as connecting agents, able to articulate
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space and to produce diversity and beauty. Liotta [11] has also undertaken studies
on the work of famous Japanese architect Tadao Ando. He explains that that Tadao
Ando thinks space by geometry aimed at evoking light and conceived to go beyond
eternity; an impossible challenge, and for that very reason, one worth pursuing.
Graphical analysis of the system indicates the presence of elements of the Fibonacci
sequence, as the segments of the base, the facade construction, aswell as the complete
composition. The combination of continuous separation of the adoption of the form
of pure geometric square, circle, rectangle in the definition of the elements of the
composition produced are aesthetically valuable andmonumental circuitswhich have
become more representative models of contemporary modern architecture [12].

The design process for the rehabilitation of old interiors requires investigation on
building pathologies, problem of spatial organization, study of building services and
allied parts of the building. The design process of this rehabilitation includes a sys-
tematic architectural design process to identify the problems and building interiors.
Such, investigation is conducted by study of old spatial configuration, materials and
building services.Moreover, a design process is needed to achieve an accurate design.
How is this design process developed to rehabilitate buildings? What is the role of
using geometry to develop the architectural design of these buildings? Geometric
pattern plays an important role in creating aesthetics in the design. From historic
times architects and engineers have identified the various uses of geometry in the
design of the buildings. The early human settlements in the prehistoric times use
circular geometry to shape houses. As human civilization progressed, the architects
and engineer developed theories to use geometry in the design of the buildings. Dur-
ing the Bauhaus school of thought in Dessau, Germany, geometric shapes played a
significant role in the design of the building. In the post-modern architecture many
architects used geometry as an important element for the buildings. Hence, design
of the building interiors can be developed with an innovative process by developing
geometry as a tool for the design. Our research is based on an executed project of
design of cafeteria illustrating implementation and demonstration in practice. Gen-
erally, architectural design requires a problem solving approach in which design can
be created for the best fit. This problem solving approach for rehabilitation of interior
includes developing various design elements that can be used in geometry for the
developing elegant interiors. Such a design process can be adapted in the rehabilita-
tion of the interior of various buildings. So, the research argument simplifies a design
process that can give a problem solving approach for practitioners for rehabilitation
of old building spaces.

2 Project Profile

The project is a redesign of an old cafeteria in an industrial complex inMumbai, India.
The project component included study of the pathology of the build, its structural
strength and quality of oldmaterials. The total area of the project is 125m2. It includes
a dining area, pantry and rest rooms. The project is located in the administrative
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building in the industrial complex. It is also accessible easily on the ground floor by
visitors. Thekeypart of the project included entrance lobby,main dining space, pantry
and restrooms. The ergonomic studies were undertaken in the dining and pantry for
understanding the problems of the old design. Some of the critical points found
were the inability of the pantry for processing and storing the food for customers.
Also, there were inadequacies of the spaces for keeping the various materials during
the functioning of the pantry. The old pantry shape, size and height were also not
sufficient to undertake the ergonomic operation for keeping the flood materials in the
pantry platform. Hence, complex arrangement of storages, refrigeration and services
were important in this pantry area. The height of the old pantrywas not ergonomically
adequate. The project had following components: (a) stability analysis of the building
for renovation, (b) redesign of ambience of interior and (c) providing state of art
services inside the cafeteria. The design was developed with options of interior
seating arrangements. In these options, the group of seating can be changed as per the
suitability of the requirements for the dining (Figs. 1 and 2). This flexible seating plan
provided a system to change the interior as per the requirement for the activities inside
the cafeteria.Moreover, options of seatingwere also developeddue to the requirement
ofwallmounted seating. In this design of the cafeteria, seating arrangement flexibility
gives a multi number of options for changing the internal seating for any event. Thus,
this design makes the entire space more functional and flexible. The project vision
was tomake amodern design to impress visitors to the Global Fortune 500 Company.
Thus, the project involved use of State of the Art materials and services.

Fig. 1 Plan of Cafeteria (A-Kitchen, B-Dining Hall, C-Hand Wash, D-Entrance Lobby, E-Female
Toilet, F-Male Toilet, G-Pantry Counter, and H-Art Work)
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Fig. 2 Dining Area Plan

2.1 Rebound Hammer Test

The rebound hammer tests identify the compressive strength of concrete. So, before
the start of the project rebound hammer test was undertaken to understand the com-
pressive strength of columns and beams. This indicated that the structure is safe to
undertake any type of renovation work. It is important to take such tests, because
of provision of extra load from wall panelling, air conditioning, sprinklers, ducting,
false ceiling, lighting etc. (Tables 1 and 2).

3 Architectural design process

The general question of research is what is the architectural design process? And
how geometric patterns can be applied in the design process to rehabilitate buildings?
The architectural design process can be understood in following parts: (a) study and
investigation by applying the geometric patterns and (b) final design output (Fig. 3).
The design investigation in the project involves investigation of existing material,
ergonomics and services. The important steps for design of the building are how can
aesthetic developed for good ambience? What are the methods to be followed for
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Table 1 Rebound Hammer test on columns

S. No. Column No. Compressive strength
(Mpa)

Remark

1 C1 24.52 Good

2 C2 26.48 Good

3 C3 30.40 Good

4 C4 32.36 Good

5 C5 26.48 Good

6 C6 32.36 Good

7 C7 28.44 Good

8 C8 22.56 Average

Table 2 Rebound Hammer test on beams

S. No. Beam No. Compressive strength
(Mpa)

Remark

1 B1 44.13 Good

2 B2 30.40 Good

3 B3 28.44 Good

4 B4 28.44 Good

Fig. 3 Architectural design process

development of good ambience? The geometric applications are one of the answers to
suchmethods. In the project, a hexagon is taken as an element of design. This element
is applied in vertical and horizontal directions to create an interesting combination for
the interior. This concept is implemented in wall panels with irregular shapes, Then
this pattern is continued in the ceiling. These two combinations provide interesting
ambience. Thus, the application of geometric design can be used to redesign the
interiors.



Application of Geometric Patterns in Architectural Design Process 31

4 Application of Geometric Patterns

The application of the hexagonal pattern in the interior of the cafeteria is illustrated
in the following components: (1) ceiling, (2) lighting, (3) wall panelling, (4) Art
Work, (5) Entry, (6) Pantry and (7) Other areas. The hexagonal geometry was taken
as a basis for development of the interior ambience. Hexagon can be broken or
connected to makemore patterns. So, on this basis wall panels were developed inside
the interiors. Later, hexagonal patterns are combined in vertical surfaces. With this
combination the interior was enhanced by use of different materials like marble. The
interior material likemarble used in the rehabilitation was as follows: (a) flooring, (b)
walls, (c) counter, and (d) wall panelling. Furthermore, the aesthetic is maintained
by designing quality furniture, art work and lighting (Figs. 4 and 5).

Fig. 4 View of Cafeteria

Fig. 5 Section of Cafeteria
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4.1 Ceiling Design

The application of the geometric pattern of interior requires organised design. The
pattern was applied on the wall panels and to maintain the harmony of the structure,
the pattern was also applied in the ceiling design. The combination of the wall and
ceiling provided a visual impact on the visitors. The ceiling design is based on the idea
of the hexagonal clouds. Generally, these types of design of ceiling provide multiple
solutions for building services. So, the building services like electrical, sprinklers,
smoke detectors, heat detectors, and lightings can be undertaken easily in this ceiling.
The ceiling is fixed in combination with three types of ceilings. In the beginning,
the gypsum ceiling is prepared in the periphery of the room ceiling. Then, 2 ft x 2 ft
panels ceiling is provided in dark black colors. Finally, the hexagonal clouds are
fixed in the ceiling. These hexagonal clouds are supported with the galvanised iron
(GI) suspenders. These GI suspenders provide flexibility to remove the clouds for
the maintenance of services inside the ceiling (Fig. 6).

4.2 Lighting Design

The lighting design plays an important role in the design of interior to attract the
visitor attention in the overall ambience of the interior spaces. The geometric patterns
applied in the ceiling design are further enhanced by providing glass suspended lights
that reflect in the ceiling as well as the floor. The reflectivity on the ceiling gives an
interesting feature to the geometric patterns applied on the ceiling. The lighting
designs are developed in combination of aesthetic and functionality of the interior.
The color of lighting has also proven to have an effect on human impression. In a real
interior space, different types of artificial lighting have various color temperatures
Gemelli et al. [13]. A warm color light is provided in the ceiling. Multiple types of
lights are used in the interior which are as follows: (a) suspended ceiling glass lights,

Fig. 6 Section of Cafeteria
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Fig. 7 Design of ceiling

Fig. 8 Design of wall

(b) round suspended lights, (c) wall surface lights, (d) art work with spot lights.
Lee et al. [14] had explained that the combination of the lighting system enhances
the overall ambience of the interior. When the lighting fixtures varied, the ceiling
shape was perceived as a significant factor in providing differences in perceptions of
amenity (Figs. 7, 8, 9 and 10).
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Fig. 9 Sectional view

Fig. 10 Sectional view

4.3 Wall Panelling

The application of hexagonal pattern in the wall panel is developed by using the
hexagonal shapes. These wall panels are divided in two parts: (a) full wall panelling
near the pantry and (b) vertical bands behind fixed seating. These panels are made
in marine ply with laminate. Grooves are made in the profile of the hexagon. These
grooves are having LED lights to give visibility of the hexagonal patterns.
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4.4 Art Work

To further enhance the aesthetic, interior is provided with the art work. The art work
is developed by use of brass plates in curved shapes. The shapes of the bass plates are
kept in an abstract pattern for good visual appearance. Spot lights are further used to
enhance the aesthetic of the brass art.

4.5 Entry Design

The entry to the cafeteria was a beginning point of the project. So, an important
material idea was needed at the entry. The marble slab in mirror paging is one
such idea which gives a sudden impression on the visitor. This is a high finish
Italian marble that provides aesthetic in the entry. The marble finish gives a clear
and elegant appearance. Further, to impress visitor, the aesthetic of this marble wall
lighting was used vertically. The area is further enhanced with use of decorative
artificial landscape. The lobby was designed to showcase the achievement of the
various medals received by the employees of the company. So, a small showcase
was designed in the lobby area. Thus, the combination of marble aesthetic makes the
lobby an interesting entry place for visitors.

4.6 Pantry Design

The important component of the design is the counter top of the pantry. The counter
top of the pantry is designed with Statuario marble. The Statuario marble is the most
premium type of marble. If the marble has fewer grains, then it becomes the most
premium quality material for interior spaces. The aesthetic and functionality of the
pantry counter was further enhanced by using suspended circular light.

4.7 Other Areas

The old building was not having sufficient space for hand wash and restroom. So,
the building spaces were rehabilitated for making the accurate design of the hand
wash and restrooms. The planning was done such that the separate rest rooms were
organised at the end of the cafeteria. Once a person enters the cafeteria an abstract
photo is visible for the visitor. This is like a visual focus for the visitor from the
entry. A modern and elegant design of the hand wash keeps the visitor engaged
psychologically in the visual aesthetic of the project, a yellow color marble is used
in the flooring and wall to make the aesthetic of the hand wash and the restrooms.
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Fig. 11 Completed view of Cafeteria

Fig. 12 Hexagonal patterns construction
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This marble with the porous veins gives an impressive finish in the interior. Further
the hand wash is placed in on the black marble top. The hand wash area is further
enhanced by use of large mirror and golden finish taps and accessories (Figs. 11 and
12).

5 Conclusions

Thus, the architectural design process includes a system of integrating aesthetic,
planning, material and building services. One of the methods developed in aesthetics
is through applying the geometric patterns in the architectural design process. The
hexagonal patterns used in the design process, develops wall panelling and ceiling
system. This type of design is one of the approaches for developing architectural
design. There is a possibility to develop multiple types of combination by applying
geometric patterns in the rehabilitation of interiors. Some other ways can be using
circular, rectangular or other types of the patterns. These patterns can be developed
in flooring walls, ceiling, panelling or furniture design. The next step in the process is
to use innovative materials as per the suitability of the project requirements. Finally,
building services are designed to complete the overall design. Hence application of
geometric patterns in the architectural design process can provide an approach for
making better designs for rehabilitation of buildings.
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A Novel Seismic Outer Coating
for Rehabilitation of Existing Masonry
Buildings

A. Formisano, G. Vaiano, and A. Roffo

Abstract In this work a novel seismic outer coating applied to masonry structures
are studied in order to investigate obtained benefits both from seismic and energetic
points of view. The innovative seismic coat consists of a frame made up of Cold-
Formed Steel (CFS) members, within which a thermo-acoustic alveolar insulation is
inserted. OSB (Oriented Strand Board) panels are bolted to the frame on the outside.
The system is completed with an ultra-thin heat reflective insulation, a ventilated
wall and a brick finishing. In this way, the CFS frame acts as system withstanding
vertical loads, OSB panels provide the seismic action dissipation and the remaining
elements are responsible for energy efficiency. The system is connected by bolts
on the perimeter walls of masonry buildings and covers the entire facades starting
from the foundations. The aim of this research is to find a solution to combine the
increase both in term of seismic safety and energy efficiency with a light, flexible
and economical system which can replace the traditional thermal coat thanks to
both the higher energy performance and an additional seismic resistance, which is
not provided by the traditional envelope systems. Firstly, an experimental test on a
masonry wall has been simulated by ABAQUS code and, afterwards, the seismic
benefits deriving from using the novel coat have been shown in the implemented
FEMmodel through a parametric analysis. Finally, the coat system has been applied
to a case study building hosting the high school “Leccisotti”, in the district of Foggia,
Italy, with the aim to evaluate the increase of seismic safety and energy behaviour
deriving from its use.
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1 Introduction

Italian civil buildings are characterized by very disparate construction types and,
according to the last census, about 60%of the existing structures aremadeofmasonry.
Most of these buildings are old and characterised by low-quality masonry, since the
materials choice always was influenced by the availability on site and, therefore, by
the simplicity of transportation.

From a structural point of view, masonry can be defined as a material with a much
greater compressive strength than tensile one. From a mechanical point of view,
masonry is an inhomogeneous, anisotropic and elastic material. The most impor-
tant factor to investigate is that these structures are very seismically vulnerable [9,
12, 18]. In fact, seismic vulnerability is increased by the poor mechanical proper-
ties of the masonry material, so that buildings can suffer important damages, until
collapse, even for low seismic excitations [2, 4, 19]. In addition, during seismic
events masonry building can show a repetition of different local mechanisms. One
of the most dangerous mechanisms is the façade global overturning, where masonry
perimeter walls detach from the building outside [5, 6, 11].

A centuries-old building heritage, the absence of seismic criteria in the design as
not required at the time, the architecturalmodification interventionswithout adequate
structural checks are some of the factors which conferred to Italian buildings a greater
seismic risk. In order to reduce the seismic vulnerability, different retrofitting tech-
niques, both traditional methodology [7, 15, 16] and innovative ones [8, 13, 17], are
available.

In this paper a proposal for seismic retrofitting of masonry structures is provided.
In particular, a novel seismic outer coating, characterized by a CFS frame with
external OSB panels fixed on the building perimeter walls, is proposed.

The novel seismic coating has required a FE study, where various steps are dealt:
the first has been the calibration of an experimental test on a simple masonry wall,
the second has been the application of the retrofitting system on the mentioned wall,
considering different connection systems and distances among CFS profiles and,
finally, the application of this system to a case study building has been sone in order
to evaluate the improvement in terms of seismic safety and energy efficiency. The
aim of this research was to find a solution to combine the increase both in term of
seismic safety and energy efficiency with a light, flexible and economical system
applied from building outside.

The reference experimental test, carried out by Augenti et al [1], consisted of a
quasi-static test on a tuff masonry wall having a central opening. The test foresaw of
the application of both vertical forces and a horizontal force in displacement control
on the masonry walls. The coating system was then applied to a school building case
study through a numerical analysis developed by the FE software SAP2000. The
case study was the high school “Leccisotti” located in the district of Foggia in Italy.
The building was included in the UEFA-ELENA project “Integrated interventions
on public buildings” coordinated by Prof. S. Pampanin from Sapienza University of
Rome.
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Finally, the results deriving fromapplication of the proposed novel seismic coating
can be of interest within of the initiative promoted by the Italian Government dealing
with 110% Superbonus tax detraction. In this framework, the 110% Superbonus
represents a facilitation provided for by Relaunch Decree (law of 19 May 2020, n.
34) in order to recover the building heritage mainly used for residential purposes. In
particular, this government tax measure allows to deduce from fiscal point of view
the expenses incurred from 1 July 2020 to 30 June 2022 for specific seismic-energetic
requalification interventions of residential buildings.

2 Experimental Test

The reference experimental test consists of a quasi-static monotonic push test on a
tuffmasonrywall with a single central opening. Themasonrywall geometry is shown
in Fig. 1 [1]. Figure 2 shows the experimental apparatus used for the quasi-static test,
which is carried out in two phases: at first, vertical forces of 200 kN are applied
on the wall top by hydraulic jacks; after, the wall is subjected to a horizontal force
through the actuator. The test is conducted in displacement control in order to record
the resistance degradation in the post-peak phase. The horizontal force is applied in
order to obtain increasing displacements at a constant speed of 10 μm/s until to a
displacement of 28 mm, which corresponds to a total drift of 1%.

At the end of test a damage to the spandrel without involving the adjacent node
panels is observed. Figure 3 shows the crack pattern observed after the monotonic
test. After the formation of vertical flexural cracks and diagonal shear ones at the
ends of the spandrel, macroscopic cracks at the piers base are observed.

Fig. 1 Experimental test: wall geometry
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Fig. 2 Experimental test: loading apparatus

Fig. 3 Crack pattern at the end of the monotonic test

The wooden flat arch, although having a limited anchorage length, played an
important role in supporting the weight of the overlying masonry, forcing the upper
part to transmit the horizontal force to piers.

Figure 4 shows the experimental force–displacement curve relative to the
monotonic push test.

3 Numerical Simulation

The experimental test just described is replicated by a non-linear finite element
analysis using ABAQUS software (Fig. 5a). Mechanical and physical characteristics
both for masonry (Density ρ = 1600 kg/m3, Elastic modulus E= 1300MPa, Poisson
ratio ν = 0.207) and wood (ρ = 570 kg/m3, E = 9500 MPa, ν = 0.40) derived from
experimental tests on material samples.
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Fig. 4 Experimental test:
force–displacement curve

Fig. 5 Numerical model: geometry (a); mesh (b)

For masonry, concrete damage plasticity is used to simulate the compression
and tensile behaviours. In particular, under compression loads, an elastic–plastic
behaviourwith hardening is assumed. The concrete damage plasticity is a constitutive
behaviour implemented for RC structures, but it can be extended to masonry ones
without errors. The basic assumptions are:

• to consider different yield stresses in tensile and compression phases;
• to distinguish the different behaviour of the material in tensile and compression:

softening in tension, hardening followed by softening to failure in
compression;

• to evaluate a different degradation of elastic stiffness in tension and compression.
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Boundary condition and loads application are the same as those described in
experimental test. In particular, piers are fixed to the ground and the system is laterally
loaded in the same point where the actuator is applied (Fig. 2). Finally, with regard to
the mesh definition, in order to both optimize the analysis times and obtain accurate
results, a structured mesh of 100 mm size is used (Fig. 5b).

Figure 6 shows the comparison in term of force–displacement curve between the
experimental test and the numerical one. By the comparison is clear that numerical
calibration has been done very accurately. Figure 7 shows, instead, the comparison

Fig. 6 Comparison between experimental and numerical curves

Fig. 7 Comparison between experimental (a) and numerical (b) damages of the wall at the test end
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of the wall final configuration at the test end. Also in this case the numerical results
are very faithful to the experimental ones.

4 A Seismic Upgrading Technique: A Novel Seismic Outer
Coating

Following the numerical calibration, a novel seismic coating is proposed to upgrade
the seismic and energy behaviour of existing masonry buildings. The system is
composed of a Cold-Formed Steel (CSF) frame covered by Orientated Strand Board
(OSB) panels connected by self-perforating screws to the frame members. The CFS
frame-OSB panel composite system, representing the seismic-resistant part of the
coating system, is connected by mechanical anchors to the masonry walls. In the
spaces within horizontal and vertical frame members, a thermal insulation layer
is placed. On the OSB panel, a further insulation layer is attached and, finally, a
secondary framed structure is positioned as supporting system of the cladding panels,
so to define a ventilated wall. A picture of the implemented seismic coating, together
with the used CFS member, is shown in Fig. 8.

Numerical analyses are carried out using the FE software ABAQUS. The steel
class is S355 and mechanical properties of OBS panels are those contemplated in the
UNI EN 300-2006 standard. Three different CFS frame configurations are consid-
ered: transom have always a distance of 110 cm, while mullions are arranged with a
pitch of 275, 425 or 551 mm (Fig. 9).

A preliminary modelling phase is done with the purpose to evaluate the maximum
contribution provided by the seismic coating if connections are effective up to the
wall failure. Therefore, tie constraints are used for the mullion-transom, for the CFS
frame-wall (Fig. 10) and for the CFS frame-OSB panel connections (Fig. 11). In
particular, the contact between the CFS frame and the OSB panels is done in the
zones corresponding to the location of holes, while the tie constraint simulates the

Fig. 8 The proposed seismic coating (a) and the CFS cross-section (b)
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Fig. 9 CFS frame arrangements: mullion pitch of 275, 425 and 551 mm

Fig. 10 Tie constraint between CFS frame and existing masonry wall

connectors behaviour. In the same way, the contact between the CFS frame and the
masonry wall is assumed as perfect, so to simulate the ideal behaviour of connections
to resist without failure to the maximum lateral force sustained by the wall. In the
numerical model, three different hole pitches, namely 200, 400 and 600 mm, are
considered. The performed non-linear analyses are interrupted when a stress level
similar to that recorded in the un-reinforced masonry wall is reached.
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Fig. 11 Tie constraint between CFS frame and OSB panel

Fig. 12 Numerical results in term of force-displacement curves
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Table 1 Seismic upgrading
numerical results achieved
from seismic coating systems

Pitch [mm] Increase [%]

CFS mullions Wall connectors Resistance Ductility

275 200 47 190

275 400 45 190

275 600 39 190

425 200 44 190

425 400 46 190

425 600 39 190

551 200 36 190

551 400 31 190

551 600 28 190

Figure 12 shows results of the numerical simulation in terms of force-displacement
curves.

The masonry wall seismic upgrading using this seismic coating system brings
numerous advantages from a structural point of view, giving a satisfactory increase
in term of both resistance and ductility with respect to the bare wall. In particular, the
system resistance increases with the decrease of both the mullions pitch and the CFS
frame-wall connector ones. The resistance contribution is mainly given by the OSB
panels, which play a fundamental role in absorbing part of the seismic action. Table 1
shows the increases in term of resistance and ductility of the examined configurations
of seismic coating systems.

5 The Seismic Coating Application to a Case Study

The case study is the high school ‘I.S.I.S.S. Leccisotti’ located in the Italian city
of Foggia. This school is included in the UEFA-ELENA project “Integrated inter-
ventions on public buildings”, coordinated by Prof. S. Pampanin from Sapienza
University of Rome.

The building has a L-shape plan and develops on two storeys (Figs. 13, 14, 15
and 16). Walls are made of masonry tuff stones; perimeter walls are composed by
two layers of tuff stones separated by an air chamber and are covered from outside
by a brick cladding as surface finishing.

The ‘I.S.I.S.S. Leccisotti’ high school was built in absence of seismic regulations,
so to be conceived to resist only vertical loads.

The aim of this study is to verify through non-linear analyses the benefits in terms
of both seismic and energetic viewpoints due to the application of the seismic coating.
At first, the school in the actual state is studied. Numerical model and non-linear
analyses are implemented using the FE software SAP2000.
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Fig. 13 Aerial
photogrammetry of the case
study school building

Fig. 14 Street view of the case study school building

The equivalent frame model is used to model masonry walls (Fig. 17), where
piers and spandrels are schematized through one-dimensional element which are
deformable towards axial and shear actions (Fig. 18). These elements are connected
to each other by rigid links. Masonry walls are connected all together through a
diaphragm constraint.

Each pier is composed by three parts: one deformable in the middle having a
certain strength value and the other two placed at the ends having infinite strength
and stiffness. The length of rigid parts depends on the size of the nodes.

The effective length of deformable part (Heff) can be defined according to [3]:
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Fig. 15 First floor plan of the ‘I.S.I.S.S. Leccisotti’ high school

Fig. 16 Section of the ‘I.S.I.S.S. Leccisotti’ high school

Hef f = h′ + 1

3
D
(H − h′)

h′

where:

Heff is the deformable height of masonry piers;
H is the inter-storey height;
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Fig. 17 Equivalent frame schematization of the east wall of the building

Fig. 18 Nodes, spandrels and piers of the east wall of the building

D is the width of masonry piers;
h′′ is the height of masonry piers.

It is assumed that the piers have an elastic–plastic behavior. Failure mechanisms
are achieved in the following ways:

• Compression-bending moment, which caused rocking following the achievement
of the ultimate moment;

• Shear, with diagonal cracking following the achievement of the ultimate shear.

Spandrels are represented with horizontal axis frame elements. It is assumed that
the deformable part corresponds to the length of openings and the remaining part is
modeled with infinitely rigid elements.

In the absence of tensile-resistant elements, such as concrete curbs or metallic
tie rods, the resistance towards horizontal stresses is neglected. In such conditions,
the masonry piers have a cantilever behavior. Figure 19 shows the numerical model
implemented in the case study inspected.
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Fig. 19 Equivalent frame of the masonry school developed with the FE software SAP2000

Fig. 20 Behaviour of plastic hinges for piers (a) and spandrels (b)

Plastic shear and moment hinges are considered for piers and shear plastic hinges
are taken into account for beams. Figure 20 shows the behaviour of plastic hinges
used for piers and spandrels [14], where ultimate rotation and deformation under
flexural and shear stresses correspond to 0.08% and 0.04% of the effective height,
respectively.

The FE model is fixed at the base and two rigid diaphragms are arranged in
correspondence of the two floors. The pushover analysis is performed in both x and
y directions and force–displacement curves are shown in Fig. 21a, b.

A reinforcement system consisting in the application of the mentioned novel
seismic coating is used to retrofit the examined school. In particular, a Cold Formed
Steel (CFS) frame covered by 15 mm thick Oriented Strand Board (OSB) panels is
applied over the equivalent frame to represent the retrofit system.

The OSB panel is schematized by two diagonals, whose force-displacement
behaviour is calibrated in the SAP2000 environment starting from the experimental
test on a single wall with dimensions of 3.00× 2.40 m investigated in [10]. Figure 22
shows the SAP2000 model of a single module constituted by the CFS frame and the
overlapped OSB panels.

The external CFS frame is modelled according to the equivalent frame theory;
the reinforcement system is connected to the point of intersection between piers and
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Fig. 21 Nonlinear static analysis: x-direction (a) and y-direction (b)

spandrels through a body constraint (Figs. 23 and 24). TheCFS elements has released
their ends towards bending moments to have hinged connections.

Seismic coating is applied on all the perimeter walls, as depicted in Fig. 25, and
pushover analyses are carried out. Figure 26a, b show the comparison between the
unreinforced building (UB) and the seismically improved one (IB) in term of force–
displacement curve. Obtained results demonstrate that the seismic coating improves
significantly resistance and ductility of the existing building. In ‘x’ direction an
increase of 31% and 45% in term of strength and ductility, respectively, is reached.
Instead, in ‘y’ direction the strength and ductility increases are of 18% and 47%,
respectively.
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Fig. 22 Numerical model
setup by SAP2000 software
of a single module
constituted by the CFS frame
and OSB panel

Fig. 23 Scheme of the seismic coating system applied to the masonry wall

Fig. 24 Reinforcement system FE model of the masonry wall developed by the SAP2000 software
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Fig. 25 3D Numerical model of the reinforced school building

6 Italian Government Tax Deduction: 110% Superbonus

In order to recover the built heritage mainly used for residential purposes, the Italian
Government has approved the 110% Superbonus, which is a facilitation provided
by Relaunch Decree (Law of 19 May 2020, n. 34), allowing for the 110% expenses
deduction rate incurred from 1 July 2020 to 30 June 2022 for specific interventions
in the field of anti-seismic and energy efficiency interventions.

With regard to the seismic upgrading, the 110% Superbonus tool allows to receive
a tax detraction up to 96.000,00 Euros if seismic reinforcement interventions are
carried out. It is possible to attain seismic upgrading or retrofitting of the existing
building is one or two seismic classes are exceeded, respectively, after interventions
are carried out. Therefore, the seismic classification of the building before and after
the interventions is needed and the main parameters to be evaluated are the average
annual loss (PAM) and the seismic safety index (IS-V). The PAM classes are iden-
tified in Table 2. IS-V life safety index is the ratio between the PGA referred to the
ULS and the PGA demand. The seven IS-V classes are listed in Table 3. The structure
risk class is the worst between the PAM class and the IS-V one.

For the examined case study, the used seismic coating allows to overcome one risk
class, so to attain the building upgrading. It can be evaluated as the area subtended by
the curve representing the direct economic losses as a function of the average annual
frequency of exceedance of events causing attainment of the limit states considered
in the standard codes (Fig. 27).
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Fig. 26 Comparison between the unreinforced building (UB) and seismically improved one (IB)
in the non-linear field: analysis in x-direction (a) and y-direction (b)

Finally, the energy upgrading interventions on the building enclosure allows to
receive a tax detraction up to 50.000,00 Euros if a reduction of two energy classes is
achieved.

According to the Italian standard, the energy classes range from ‘G’ (the worst)
to ‘A’ (the best), the latter being divided into A1, A2, A3 and A4 (the most effi-
cient) classes. In the case under study, the energy efficiency interventions foresee
the installation of the thermal coating and the replacement of old windows with new
ones made of double glasses with internal air chamber. Focusing on the performance
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Table 2 PAM classes Annual Loss (PAM) Class

PAM ≤ 0.50% A+

0.50% < PAM ≤ 1% A

1% < PAM ≤ 1.5% B

1.5% < PAM ≤ 2.5% C

2.5% < PAM ≤ 3.5% D

3.5% < PAM ≤ 4.5% E

4.5% < PAM ≤ 7.5% F

7.5% < PAM G

Table 3 IS-V classes Life safety index (IS-V) Class

100% < IS-V A+

80% < IS-V ≤ 100% A

60% < IS-V ≤ 80% B

45% < IS-V ≤ 60% C

30% < IS-V ≤ 45% D

15% < IS-V ≤ 30% E

IS-V ≤ 15% F

of the thermal coating, it is noticed that the transmittance of the wall improves from
0.7721W/m2K (unreinforced building) to 0.1903W/m2K (reinforced building). This
intervention, together with the new windows, allow to overcome 4 energy classes,
from D to A2.

7 Conclusions

In this work the use of an innovative low-cost sustainable and reversible seismic
coating as energetic and seismic upgrading system of existing masonry buildings
is proposed. The system potentiality has been demonstrated initially through FEM
simulations carried out in theABAQUSFEsoftware. Parametric analyses on different
configurations of CFS frame varying mullions and connectors pitches has been done
aiming at understanding the advantages in terms of strength and ductility provided
by the proposed system. The increase in terms of resistance is between 28 and 47%,
while in terms of ductility is 190%.

To confirm the performance increases obtained from the refined FE analyses, the
seismic coating has been applied to a case study represented by an Italian high school
masonry building. In this case SAP2000 software is used to perform pushover anal-
yses on the case study. Also in this case, the improvement of seismic performances
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Fig. 27 PAM of the school building in ‘x’-direction (a) and ‘y’-direction (b)

in term of strength and ductility has been significantly large. In particular, in ‘x’
direction an increase of 31% and 45% in term of strength and ductility, respectively,
is reached. Instead, in ‘y’ direction the strength and ductility increases are of 18%
and 47%, respectively.

Finally, the 110% Superbonus tool promoted by the Italian government, intro-
duced with the Relaunch Decree (Law of 19 May 2020, n. 34), is taken into consid-
eration. The installation of the seismic coating allows to overcome one seismic risk
class and four energy classes, making the system suitable for receiving the maximum
of the economic incentives provided by the Italian standard.

The achieved outcomes allow to conclude that the proposed system can effectively
replace the traditional thermal coating thanks to both the higher energy performance
and an additional seismic resistance,which is not provided by the traditional envelope
systems.
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Numerical Analysis of Bottle-Shaped
Isolated Struts Concrete Deteriorated
by Delayed Ettringite Formation

I. S. Lira, F. A. N. Silva, A. C. Azevedo, and João M. P. Q. Delgado

Abstract Thepaper discusses the structural behaviour of concrete struts deteriorated
by internal swelling reactions due to delayed ettringite formation (DEF). To assess
this behaviour, non-linear finite elements analyses were performed using CDPmodel
of ABAQUS, which was calibrated and validated. The effects of the internal swelling
reactions were simulated numerically using a strategy of decreasing mechanical
properties of concrete. MATLAB scripts were developed to automate the process
of determining the CDP model parameters, especially those related to the damage
in tension and compression with few input data. Decreases in the first crack and
failure loads of 78 and 56% were observed which means that DEF expansions are
an important issue in the load capacity of concrete structures. Besides, it was also
observed a significant increase in cracks openings width, even for low expansion
level, with values of 3.65mm, and for high level of expansionwith values of 4.51mm.
This is a relevant aspect for the durability of concrete structures that is severely
affected by DEF expansions.

Keywords Numerical modelling · Nonlinear analysis · Bottle-Shaped concrete
struts · Internal swelling reactions · Plasticity damage models

1 Introduction

In recent years, researches works have reported with relative frequency the occur-
rence of DEF expansions in the most varied concrete constructions, such as: bridges
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[1–3], dams [4–8], railroads and motorways [9, 10], beams and columns [5, 11],
spread footing and deep foundations [12, 13]. Most of this research state that the
effects of internal expansion reactions in concrete elements might be associated to
a significant change in strength and deformation properties of the material. Indeed,
Sanchez et al. [14] state that part of the challenge for civil engineers, in addition to
knowing the level of expansion to which the structures are exposed, is to understand
how concrete mechanical properties are affected by these expansions and, also, how
these expansions influence the durability of the structures of concrete. The existence
of internal sulfate sources is linked to the DEF expansions [9, 15–18]. Escadeillas
et al. [19] reported that only internal attacks of sulfates are related to DEF, while
Collepardi [20] considers, in addition to internal attacks, external attacks caused
by sources of sulfates. Collepardi [20], additionally, reported that the presence of
water is a necessary condition for the migration of sulfate ions into the concrete.
The author also reported that the deposition of ettringite occurs inside the micro-
cracks and its propagation is due to the expansion of crystals of ettringite. Collepardi
et al. [21] studied three parameters related to internal attacks by sulfates: (a) the
sulfate content in the clinker or cement phase, (b) the curing temperature, and (c)
the presence of preliminary cracks in concrete samples. The authors concluded that
at curing temperatures below 80 °C there is no risk of DEF formation. Yan et al.
[22] stated that the structure of the mortar, the morphology of the ettringite and
the curing humidity are relevant issues to the formation of the reaction, which was
observed at curing temperatures above 70 °C. Several researchers reported that high
temperatures during large concrete volume casting above 70 °C are potential causes
of concrete expansion due to DEF [4, 17, 18]. Mielich et al. [23] studied the influ-
ence of the NaCl solution as an external source of alkali on the creep behaviour of
concrete. The authors reported an expansion greater than 0.5 mm/m after six cycles.
The modulus of elasticity after 252 days showed a decrease of 17%. Reinhardt et al.
[24] reported that internal expansions in concrete are dependent on the type of coarse
aggregate used. Regarding tensile strength, it was observed a decrease close to 75%.
Sobrinho [13] performed lab tests in concrete cores collected from pile caps affected
by internal expansion reactions and reported a maximum decrease of 34.7% in the
split tensile strength and 23% in the elastic modulus of concrete. Sanchez et al. [14,
25] discussed the evolution of damage caused by internal expansion reactions using
multilevel approach. The authors used aggregates of different origins to produce
concrete mixes, which were designed for the characteristic strength of 35 MPa. In
the damage caused by DEF expansions, the authors observed maximum decrease in
values of the modulus of elasticity of 86% and in the compressive strength of 50%.
DEF chemical modelling for assessment of affected concrete structures was inves-
tigated by Sellier and Multon [12]. The model was fitted with different materials,
heating cycles and storage conditions. The results obtained describewell the swelling
potential obtained in several lab tests. The authors also showed that the output of the
chemical model can be used in the poromechanical model through the concept of
pressure induced by DEF in concrete. Giannini et al. [26, 27] reported the relevance
of the stiffness damage test (SDT) to provide a wide range of deterioration levels
in concretes elements affected by DEF expansion. The authors concluded that the
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stiffness damage index (SDI) and the plastic deformation index (PDI) proposed by
Sanchez et al. [25, 28, 29] can be satisfactorily used to characterize the DEF. Results
of decreases in mechanical properties of concrete of 75% for its young’s modulus
and of 41% for its compressive strength were also reported by Giannini et al. [27].

To perform the numerical analyses in the research, it was adopted the strategy to
take into account the effects of DEF expansions in concrete through the decrease of
mechanical properties of strength and deformation of the material. This approach is
consistent with several studies of the literature that observed this fact in numerical
modelling and laboratory tests [8, 11, 12, 14, 25, 27, 30, 31].

In resume, this work presents a numerical analysis of the structural performance
of isolated concrete bottle-shaped struts deteriorate by internal expansion due to
delayed ettringite formation using the finite element method. A better comprehen-
sion of the effects of DEF expansions is an important issue for engineers because
they can damage concrete structures severely. By the other hand, since experimental
tests are generally costly and require a long period to obtain results, the use of
computer simulationsmaybe a viable strategy if one has a reliablemodelling strategy.
Concrete Damaged Plasticity (CDP) model was used to perform non-linear finite
elements analyses. CDP is a continuum model, plasticity-based, damage model for
concrete that assumes that the main two failure mechanisms are tensile cracking and
compressive crushing of the concrete material. Among the various possibilities of a
phenomenological approach of DEF expansions concrete, it was adopted the strategy
of taking into account the effect that those expansions generate on the mechanical
properties of concrete. This modelling strategy is convergent with several studies that
have already confirmed the effect of reducing the mechanical properties of concrete,
in an important way, when the material is affected by internal expansion reactions
due to DEF [11, 14, 27].

2 Materials and Methods

2.1 Materials

Sankovich’s works [32, 33] were used as experimental benchmark tests to evaluate
and validate the finite element simulation of isolated bottle-shaped concrete struts
deteriorated by internal swelling reactions due to DEF. Both linear and non-linear
finite element analyses were performed using the Concrete Damage PlasticityModel
(CDP) of ABAQUS [34], which is a continuum, plasticity-based, damage model
for concrete. The model assumes that the main two failure mechanisms are tensile
cracking and compressive crushing of the concrete material. The evolution of the
yield (or failure) surface is controlled by two hardening variables that are linked to
failure mechanisms under tension and compression loading, respectively.

Partially loaded unreinforced concrete panels with dimensions of 914.4 × 914.4
× 152.5 mm3 were modelled, as well as the 304.8× 152.5× 50.8 mm3 steel plates
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at its top and base as it is shown in Fig. 1. Details of the two panels modelled are
summarized in Table 1 [33].

MATLAB [35] scripts, based on Alfarah’s work [36], were developed to automate
the process of determining the CDPmodel parameters, especially those related to the
damage in tension and compression with few input data. Table 2 shows one example
of MATLAB script output to be used as inputs for the CDP model.

Expansions due DEF often affect concrete mechanical parameters that, in turn,
modify inelastic strains and damage properties in tension and compression. By this
reason, other MATLAB scrip was developed to calculate CDP model inputs infor-
mation according to the level of expansion imposed to the concrete elements under
investigation. Table 3 summarizes data obtained from Sanchez’s and Giannini works
that were used in the numerical simulations [14, 27].

Once the CDP model has been calibrated taking into account the level of expan-
sions fromDEF, two scenarios were created to discuss the results. In the first scenario
it was considered that all the regions of the panel were affected by DEF expansions

Fig. 1 Bottle-shaped struts
and associated strut and tie
model

Table 1 Panel results (S1-2 and S3-1)

Panel Panel
dimensions
(mm)

Load plate
dimensions
(mm)

fc (MPa) 1st cracking
load (kN)

Failure load
(kN)

Principal
tensile strain
(%)

S1-2 914.4 ×
914.4 ×
101.6

304.8× 50.8
× 101.6

26.41 524.0 706.8 0.0022

S3-1 914.4 ×
914.4 ×
152.4

304.8× 50.8
× 152.4

28.96 608.5 873.2 0.0014
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Table 2 Input concrete
properties for CDPM in
ABAQUS (S1-2)

Elasticity Plasticity

Compressive
strength, fc
(MPa)

26.41 Dilation angle
(º)

5

Eccentricity (−) 0.1

Elasticity
model (MPa)

28,564.32 fb0/fc0 (−) 1.16

K (−) 2/3

Poisson’s ratio
(−)

0.2 Viscosity 0.0029

Damage

Compressive behavior Compressive damage

Yield stress
(MPa)

Inelastic
strain (−)

Damage
parameter (−)

Inelastic
Strain (−)

34.41 0 0 0

32.72 0.003 0.57 0.003

28.50 0.005 0.71 0.005

23.47 0.007 0.81 0.007

3.53 0.025 0.99 0.025

Tensile behavior Tensile damage

Yield stress
(MPa)

Cracking
Strain (−)

Damage
Parameter (−)

Cracking
Strain (−)

2.67 0 0 0

2.02 0.0002 0.63 0.0002

1.76 0.0004 0.74 0.0004

1.54 0.0005 0.81 0.0005

0.36 0.0025 0.99 0.0025

(fully affected panel). In the second one, it was took into account that the expan-
sions were located only in the bottle-shaped strut region (partially affected panel),
calculated using linear elastic analysis of the panel (see Fig. 2). The existence of
bottle-shaped struts within the two ending cross-sections of partial loaded unrein-
forced concrete panels was already highlighted by theoretical studies and lab tests
of other researchers [32, 37–40].

The justification for creating the second scenario was the need to analyse the
effects of deterioration only on the part of the panel responsible for the load-bearing
mechanism of the studied elements on its overall behaviour—its bottle-shape strut.

2.2 Computational Model

C3D8R finite elements were used to model the panel using a structured mesh with
cubic elements with a side of 50.8 mm. This approach is consistent with previous
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Table 3 Decrease rates in
mechanical properties
according to the level of
expansion

Distress
mechanism

Reference
expansion
level (%)

Damage results

Stiffness loss
(%)

Compressive
strength loss
(%)

DEF 01 [14] 0.11 ± 1 56 34

0.30 ± 1 62 43

0.50 ± 1 77 47

1.00 ± 1 86 50

DEF 02 [27] 0.10 13 0

0.21 36 0

0.34 65 28

0.42 68 32

0.51 71 33

1.01 75 41

DEF 03 [27] 0.08 15 0

0.18 24 2

0.27 31 11

0.33 21 0

0.45 59 24

Fig. 2 S1-2 with the strut
from linear elastic analysis
of the panel
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researches that used finite element model (FEM) for the analysis of concrete struc-
tures deteriorated by internal expansions [8, 41]. Discrete rigid family elements—
R3D4—were used to model steel and top plates. This decision was taken after the
study of several other modelling possibilities and it was the one that presented a
better computational effort/work ratio of analysis and interpretation of results.

The resulting finite element mesh for panel S1-2 is presented in Fig. 3. The mesh
of the plates is exhibited in Fig. 4. For the modelling of this panel with the upper and
lower steel plates, 716 elements and 1211 nodes were used, totalling 3633 degrees of
freedom. A coefficient of friction of 0.3 was used to simulate the contact interaction
between the steel plates and the panel surface.

The applied load was a uniformly distributed compression stress on the contact
surface of the steel plate-concrete panel, corresponding to the value of the rupture
load of the lab tests [33]. The boundary conditions of the top plate were set so that
only vertical displacements were enabled. This boundary condition allows the rigid
body displacement of the plate in the direction of loading. The same procedures used
to impose the boundary conditions on the upper plate were used on the lower plate
with all three-translation degrees of freedom were restrained, in this case.

Fig. 3 Finite element mesh of S1-2 panel
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Fig. 4 Finite element mesh of the loading plates

3 Results and Discussion

3.1 Validation of the FEM

A plastic tensile strain of the model of S1-2 panel output is presented in Fig. 5 close
to the failure view of the panel observed in lab tests. In this Figure, it is possible to
observe a good correlation between the profiles of plastic tensile strains with those
observed in the lab tests. This fact highlights that the numerical model developed
was able to adequately describe the mechanisms involved in the rupture of the panel

Fig. 5 Panel S1-2 a numerical plastic tensile strains profile, b lab failure
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Fig. 6 Tensile damage of the S1-2 panel a numerical model and b lab test

understudy—formation of the compression cone at the top and base of the panel and
changing the orientation of the plastic tensile strains in the vicinity of the compression
cone.

The nodal region, both in the numerical and lab test models, presents the shape
similar to that of an isosceles triangle with its base being two times its height. In this
region, the stresses are mostly compression and, in its vicinity, can be observed the
crushing of concrete (see Fig. 5b).

The tensile damage profile of the numerical model is displayed in Fig. 6 close
to the S1-2 panel view at failure. In this Figure, it is possible to observe that the
numerical model was able to describe the damage that occurred on the lateral faces
of the panel. Sankovich [32, 33] reported the existence of damage in regions close to
the compression edges at the top and base of the panel, a situation also described by
the numerical model developed—damage of approximately 40%. Maximum tensile
damage has reached to 100% in the central region of the panel, at failure.

The compression damage in the numerical models was less pronounced than the
tensile damage, an aspect also verified in the lab tests. The magnitude of the damage
in compression of the numerical model was approximately 71%.Despite this fact, the
profile of compression damage is relevant to validate the location of the compression
crushing of the concrete in the numerical models. Figure 7 shows the profile of
compression damage, where the concentration of damage can be observed in the
vicinity of the nodal region, consistently with crash regions of concrete observed in
lab tests. It was possible to capture a strut narrowing with the increase of vertical
load, during the loading process. Figure 8 exhibits this behaviour highlighting the
tension and compression fields in the numerical model of S1-2 panel, which is quite
similar to those observed in lab test.

The numerical model also captured the occurrence of vertical tensile stresses that
are responsible for the narrowing of the strut observed in the lab tests. This fact
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Fig. 7 Compressive damage in S1-2 panel: a numerical model and b lab tests

Fig. 8 Evolution of STM for different loading levels a numerical model and b lab tests

demonstrates that the numerical model was efficient in capturing the phenomenon
discussed.

Table 4 summarizes the lab tests and numerical results for the panels investigated.
In this Figure, the first cracking load and the maximum horizontal tensile strains are
presented for the numerical model and lab tests. As it can be observed, the numerical
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Table 4 Comparison of numerical and lab tests results

Panel First cracking load
(kN)

Error (%) Maximum tensile strain
(‰)

Error (%)

Num. Exp. Num. Exp.

S1-2 424.1 524.0 − 19.1 0.0025 0.0022 − 13.64

S3-1 681.1 608.5 11.93 0.0012 0.0014 − 14.3

model was able to predict the first cracking load of the investigated panels with
acceptable precision, considering the complexity of the studied phenomenon. The
maximum error in the first cracking load and the maximum tensile strain was −
19.1% and -14.30%, respectively.

Twoverificationswere performed regarding vertical deformations: one comparing
the results of the S3-1 panel at the first cracking formation and the other at failure
with data of the S3-10 panel. This option is justified by the similarity in the instru-
mentation of these two panels. Figure 9 presents this comparison. The behaviour
of the numerical model for the first cracking and failure loads was similar to those
observed in lab tests—maximum vertical strains in the center of the panel decreasing
to the edges of the panel.

Figure 10 shows the envelope of vertical strains measured at half the height of
the panels along their length. This Figure also shows the strains obtained in the lab
tests. The results showed in this figure highlights that the responses of the numerical
panels investigated were located inside the experimental envelope.

Given the results presented in this section, one can conclude that the numerical
models developed were able to efficiently describe the experimental behaviour of the
panels investigated, an aspect that validates the numerical models.
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3.2 Discussion

In this section results from numerical analyses of Sankovich’s panel deteriorated by
DEF expansions is presented and discussed.

Figure 11 shows the evolution of the first cracking and failure loads with the
expansion levels, for the fully affected panel. It can be seen that the intact panel,
represented by the point of no expansion, presented a first cracking load of about
421 and 325.1 kN, for the low expansion level. This means that for a relatively low
level of expansion (0.11%), the first cracking load decrease was approximately 23%.
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Fig. 11 First cracking and failure loads for each expansion level for the fully affected panel
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For the high expansion level (1%), the first cracking load was 248.6 kN—a decrease
of 41%. This fact is consistent with previous researches, which observed that an
expansion of 0.1% corresponds to the first appearance of visible cracks in concrete
elements affected by DEF. The decrease in the load capacity of the panel observed
in a macroscopic level can, in fact, be microscopically explained by the separation
between paste and aggregate, as commonly reported by several researchers [42, 43].

The failure load of the intact panel was 706.8 kN. For the fully affected panel in
expansion level of 0.11% the failure load reached 490.9 kN—a decrease of 31%. The
failure load for the 1% expansion level was even lower—323.4 kN, representing a
decrease of approximately 54% compared with the intact panel. These results high-
light the important effect of internal expansion reactions on overall panel behaviour.
Similar results were found by Karthik [11], that reported the energy absorption
capacity of large reinforced concrete beam-column joints subject to ASR/DEF
deterioration close to 40% of that of control specimen without deterioration.

It is also possible to observe in Fig. 11 that there are important decreases in
the initial levels of expansion, both at the first cracking load and at failure load.
Additionally, it was observed that the effect of the discrete expansions was more
pronounced at failure load. For medium expansion levels, the decrease in the first
cracking and failure loadwere less pronounced. This fact points out to the importance
of early diagnosis of the levels of expansion existing in concrete elements affected
by DEF, so that one can decide regarding the need for recovery or rehabilitation
interventions works.

Same analyses were performed for the partially affected panel and the results are
shown in Fig. 12. It can be observed decreases of 53% and 78% in the first cracking
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load for low and high levels of expansions, respectively. In the same way, it was
observed decreases in the failure load of 25 and 45%, for those levels of expansion.

Figure 13 shows the evolution of the maximum crack opening at failure with the
expansion levels for both fully and partially affected panel. One can observe that,
for low level of expansion, the maximum crack opening is approximately 3.65 mm
for the fully affected panel while for the intact panels, the maximum crack opening
is approximately 1.76 mm—an increase of 104%. For an expansion level of 1%, the
maximum crack opening is approximately 4.51 mm for the fully affected panel—an
increase of 156%.

It can also be seen in Fig. 13 the evolution of the maximum crack opening at
failure with the expansion levels for the partially affected panel, from which one
can realize increasing in cracks opening of 208% and 281%, for low and high level
of expansions, respectively. Values of crack openings obtained might be compared
by order of magnitude with those found in concrete beams deteriorated due to DEF
expansion by others researches [5].

The increase in the crack opening demonstrates the potential damage of DEF
expansions in concrete, since these cracks open ways to the transport of aggressive
agents from outside to the inside of the element, compromising its durability. Consis-
tently with what was observed, Karthik [5] states, additionally, that DEF induced
cracks can lead to moisture ingress and rebar corrosion which can negatively impact
the strength and ductility of the structure.

Compressive strain and damage evolution with the level of expansion at failure
for the fully affected panel are shown in Fig. 14. It can be seen that the intact panel
presented a compressive strain of about 4.7‰. For a level of expansion of 0.11%,
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Fig. 14 Compressive strain and compressive damage for each expansion level for the fully affected
panel

the compressive strain was about 5.1‰ and for the expansion level of 1%, it reached
to a compressive strain of 7.4‰. This means that, for low level of expansion, the
increase in compressive strain was approximately 8.5%, while that, for the high level,
the increase was 57.4%. Also, when one looks at the compressive damage, the intact
panel exhibited a value of approximately 71%. For the high level of expansion, the
damage of approximately 98%—an increase of 38%. These results show a serious
decrease in the panel stiffness caused by the DEF expansions.

Compressive strain and damage evolution with the level of expansion at failure for
the partially affected panel are shown in Fig. 15. It was observed increases of about
31% in compressive strain for low level of expansion and virtually no differences for
high level of expansion.

Figure 16 shows the tensile damage profile at failure for a level of expansion of
1% for the intact, fully affected and partially affected scenarios. The tensile damage
profile of the panels is similar, with cracks concentrating in the centre of the panels.
It can be seen that the partially affected panel, besides presenting the tensile damage
distributed throughout the struts, exhibited damage about 30% on the panel’s side
and about 50% close to the loading area and the nodal region. The fully affected
panel showed damage neither on the panel nor on the nodal region. These results
show that in the scenario with the swelling expansion concentrated only in the strut
region produced the worst structural performance for the panel investigated. This is
an important conclusion for structural design engineers.

Figure 17 illustrates the compressive damage profile at failure at the high level of
expansion for the intact, fully affected, and partially affected panels. The compressive
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Fig. 15 Compressive strain and compressive damage for each expansion level for the partially
affected panel

damage profile of the intact and fully affected panel is quite similar. The concrete
crushing is concentrated at the beginning of the compression cone. In the partially
affected panel, the compressive damage is distributed throughout the compression
cone and the compression wedge worsens, as a result of flattening on the loading
surface. This represents a loss of stiffness at the load transfer points. Compres-
sive damage becomes more evenly distributed in the partially affected panel, which
indicates more regions being crushed, even though the value of the damage in this
scenario was not the biggest one. This may be happened because the failure of the
partially affected panel is governed by cracking in tension.

Taking into account all the results presented this section, it can be concluded
that the effects of the in decreases the mechanical properties of the concrete due to
DEF expansions are relevant in the loss of load capacity, stiffness and serviceability
condition of the concrete panels investigated. Table 5 summarizes results discussed
in this section.

4 Conclusions

The paper discussed the structural behaviour of concrete struts deteriorated by
internal swelling reaction due to delayed ettringite formation. The main conclusions
found are:
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Fig. 16 Tensile damage for
expansion of 1% a intact,
b fully affected, c partially
affected
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Fig. 17 Compressive
damage for expansion of 1%
a intact, b fully affected,
c partially affected
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Table 5 Summary of decreasing of first cracking and failure loads of panel S2-1

Scenario Decrease in first cracking
load

Decrease in failure load Increase in crack open
width

LLE (%) HLE (%) LLE (%) HLE (%) LLE (%) HLE (%)

FAP − 23 − 41 − 31 − 54 + 104 + 156

PAP − 53 − 78 − 25 − 56 + 208 + 281

• The ABAQUS CDP proved to be an efficient numerical strategy for the represen-
tation of mechanical phenomena involved in load support mechanisms in partially
loaded concrete panels with the formation of isolated bottle-shaped struts;

• Calibration of the CDPMmodel with Sankovich’s experiments [32] enhanced the
capabilities of the model;

• The effects of the internal swelling reactions, simulated numerically using a
strategy of decreasing mechanical concrete properties according to Sanchez,
allows to identify:

– For both scenarios investigated, the one that most significantly affects the
overall structural behaviour of the panel was the partially affect model. An
explanation for this fact is that, in this situation, exactly the most important
part of the load carryingmechanisms panel is being affected – its bottle-shaped
strut;

– Decreases in the first crack and failure loads of 78 and 56%;
– Increase in cracks openings width, even for low expansion level, with values

of 3.65 mm, and for high level of expansion with values of 4.51 mm;
– Increase in compressive strain and damage failure of about 57% and 38%,

respectively.
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Concrete Samples Extracted from Pile
Caps and Affected by Internal Swelling
Reactions: A Diagnostic Analysis

N. Nascimento, F. A. N. Silva, A. C. Azevedo, T. Mahfoud, A. Khelidj,
and João M. P. Q. Delgado

Abstract In thiswork, itwas analyzed in detail the problemof the extensive cracking
in the pile cap foundation originated by the delayed ettringite formation, possibly
from a high heat of hydration coming from the concreting of the large volume of
concrete. Laboratory tests were performed to evaluate the transport properties of
concrete samples, as well as their physical and chemical composition using advanced
analyses. The tests performed were apparent porosity, gas permeability, scanning
electron microscopy, X-ray diffraction and Raman spectroscopy. The presence of
crystalline products of the alkali-aggregate reaction was proven through physical–
chemical analyses, such as Raman spectroscopy and EDS. As well as the ettringite
crystals found inXRDstandards, SEM images and the chemical composition of EDS.
The porosity showed a high value (between 9 and 10%), as well as the concrete
permeability (10–16 and 10–15), determining the negative influence of ISR on the
transport properties. Therefore, the methods used have proven to be effective in
understanding the problem encountered and have the potential to be used in the
design and execution of pile cap blocks.
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Keywords Internal swelling reactions · Alkali-silica reaction · Delayed ettringite
formation · Diagnostic of pathologies on concrete · Characterization and analysis
of concrete specimens

1 Introduction

In the last decade, the occurrence of early deteriorationof pile capblocks in residential
buildings and concrete bridges in theMetropolitanRegionofRecife has been reported
with relative frequency. This process usually startswith the occurrence of a horizontal
crack of large opening in the lateral faces of the element, located approximately
30 cm from the upper face of the block, and its installation is usually attributed to
the expansions of concrete resulting from the alkali-silica reaction.

The pathological manifestations associated with chemical phenomena are more
common all over the world in construction works containing large volumes of
concrete, such as dams and pavements [1], but in Brazil, especially in the northeast
of the country, the occurrence of alkali-silica reaction (ASR) and delayed ettringite
formation (DEF) in pile cap blocks and in spread footing foundations of residential
buildings and bridges at early ages is very common. This fact has payed the attention
of the civil construction industry and local research centers to the need to understand
the mechanisms involved in this process so that mitigating or corrective measures
can be adopted.

Several authors presented studies of the occurrence of alkali-silica reaction and the
delayed ettringite formation occurring simultaneously. Machoviè et al. [2] analyzed
the concrete microstructure through scanning electron microscopy (SEM) and found
the two phenomena. Another interesting case was the one presented by Shayan and
Morris [3] inwhich visual inspection and analysis identified theASR,mainly because
in the composition of the concrete of the bridge it was found gneiss with reactive
quartz. On the other hand, the heat of hydration released during concrete casting
around 80 °C caused the DEF.

In an advanced investigation of concrete cores carried out by Hasparyk [4],
the two reactions were found, where in addition to visual inspection, several tests
were performed, as well as analyses of the microstructure by means of SEM, EDX
and XRD. A bridge deck damaged by ASR and DEF studied by Shayan et al. [5]
showed significant reductions in the modulus of elasticity, as well as residual expan-
sion. Another foundation structure that presented combined attack was studied by
Hasparyk et al. [6], where the causes of the occurrence of these phenomena were
the temperature around 80 °C and the presence of reactive aggregates in concrete. A
comprehensive understanding of the damage generated by the combination ofDEF+
ASR presented by Sanchez et al. [7] showed reductions in the mechanical properties
of the concrete analyzed.

Many structures in Britain and France that had in their composition high cement
consumption (between 420 and 550 kg/m3) and high equivalent alkali content (>
4.0 kg/m3) presented several damages between 5 and 20 years after their construction,
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in the presence of moisture and in a temperature close to 80 °C, besides being
concreted during the summer, which potentiated the heat release [8].

DEF manifests itself when the source of sulfate ions is internal and not external,
in the presence of an aggregate contaminated by gypsum or cement with high sulfate
content. In addition to these factors, the process of steam-curing the concrete at
temperatures above 65 °C can cause the development of delayed ettringite, since it
is not stable in these conditions [9].

In concrete submitted to a high temperature during concrete casting in place, it is
possible that the primary ettringite formed during the hydration reactions is decom-
posed [10].When it returns to room temperature and in the presence of humidity, this
ettringite can re-crystallize inside the hardened concrete, causing expansion pressures
that are capable of generating cracking, which potentiates damages to the structure.

According to Bensted [9], the causes, the physical–chemical mechanisms and
the kinetics of the reaction that originates the DEF are still not fully understood.
However, the combination of several factors is of utmost importance for this internal
expansion reaction to begin.

Water is an essential factor to produce the reaction, whether in structures that are
in contact with water, susceptible to water ingress or exposed to a high humidity
level, such as foundations. Other elements described in Guide Technique [11] are
the maximum temperature reached by the structure and the time duration in which
this temperature is maintained. Thus, if the temperature exceeds 65 °C and other key
parameters are present, the probability of occurrence of DEF is high.

Ettringite is a hydrated calcium trisulfoaluminate, so the sulfate and aluminate
contents are directly linked to its formation process. A necessary condition is that
the cement used contains a sufficient amount of tricyclic aluminates (3CaO, Al2O3 or
C3A) and sulfates (SO3). As ettringite is highly soluble in large quantities of alkalis,
the use of a type of cement with a lower alkaline content would contribute to the
non-occurrence of the reaction [11].

Another recommendation for the delayed ettringite formation not to occur as
described in [11] is the use of mineral additions. It was observed that they contribute
to a less exothermic concrete, as they reduce the amount of clinker aluminates and
end up modifying the type and texture of the moisturizer. The additions indicated are
those that have components with latent or pozzolanic hydraulic properties, such as
blast furnace slag or fly ash, natural or artificial pozzolana). Finally, the petrographic
nature and the volumetric mass of the aggregate are elements which influence heat
transfers in the reactions of concrete.

Studies have shown that an isolated factor is not sufficient for the internal expan-
sion reactions to develop, but the presence of several parameters acting simulta-
neously under certain conditions. Both expansion reactions (ASR and DEF) have
similar symptoms and the two have moisture as a conditioning factor to develop
expansion. According to Torres and Andrade researchers [8] what may be happening
in the Metropolitan Region of Recife is the combination of ASR/DEF attack
mechanisms.

One of the important challenges that researchers have to answer is to understand
as fully as possible these phenomena of expansion that affect various concrete pile
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cap foundations in the region at an early stage and how it is possible to correlate the
level of damage generated with the change in strength and deformation properties of
concrete and its durability. Furthermore, it is equally important to relate the results
of laboratory tests to the situations found in the field so that possible design and
construction strategies can be proposed to minimize the possibility of these expan-
sion phenomena take place on concrete. That is why there is a need for a greater
understanding of their features and mechanisms.

This work aims to provide a mechanical and transfer properties characterization
and the physical–chemical analysis, using advanced techniques to analyze cores
extracted from real buildings that have concrete elements affectedby internal swelling
reactions.

2 Materials and Methods

2.1 Materials

Figure 1 represents the pile cap S(P1 + P8 + P32), with the extraction sites of each
core, identified by the notations (SP-01, SP-02, SP-03, SP-04, SP-05 and SP-06).
The points identified by (A, B, C and D) are where were extracted the samples of
smaller sizes also used for analysis and characterization. All samples were extracted
in the direction parallel to the launching of the concrete and only the SP-06 was in

Fig. 1 Place of extraction of
the samples in the Pile Cap
Block S(P1 + P8 + P32)
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the direction perpendicular to the launching. The face chosen was where there was
longitudinal cracking along the pile cap block.

The concrete samples were extracted with two single-phase electric drills of such
dimensions with 75 mm diameter—Model Husqvarna dm2 240 and Tyrolit dk32.
The extraction procedure was executed in such a way that the sectioning of the block
reinforcements was avoided as much as possible. The specimens were extracted
from the upper part and from lateral faces of the pile cap block, totalling 6 (six)
cylindrical concrete sampleswith dimensionof 15.0×7.5 cm2—height anddiameter,
respectively. The entire sample extraction process was performed in a single day and
lasted approximately 7 h (see Fig. 2).

The laboratory tests were carried out partly in the facilities of the Institut
Catholique D’Arts et Métiers and other partly in the GeM—Institut de Recherche
en Génie Civil et Mécanique—UMR 8183—CNRS—École Centrale de Nantes—
Université de Nantes.

After choosing the parameters for characterization and diagnosis of pathological
manifestations in concrete, the samples were separated, identified and prepared. In
the field, it is necessary that the cores are removed from the structure to be studied.
Some tests required specific treatments on the samples collected. In some cases, the
sample needs to be reduced to very small sizes or even pulverized.

Fig. 2 Samples extracted from the block (SP-01 to SP-06)
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A visual analysis was performed to identify possible characteristics of the internal
expansion reactions and they were directed to the tests to be performed. Then, a
characterization of the concrete samples affected by the reaction was performed
with destructive tests and analyses.

2.2 Laboratory Tests

2.2.1 Gas Permeability and Apparent Porosity

The permeability test was performed on two concrete specimens of the pile cap block.
A sample (P-02) was taken from the fragments extracted from the SP-01 sample and
the sample (P-01) was separated from the point A. They were rectified and left in
the dimensions 5 × 7 cm2. The specified cell size of the permeability equipment
(“debitmètre massique”) was 10 cm in diameter, so the samples were wrapped in
black silicone resin and placed in a rigid cylindrical mold.

This resin also had the function of waterproofing the lateral surface of the samples.
Figure 3a illustrates how the concrete samples were ready for the test. The concrete
gas permeability measurement test is easy and quick to perform and its results are
important for assessing the durability of thematerial. These aspects should be consid-
ered so that its use can be more widespread in the practice of concrete structure
execution.

To obtain the dry mass of the samples, it was chosen to dry them at a temperature
of 60 °C in the oven until the mass was stabilized. The dry mass of the samples is
obtained when the loss of relative mass of 24 h does not exceed 0.05%. Every day
for twelve days the weight of the samples was measured until the stabilization.

The complete apparatus of the permeability equipment (“debitmètre massique”)
used in the test is shown in Fig. 3b. The intrinsic permeability is measured through
a permeameter, with nitrogen being the neutral percolating gas. A manometer reads

Fig. 3 a Samples P-01 and P-02 prepared for the air permeability test; b flowmeter massique
equipment; c system used for the apparent porosity test
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the relative pressure (Pi-Patm) applied to the sample. Laboratory temperature and
humidity are controlled (T = 17.8 ºC and RH = 76%).

After the concrete air permeability tests have been performed, all the water-
proofing resin and the apparatus used were removed to put the samples back in
the oven until the mass stabilization. To obtain the dry mass of the samples, it was
chosen to dry them at a temperature of 60 °C in the oven until themass was stabilized.
The dry mass of the samples is obtained when the loss of relative mass of 24 h does
not exceed 0.05%. Every day for one month the weight of the samples was measured
until the stabilization.

After the stabilization of the mass has occurred by drying in the oven, the samples
were wrapped in a white absorbent tissue covered with a transparent plastic, from
which it was possible to remove the air present in the sample and the environment
with a vacuum pump. The vacuum pump was then stopped for five minutes to check
if air was coming out, as the device was well sealed, suction continued for another
48 h. After this period of time the air suction process was interrupted to introduce
water into the apparatus and consequently into the samples.

Figure 3c shows the devices used for porosity tests, where you can see that at one
end you have the place where the vacuum pump for air suction is installed and at
the other end the water inlet is located. 48 h later, the water end was opened and it
was placed the hose in a tank with water, reconnected the vacuum pump that began
sucking the water until the whole system was filled. After 72 h the sample was taken
and its weight was measured.

2.2.2 Scanning Electron Microscopy (SEM)

The SEM used for observations is a ZEISSmVO®40 equipped with a Back-scattered
Electron (BSE) detector to determine the chemical composition. The microscopic
examinations were carried out on fresh fractures sections on concrete specimens.
The specimens were coated with a gold deposit for observations using the SEM in
High-Vacuum (HV) mode.

The samples were analyzed by scanning electron microscopy and the spectrum
obtained with EDX showed the chemical composition existing in each part analyzed.
Some images showed only the morphology of the ettringite or other observed
component.

2.2.3 X-Ray Diffraction (XRD)

Through the X-ray diffraction it is possible to obtain the detailed information of
the atomic and molecular structure of materials. When a material is exposed to X-
rays, a specific peak pattern of the mineral is generated. The ordinate provides the
diffraction angle, which corresponds to the spacing of the crystalline arrangement.
In the abscissa we see the intensity of the diffracted ray, which is proportional to its
quantity in a composite sample and each peak is equivalent to a type of mineral.
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XRD patterns were obtained by using an X-ray diffractometer SEIFERT MZ VI
E with Co Ka radiation. Measures were done on the bulk powdered samples.

2.2.4 Raman Spectroscopy

The Raman displacement band, that is, the difference in energy between the incident
and the scattered, is typically described as a wave number (wavenumber). The most
used unit is 1/cm, this is equivalent to joule divided by conversion factor (hc), where
h is Planck constant and c is the speed of light.

The sample selection criteria for analysis byRaman spectroscopywere: fragments
of the extracted concrete samples with apparent gel edges, pores filled with ettringite
and white spots inside the aggregates.

An acrylic resin PRESI Powder KM-U with a liquid catalyst PRESI KM-U suit-
able for this type of cold resin was used in the concrete samples. The function of
resin was to allow the sample to remain flat, allowing the analysis in Raman. After
placing the resin in the mold with the sample, it waited 10 min until it warmed
up and hardened, and then the sample was polished on #320 silicon carbide paper
and then on #120 paper in a specific machine until the surface was polished and
flat. The Raman spectra were produced using the Confocal Raman Microscope
SENTERRA II (Bruker)withOpus Software, 532mwavelength laser, 20mWpower,
50× magnification, 20 s integration time with two accumulations.

3 Results and Discussion

Before starting the discussion about the results of the lab tests performed it is impor-
tant to highlight that the pathologicalmanifestations observed in the foundation block
studied probably come from a variety of sources: structure design decisions, defini-
tion of materials to be used in the production of the concrete used and care in large
volume concrete operations.

3.1 Visual Inspection

Visual inspections were performed on the pile cap block itself as well as on the
concrete samples extracted to identify naked eye signs of expansive reactions or
chemical attacks to the concrete. From these inspections, it was possible to observe
to see features of these expansion reactions already in place by observing the cracking
in map forms on the external surface of the pile cap block. It is worth mentioning
that at the time of the extraction a report had already been made to detect the causes
of degradation, as well as several tests and analyses, and the pile cap block was in
the process of recovery (see Fig. 4).
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Fig. 4 Map cracking on the
surface of the pile cap block

The samples were first visually examined in order to find clues of chemical attacks
to concrete such as AAR and DEF. Macroscopically, gel edges from the alkali-silica
reaction were observed in the aggregates. Cracks on the coarse aggregates, following
to the cement paste, were observed as well as cracks on transition zone reaching the
larger pores.

At some locations it was possible to observe detachment between the aggregate
and the paste. Some aggregates contained a kind of whitish reaction product inside,
very close to its extremities and and many dark edges or spots were found around
the coarse aggregate.

Several micropores were fulled with ettringite and many pores were completely
filled with white material. In some fragments a large amount of white material was
found covering the concrete, like as leaching. It was also observed in some larger
pores little deposition of white material, a fact also observed by Hasparyk [4] in the
visual inspection of concrete cores with alkali aggregate reaction.

In the preparation of some samples for some tests performed it was done polishing
and after this process it was possible to find even smaller pores filled with whitish
material as well as particles of aggregates with this same characteristic. The results
from the visual inspection performed on the extracted specimens are summarized
below:

• Alkali-silica gel edges in the aggregates;
• Pores with white material deposited at the bottom;
• White mass in several places in the concrete;
• Pores completely filled with ettringite;
• Cracking in coarse aggregates;
• Dark spots around the aggregate;
• White spots inside the aggregate;
• Leaching;
• White spot covering the concrete, mainly the mortar;
• Displacement between the aggregate and the paste;
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Fig. 5 Symptoms of the expansion mechanisms found: a gel edges; b ettringite in the micropores
and cracking; c spots in the aggregate; d pores fulled with ettringite; e spots in the aggregate; f white
material in the pores and leaching

• Cracking in the coarse aggregate following to the transition zone,with the presence
of gel in these locations;

Figure 5 shows the main results of the visual inspection performed. The results
of visual inspections performed on the concrete samples collected from the block
are consistent with a scenario of occurence internal expansion reactions inside the
element more compatible with DEF than with the ASR.

3.2 Physical–Chemical Analysis

3.2.1 Gas Permeability and Apparent Porosity

The transfer properties of both healthy and cracked concrete are very important for the
study of its durability and porosity and permeability are indicators of this durability.
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Table 1 Values of gas
permeability and apparent
porosity of concrete

Sample K (m2) ε (%)

P-01 1.3 × 10–15 11.29

P-02 3.9 × 10–16 9.76

Table 1 summarizes the air permeability (K) values for the two samples tested.
The results found mean that the concrete samples have a high permeability. In fact,
the usual values of this parameter for a concrete are in the range of 10–18–10–17 m
[12, 13].

This high value of the permeability coefficient can explain the intense cracking
process existing in the pile cap block investigated, which allowed the entry of mois-
ture and development of the expansion mechanisms that deteriorated the concrete.
The permeability of the samples tested was proportional to the porosity, being higher
for P-01. In this sample there was a greater predominance of microcracks. In P-02
there was a large pore, which makes these transport properties smaller.

According to Collepardi [14] the microcracks resulting from the silica alkali reac-
tion in-crease the permeability of concrete, a mechanism that may have contributed
to the growth of the values of this property.

Also, from Table 1, the results obtained indicate a high porosity of concrete, a
situation also confirmed by its high permeability. This explains the large amount
of microcracking found in the field and consequently in the extracted samples. The
pore structure of this concrete is then markedly compromised, an aspect that directly
interferes with its durability and service life.

One aspect that deserves to be highlighted is that ettringite usually can cause
greater expansions in small pores with low connectivity than in larger pores with
wide connections [15]. This fact was observed in sample P-02 that presented a large
amount of pore in its structure with porosity relatively lower than the P-01 sample
that presented a larger amount of microcracks.

It can also be confirmed that ettringite deposited in free pores does not contribute to
expansion [16], because in sample P-02 it was foundmore pores filled with ettringite.

3.2.2 Scanning Electron Microscopy (SEM)

The analysis performed through the scanning electron microstructure allowed the
morphology of the samples to be evidenced by means of images. Energy Dispersive
X-Ray Spectroscopy (EDX) enables microanalysis, providing chemical composition
of the material, which can be used together scanning electron microscopy to get
qualified information.

In the analyses performed with SEM, some specific parts that indicated the pres-
ence of delayed ettringite formation were chosen. The first point was 309, where the
morphology indicated that it was an ettringite acycle. Figure 6a shows this part of
the sample, with a magnitude of 1795×.
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Fig. 6 a Acycular crystals of ettringite found in the mortar; b components such as: sulphur (S),
aluminum (Al) and calcium (Ca) in the sample and c ettringite crystals completely filling a pore
(23×–340×)

The chemical composition obtained by EDX is shown Fig. 6b, where the compo-
nents such as Sulfur (S), Aluminum (Al) and Calcium (Ca) suggests the presence
of delayed ettringite [4, 17]. Figure 6c illustrates ettringite crystals completely
filling an existing pore in the concrete. The first magnitude is 23×, being increased
to 340×.

At point 308 (Fig. 7a) analyzed by SEM, it is possible to observe ettringite crystals
developed and deposited in a pore and the corresponding chemical composition is
presented in Fig. 7b, with the presence of Sulfur (S), Aluminum (Al) and Calcium
(Ca), aspect that confirms that it is delayed ettringite [4].

This particle (point 304—Fig. 8a) analyzed showed in its chemical composition
Aluminum (Al), silicon (Si) and sodium (Na), indicating that there are components
of delayed ettringite formation and crystalline products of alkaline reaction [4] acting
together. Figure 8b illustrates the composition (Al, Si and Na) of this point analyzed.
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Fig. 7 a Ettringite crystals deposited in a pore; b chemical composition of the crystals

Fig. 8 a Aggregate particle with crystalline products of the alkali-silica reaction; b crystalline
product of alkaline silica reaction

3.2.3 X-Ray Diffraction (XRD)

Through the X-ray diffraction it is possible to obtain the detailed information of the
atomic and molecular structure of materials (mainly the crystalline ones).

In the analyses with EDX it was possible to observe a large amount of sulfur
(S), aluminum (Al) and calcium (Ca), chemical elements predominantly found in
crystals of ettringite [4]. The XRD analyses also proved the presence of ettringite
and pyrite (sulphate) internally. These internal compounds associated with a high
heat of hydration may have caused the formation of delayed ettringite. Figure 9
shows the patterns of concrete damaged by internal expansion reactions.

The highest peaks are from pyrite, followed by quartz and ettringite. They are
similar to those found by [4, 9] in cases of dams affected by delayed ettringite
and alkali-silica reaction, respectively. The diffraction angles that showed strong
reflection were: 2 theta of 37°, 2 theta of 41° and 2 theta of 55°, with high intensities,
and refer to Pirita or Sulfate. The ettringite with greater intensity is found in 2 theta
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Fig. 9 Presence of pyrite (sulphate), sodium hydroxide, calcium carbonate and silicon dioxide

of 36°, corresponding to the crystals present in all the concrete, predominantly of
the pores and voids.

Another high intensity peak also recognized in the diffractometer was the mineral
component quartz, corresponding to the crystalline products of the alkali-silica reac-
tion. This mineral appeared more strongly in 2 theta of 21°, 2 theta of 27° and 2 theta
of 68°, indicating crystalline phases of the material. These peaks are attributed to the
contamination of the paste by the reactive aggregate.

3.2.4 Raman Spectroscopy

Figure 10a represents the coarse aggregate region of the RA-02 sample in expanded
resolution. Four points (a, b, c and d) were chosen to be analyzed by Raman
spectroscopy.

Figure 10b illustrates the Raman spectra of the crystalline products found in
different locations of the same analyzed aggregate. The Raman spectra were found
between two wide bands, in the range of 100–600 cm−1 (low frequency region), indi-
cating the amorphous nature of the gel. The wave numbers identified (see Fig. 10b)
were similar to those found by the researchers for the aggregates that contained reac-
tive mineral [17, 18]. When analyzing the edges of the aggregate, the bands of the
crystalline product do not result in peaks, indicating only noises, a similar behavior
found in [19]. The colour of the dots corresponds to the colour of the spectra, the
corresponding sequence is: b, a, d and c.
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Fig. 10 a Points (a, b, c, d) where the Raman analysis was performed; b Raman spectra of the
crystalline products at the four points analyzed in the RA-02 sample

In the other samples analyzed, the spectra were not generated, even performing
new polishing with silicon carbide (P120), because it showed an increase in noise,
causing the signal of the products no longer recognized. In a new analysis in the same
sample, now in the blue and red points (see Fig. 11a), differentRaman intensitieswere
found, but still in the same wavenumber range. The colour of the dots corresponds
to the colour of the spectra.

In Fig. 11b the crystalline product was found in the same range of wave numbers
(from 100 to 600 cm−1), being different in peak intensity.

Figure 12a shows the point from which this spectra was obtained and the Fig. 12b
shows the spectrum of the crystalline product located inside a pore in the RA-05
sample. There are different peaks, the largest is in the range of 800–1000 cm−1. In

Fig. 11 a Points where the Raman analysis was performed (sample RA-02); b range of 100–
600 cm-1 analyzed
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Fig. 12 a Crystalline product analyzed by Raman spectroscopy; b Raman spectra values found in
the ASR products inside a pore

the wavenumber 600 cm−1 there is a peak, similar to what was found by [17] as a
peak of the alkali-silica reaction product.

The chemical analysis performedwith the Raman spectroscopy indicated possible
spectra corresponding to the crystalline products of the alkali-silica reaction, which
confirmed the presence of sodium in the previously obtained EDX spectra. The
reactions (alkali-aggregate reaction and delayed ettringite formation) are acting
concomitantly.

In resume, themain findings from the laboratory testing campaign of the extracted
samples are presented below.

• High values of porosity were found, between 9 and 11%, explained by the large
amount of micro-cracks in the field and in the extracted samples;

• The pore structure wasmuch compromised in this concrete, an aspect that directly
interferes with its durability and service life.

In the analysiswith SEM, themorphologies identifiedwere those of ettringite acic-
ular crystals in the mortar and also completely filling the pores, illustrated in Fig. 13.
In the dispersive energy spectroscopy the following components were obtained:
sulfur, aluminum and calcium, characteristic minerals of the ettringite crystals. In
the XRD standards these elements were also found, as well as the mineral pyrite (or
sulfate) and the ettringite itself. Pyrite was themineral with the highest peak intensity
in the graph, confirming the high presence of DEF in the concrete.

In the microstructure of the concrete there are pores and voids, and as [16] the
ettringite crystals accumulate in the available free spaces, and often the ettringite
that is deposited there does not contribute to the expansion. Thus, these products
resulting from the reaction were deposited in the pores of the concrete and making
a tamponade of existing voids. Through the process of pore-filling the pores [4],
proven in visual inspections and SEM analyses, the compressive strength of the
concrete showed high values. The cracking on a map of the block in its surface did
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Fig. 13 Pores completely filled with ettringite crystals: a and b concrete sample after compressive
rupture; c concrete sample after extraction

not happen in the whole block, but in half of it. The AM-02 sample presented a lower
strength value compared to the other two because it was extracted from a location of
the block where there was little apparent cracking, and probably the products of the
reactions had not filled the existing voids.

When analyzing pores filled with internal reaction products of expansion and
interface aggregate paste in Raman spectroscopy, spectra with wave numbers and
peaks similar to those of crystalline products from ASR studied in [17, 19] were
found.

Regardless of the origin of the microfissures in the concrete, the porosity of this
material increase [14].Water is a factor that contributes to themigration of sulfate ions
[14], generating expansion reactions in different locations of a concrete structure.

The mechanisms of ASR and DEF reactions depend on the flow of liquids or
gases in the microstructure, so for these internal expansion reactions to develop it
is necessary to have connectivity between the pores [20]. For the progress of these
reactions it was necessary to have preferential paths for the moisture to enter and
then trigger the expansion in the concrete, filling free pores and later cracking the
structure of the pile cap foundation. It is possible that there is still residual expansion
in the concrete, and new tests are necessary to evaluate this characteristic.

4 Conclusions

Based on the cracks observed in-field and taking as reference the results of the studies
and laboratory analysis in the concrete cores presented in this work, it can be stated
that the concrete structure presents chemical changes that have affected its integrity.
The most relevant conclusions of these studies are as follows:
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• The physical–chemical characterization performed indicated that the pile cap
foundation from which the specimens were extracted was affected by internal
swelling reactions in the concrete, notably ASR and DEF;

• Among the two reactions referred to DEF proved to be more predominant and is,
in the author’s opinion, the main reason for the observed cracking;

• DEF possibly originated in the high hydration heat that may have occurred in the
concreting of the important concrete volume of the pile cap block;

• The alkali-silica reaction was found in concrete through dispersive X-ray spec-
troscopy, with the presence of mineral components, such as silicon and quartz
and by means of Raman spectroscopy, with a wave number of about 600 cm−1,
proving the presence of crystalline products of this reaction;

• The ettringite crystals that filled the pores were detected with the naked eye and
by scanning electron microscopy and X-ray diffraction;

• The analysis with EDSobtained a predominance of sulfur, aluminum and calcium,
being reaffirmed in the intensities of the XRD standards, where sulfate in the form
of pyrite was found, as well as ettringite and calcite;

• Porosity values between 9 and 10% were also high, in accordance with their
permeability and with the extensive pore network existing in the concrete.
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Diagnosis and Assessment of Deep Pile
Cap Foundation of a Tall Building
Affected by Internal Expansion
Reactions—Case Study

João M. P. Q. Delgado, F. A. N. Silva, A. C. Azevedo, T. Mahfoud, A. Khelidj,
and N. Nascimento

Abstract Early deterioration of foundations of reinforced concrete building has
been reported with relative frequency in last years. This this deterioration process is
often characterized by an extensive mapping cracking process on concrete surfaces
that occurs due to several types of internal swelling reaction. In this paper, a real
case study of a tall reinforced concrete building that presented a severe process of
deterioration of its deep foundations is discussed. Laboratory tests were performed
in drilled concrete cores extracted from a deep pile cap block after 19 years of the
begin of the construction. Test to evaluate compressive strength, static and dynamic
modulus of elasticity as well gas permeability and scanning electron microscopy
using advanced analyses were performed to assess information to find out the
main mechanism responsible by the strong deterioration found in field inspections
performed. Chemical alterations of material were observed, mainly by DEF, which
significantly affected the integrity and durability of the structure. Dynamic modulus
of elasticity showed to be a best indicator of damage induced by ISR in the concrete
than the it’s compressive strength. Rehabilitation procedures executed using strength-
ening procedures to provide the complete restoration of the structural integrity of the
element deteriorated proved to be a good solution to retrofit pile cap deteriorated by
expansions due to ISR in concrete.

J. M. P. Q. Delgado (B) · A. C. Azevedo
Departamento de Engenharia Civil, CONSTRUCT-LFC, Universidade do Porto, Rua Dr. Roberto
Frias, s/n, 4200-465 Porto, Portugal
e-mail: jdelgado@fe.up.pt

A. C. Azevedo
e-mail: antonio.costaazevedo@fe.up.pt

F. A. N. Silva · N. Nascimento
Department of Civil Engineering, Universidade Católica de Pernambuco, Recife, Brazil
e-mail: fernando.nogueira@unicap.br

T. Mahfoud · A. Khelidj
GeM Laboratory, University of Nantes, Saint Nazaire, Nantes, France
e-mail: mahfoud.tahlaiti@icam.fr

A. Khelidj
e-mail: abdelhafid.khelidj@univ-nantes.fr

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
J.M. P. Q. Delgado (ed.),Masonry: Building Pathologies andDesign, Building Pathology
and Rehabilitation 22, https://doi.org/10.1007/978-3-030-80496-1_7

103

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-80496-1_7&domain=pdf
mailto:jdelgado@fe.up.pt
mailto:antonio.costaazevedo@fe.up.pt
mailto:fernando.nogueira@unicap.br
mailto:mahfoud.tahlaiti@icam.fr
mailto:abdelhafid.khelidj@univ-nantes.fr
https://doi.org/10.1007/978-3-030-80496-1_7


104 J. M. P. Q. Delgado et al.

Keywords Delayed ettringite formation · Alkali-Aggregate reaction · Diagnostic
of pathologies on concrete · Internal swelling reactions

1 Introduction

Early deterioration of foundations of the reinforced concrete building has been often
reported in last years. This process usually starts with a map-shaped cracking on the
side and top surfaces of pile caps and, sometimes, horizontal large opening cracks
in the lateral faces, located at about 30 cm from its top surface, is also reported. This
cracking process is often attributed to concrete expansion due to several swelling
internal reaction mechanisms and this occurrence severely affects the durability of
concrete structures. In this context, the study of the mechanisms by which concrete is
deteriorated by internal swelling reactions, its effects on the behavior of the material,
as well as the investigation of appropriate retrofitting procedures is an open field to
research. The internal swelling reaction in concrete is often related to pathological
manifestations associated with chemical phenomena, most likely present in works
with a large volumeof concrete-like dams, bridges, roadwaybut, in someunder devel-
oping countries, the occurrence of these reactions have been reported in deep pile caps
and spread footing foundation at very early ages. Among the most common, chem-
ical, physical, mechanical, electrochemical, or even biological attacks are usually the
ones that occur frequently.Chemical reactions that include the formation of expansive
products are external sulfate attack, delayed hydration of free calcium oxide (CaO),
and free periclase (MgO), more commonly known as delayed ettringite formation
(DEF), alkali-aggregate reaction (AAR) and corrosion of concrete reinforcement [1].

Some interesting hypotheses to understand the delayed ettringite formation was
suggested by [2]. One of these hypothesis states that the origin of the sulfate ions
needed to start DEF comes from the release of hydration products. The presence of
water inside the concrete is also of paramount importance for the migration of such
ions. No matter the origin of the internal expansion reactions, a fact corroborated by
several types of research indicates that the occurrence of a strong cracking process
contributes to increasing the permeability of the concrete, a fact that compromises
its durability [2, 3]. Another hypothesis admits that the ettringite is deposited in the
existingmicrocracks with two possibilities for its propagation—expansion or growth
from crystals. A consistent understanding of the expansion mechanisms associated
with DEF is a relevant issue for the durability of concrete structures because it
severely affects the behavior of the material by DEF expansions that often demand
a large amount of money to perform retrofitting or rehabilitation works. Another
chemical reaction that can generate internal swelling reactions (ISR) in concrete is
the alkali silica reaction (ASR) that can also affect the durability of the material
because it generates a similar cracking process like those from DEF. Expansions
from ASR also lead to a strong cracking process that severely affect the performance
of concrete elements with impact over mechanical properties of the material, both in
service and ultimate loading states [3–5].
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The chemical process of the ASR starts when the silica structure is dissolved
by the nucleophilic attack of hydroxide ion (OH−) that occurs due to its highly
degraded structure that behaves like a hygroscopic silica gel. The reaction product is
a gel known as alkali-silica gel, which is not harmful to the concrete [6, 7]. However,
this gel tends to swell when it absorbs moisture present in the concrete pore solution
and, if confined in the matrix, can generate internal stresses. As far as absorbs more
moisture, the pressures increase inducing the development of microcracks, which in
extreme situations, can lead to concrete rupture [5–8]. The pattern characteristics and
extension of the cracking process provide information on the mechanism of internal
expansion reactions and the magnitude of the microscopic damage to the concrete
structure, explained in [1, 3]. Many concrete design codes establish tests to assess the
potential reactivity of aggregates used in concrete production with a focus amortar or
concrete specimens [6, 7, 9]. On the other hand, the great challenge to be overcome
in the use of these methods is the reliability of the results provided and their ability
to represent the real situations found in the practices of the execution of concrete
structures [5, 7]. This subject is a very important issue for the construction industry,
which demands a hard-scientific work to link the field experience to lab prediction.
Previous researches have already shown that the occurrences of ASR and DEF in
concrete structures are important factors in decreasing the material’s strength and
strain properties [10, 11]. A comprehensive understanding of the damage in concrete
structures due to the combination of DEF and ASR effects is presented by Sanchez
et al. [1, 12] that reported low,medium and high values of decreases in themechanical
properties of concrete related with the level of expansion induced to the specimens
investigated.

It is a consensus among researchers of the theme that the necessary and sufficient
conditions for the occurrence of internal swelling reaction in concrete elements are
the existence of a source ofmoisture, the use of coarse or fine reactive aggregates, and
a source of alkalis hydroxides. This scenario is usually met in cities with ground-
water levels very close to sea level—an aspect that provides a greater contact of
moisture with the concrete foundations of buildings—where one uses concrete with
high equivalent alkalis content types of cement associated with any reactive mineral
contained in some aggregates.

2 Experimental Campaign

2.1 Visual Inspection

Visual inspection in one of the initial strategies used to investigate structural behavior
of concrete structures. It intends to find out signal of damage processes and the
occurrence of pathologies that can affect the durability and load capacity of reinforced
concrete elements. The type of visual inspection to be performed is dependent on
the class of information needed, i.e., inspection to gather information to identify
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Fig. 1 Cracking process found in pile caps investigated

construction procedures to produce “as built” documents and drawings, investigation
to identify pathologies in element and to extract drilled core samples for further
physical and chemical studies. In the studied case, pile caps of a residential reinforced
concrete frame building were inspected and mapped and Fig. 1 shows their situation
observed during the visual inspections performed. This is a 45-storey building with a
total height of approximately 120m that began to show the first signs of deterioration
of its foundations after five years of construction.

2.2 Drilled Concrete Cores Extraction

To assess damage in concrete elements, crack pattern obtained during visual inspec-
tion is not enough to obtain an accurate diagnosis and the extraction of cores close to
the surface mapping cracking areas is necessary to stablish the link field observations
and lab predictions.

Table 1 Drilled concrete cores information

Samples Extraction direction Tests

A, B, C and D Parallel to launch Point A—gas permeability (P-01)

SP-01 Parallel to launch Gas permeability (P-02)

SP-02 Parallel to launch –

SP-03 Parallel to launch Static and dynamic modulus; compressive strength
(AM-02)

SP-04 Parallel to launch –

SP-05 Parallel to launch Static and dynamic modulus, compressive strength
(AM-1A and AM-1B)

SP-06 Orthogonal to launch –
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Table 1 presents information about the drilled concrete cores, the direction of
extraction and the lab test that were performed for each sample.

2.3 Methods for Assessment and Analysis

2.3.1 Uniaxial Compression Tests

The strength of concrete is the property most valued by designers and quality control
engineers [13]. In fact, in concrete design the compressive strength is considered as
the main material’s quality parameter used to verify its compliance with standards
defined by concrete design code rules. This occurs because it is a relatively simple
test to do and its cost is not very high, when compared to other tests available to
assess other properties of the material [13]. Many factors affect its results, such as
aggregate type and potential reactivity, water-cement ratio (w/c), age of test, molding
process, curing, microcracks, porosity, and permeability, among others.

Compressive strength of concrete is affected when the material is deteriorated by
ISR. Previous researches have already shown how these reactions can directly impact
this material property, acting alone or in combination with other ISR [1, 3, 12–15].

According to Kubo and Nakata [16] apud by Sanchez et al. [1] compressive
strength is not very affected by the effects of internal expansion reactions from
ASR, even for high expansion levels, i.e., 0.30%. The author also reported that when
concrete is deteriorated by DEF combined with ASR or by only DEF expansions,
the loss of compressive strength in not so significant with value within the range
0.2–0.43%. By the other hand, when the ISR comes from ASR only, the loss of
compressive strength is more pronounced and it could reach to values around 20 to
35%, both results for high levels of expansions [1].

Three drilled concrete cores were identified and prepared to perform compression
tests (see Fig. 2). The ends of core specimens were prepared in order to have a flat
and perpendicular to the longitudinal axis surface. Sawing wasmade prior to capping
and it was performed to meet the following requirements: (a) projections, if any shall

Fig. 2 Drilled concrete
cores extracted from the
deep pila cap investigated
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not extend more than 5 mm above the end surfaces and (b) the end surfaces shall not
depart from perpendicularity to the longitudinal axis by a slope of more than 1.8 or
1:0.3 d, where d is the average core diameter. Capping of concrete cores was done
to assure perpendicularity and plainness demands.

Compression strength tests performed is this research was conducted at the GeM
Laboratory, University of Nantes, Saint Nazaire, France, using a servo hydraulic
compression test machine RP3000 DC/LC with a maximum load capacity of 2,500
kN.

2.3.2 Static Modulus of Elasticity Tests

The static modulus of elasticity of a material under tension or compression stage
can be calculated by the slope of the stress–strain curve of the concrete under axial
loading. Once the behavior of concrete under axial compression is markedly non-
linear, three types of static elastic modulus of concrete can be calculated: secant
modulus, tangent modulus and chord modulus. The differences among these three
possibilities lies in the way the slope of stress–strain curve form compression tests
is calculated [13]. Tangent static modulus of elasticity was calculated because it is a
property also used by designers and engineers to verify quality of concrete in order
to remove concrete shoring.

The elastic characteristics of a material contribute to the definition of its stiffness
which is also dependent on the degree of hydration andon thematurity of the concrete.
For a concrete, the characteristics of its phases is quite different as it can been in
Fig. 3) [17], fromwhich one can see that static modulus of elasticity of the aggregates
is usually greater than the elasticity modulus of the concrete that is greater than the
elasticity modulus of the cement paste.

As the drilled concrete came from a deep pile cap strongly loaded, microcracks
probably are present the interfacial zone transition inside the concrete mass. There

Fig. 3 Compression
stress–strain curve for
different phases of concrete
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is a stage in which the cracks in the transition zone remain stable—when the load
applied reaches to 30% of the ultimate load. In this stage, stresses and strains are
proportional and the σ − ε curve is linear. Static modulus of elasticity, also called
initial tangent modulus, is equivalent to the slope of a straight-line drawn tangent
to the curve σ − ε at any point on that curve [17]. Previous researches have already
reported that static modulus of elasticity of concrete is more sensitive to the effects
of the internal expansion reactions than its compressive strength [1, 3, 7, 12, 14, 15].

The occurrence of DEF expansions alone or DEF combined with ASR expansions
in the concrete can generate loss of stiffness of the material in a range of between
50 and 65%. When only DEF expansions are present the decrease in the values of
static modulus of elasticity can reach to 67% [1]. Reactive aggregates contribute to
concrete expansions process due to DEF and ASR [18].

2.3.3 Dynamic Modulus of Elasticity Tests

Dynamic modulus of elasticity of concrete is a parameter of the degradation and
durability of the material. Previous researches have reported that dynamic modulus
of elasticity value is often higher than the static modulus of elasticity, about 20, 30
and 40% for high, medium and low compressive strength concretes, respectively
[17].

The usual way of measuring dynamic modulus of elasticity is through an electro-
acoustic transducer installed on concrete surface that produces longitudinal vibra-
tions along the length of the element studied. Little stresses are applied during the
test and as a result there is no micro-cracking in the tested element and the dynamic
modulus of concrete is often associated with purely elastic phenomena and is, in fact,
a good parameter to assess material integrity.

Many standards describe methods to calculate the dynamic elastic moduli of
concrete samples using impulse excitation technique [19–21]. This procedure has
beenwidely used to assess concrete quality anddurability parameters because, among
its many advantages regarding the static tests, it provides more precise results due to
the lower number of variables involved and allows to follow the evolution of damaged
in the specimens tested—cracks decrease concrete rigidity and this decrease reduces
the natural frequency of vibration of the material [22].

The procedure comprises of firstly exciting a test object by means of a light
external mechanical impulse, and secondly of the analysis of the transient natural
vibration during the subsequent frees relaxation. This excitation is given in such
a way as to favor the desired vibration mode, i.e., a flexural vibration, a torsional
vibration or a longitudinal vibration. In the test, the vibration probe was placed at
one end of the specimen and the other received a pulse with the impactor, then
the frequency was automatically generated in the apparatus, and subsequently the
module was calculated, based on the standard [20]. The test procedure is illustrated
in Fig. 4 and the Eq. (1) used to obtain the dynamic modulus used was the following:



110 J. M. P. Q. Delgado et al.

Fig. 4 Dynamic modulus of
elasticity test scheme

Ed =
0.0016067 L3m .

(
1+ 5.173484 D2

L2 − 0.4883 D2

L4 − 5.28853 D4

L4
(
1+ 5.160942 D2

L2

)
)
F2

D4

(1)

where Ed is the dynamic modulus of elasticity (GPa), m is the mass of the specimen
being tested (g), L is the length of the specimen being tested (mm), D is the diameter
of specimen being tested (mm), F is the pulse frequency (kHz). According to ASTM
C215 [20], with nu = 0.2 the module was obtained.

The dynamic modulus of elasticity test was used to evaluate the degradation of the
drilled concrete extracted. The tests were performed at GeM Laboratory, University
of Nantes, Saint Nazaire, France and the equipment adopted was the Grindosonic, J.
W. Lemmens—Mk5 Industrial.

2.3.4 Gas Permeability Tests

Permeability is a property that governs the rate of flow of a gas under pressure
through the pore structure of a solid [17]. This property is useful to evaluate durability
characteristics of concretes and it is often performed measuring the gas permeability
of never stressed undamaged concrete specimens [23–25].

Picandet et al. [23] stated that the study of transfer properties of a cracked concrete
is of paramount importance in predicting its durability, because the leaching and
freezing processes depend on the flow of aggressive agents through the porous mate-
rial. Mechanisms such as ASR and DEF also depend on the flow of liquids or gases
in the microstructure to be generated.

Cracking process usually produce voids inside the materials, increasing its
porosity and also modifying the pore structure. Microcracks are connected until they
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generate macro cracks creating an interconnectivity that opens ways to the transport
of aggressive agents into element, compromising its durability [25–27]. Picandet
et al. [23] used the overall gas flow to control the cracking pattern in deteriorated
concrete samples and the authors reported a good performance of the procedure.

As a hardened concrete element is a thin porous body, the percolation of gas
through its structure can occurs through two modes of flow: viscous and slipping,
the latter referred as Knudsen’s flow [23]. To determine the non-viscous flow is often
the use of the approach proposed by Klinkenberg, where an intrinsic permeability
coefficient kv (m2) is associated to the viscous flow [28].

Modifications in the permeability values of a material can be related with an
evolution microcracking process, orientation and opening of cracks and, this way,
this parameter can indicate the level of damage imposed to a concrete element [24,
29]. Tahlaiti reported that the porosity of cement-based materials is strongly linked
with their transfer properties [30].

Permeability tests were performed in two concrete drilled cores of the pile cap
investigated. Samples with dimensions of 5 cm × 7 cm (height × diameter) were
prepared from the core fragments extracted. As the diameter of the cell of the perme-
ability test had a diameter of 10 cm, it was necessary to fill the empty space and this
done with use of silicone resin. This resin also had the function of waterproofing the
lateral surface of the samples. Figures 5 and 6 show an overview of properly worked
cores, prior to testing.

The drying of the specimens in a 60 °C degree temperature oven was performed
to stabilize the mass of the specimen, before the measuring its dry mass. For 12 days,

Fig. 5 Extracted samples in
pile cap investigated
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Fig. 6 Samples P-01 and P-02 prepared for the gas permeability test

Fig. 7 Layout of permeability equipment [23]

daily measurements of the mass of the specimens were performed until the variation
between one measurement and another was within the established tolerance.

The scheme of the permeability equipment was shown by [23] and demonstrates
how the sample is confined in the permeability cell (see Fig. 7). The complete appa-
ratus of the permeability equipment used in the test is shown in Fig. 8. Nitrogen was
the neutral percolating gas used and laboratory temperature and relative humidity
(RH) were controlled and kept constant during the tests—T = 17.8 ºC and RH =
76%).

2.3.5 Scanning Electron Microscopy (SEM) Tests

The scanning electronmicroscopy technique is often used for the analysis of damaged
concrete because it provides qualified information on the microstructure, such as
primary and secondary mineral phases in pores or cracks, morphology, chemical
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Fig. 8 Flowmeter equipment

composition and other data. In another analysis performed on concrete affected by
ASR, calcite, quartz and feldspar minerals were found in the veins of the aggregates
that developed the reaction, illustrated in Fig. 9 [31].

Leemann [31] investigated concretes drilled cores extracted from two concrete
structures—a bridge built in 1969 and a retaining wall built in 1980—and SEM
analysis were used to characterize the microstructure. Cracks in the aggregates filled
withASRproducts aswell as some fragments of calcite incorporated to the crystalline
ASR products were found in concrete cores.

The SEM used for tests performed was a ZEISS mVO®40 equipped with a Back-
scattered Electron (BSE) detector to determine the chemical composition. Themicro-
scopic characterizationswere performed on fresh fractures sections on concrete spec-
imens. The specimens were coated with a gold deposit for observations using the
SEM in High-Vacuum (HV) model.

Fig. 9 SEM equipment used
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3 Results and Discussion

3.1 Summary of ISR in Concrete Cores Compressive Strength

Compressive strength of tested concrete cores was 46 MPa. When this result is
compared with that expected from the evolution of these properties with the time,
according to prescriptions of several concrete design codes (44.13 MPa) one can
conclude that the ISR did not affect compressive strength of the concrete. This obser-
vation is consistent with previous research [11, 22, 32] and it can be explained by
the so-called stopping mechanism of the expansion cause by the aggregates [1]. This
observation confirms the conclusions of several studies that states that compressive
strength is not a good indicator to evaluate the effects of ISR on concrete [33]. In
the opposite direction, some researchers have reported a great impact generated by
ISR on the compressive strength of the concrete [34–36]. A possible explanation for
this divergence may be associated with the time difference in which the two tests
were performed. In fact, compressive strength tests were performed by [34, 35] after
a period of 430 days of the concrete exposure to an environment favourable to DEF
and the tests carried out in this paper were performed 19 years after the construction
of the deep pile cap investigated.

Furthermore, it is important to highlight that authors have already reported that
the effects of ISR over mechanical properties concrete is not a closed question with
definitive answers and apparently contradictory results are reported. But far from
being divergent, these results can be justified by the fact that the material response of
concrete to ISR is very dependent on the type and nature of the reactive aggregates
used [37, 38].

3.2 Summary of ISR in Concrete Cores Static Modulus
of Elasticity

Force-displacements values presented in Fig. 10 were converted into stress–strain
data to compute elastic modulus, using drilled concrete cores cross-section areas
and lengths. Three values of the static elastic modulus were obtained for samples
AM-1A, AM-1B and AM-02 and the average result obtained 16.72 GPa. This value
is quite distant from expected ones, obtained using prevision calculated taking into
account the evolution of static elastic modulus of concrete with the time provided
in concrete design codes (37.20 MPa). The results obtained represent a decrease
in the static elastic modulus of the concrete of approximately 55% that are consis-
tent with previous researches that reported decreases in static elastic modulus of
concrete within the range of 50–65%, for moderate expansion levels (0.30–0.40%)
and decreases close to 85% for high expansion level, 1% [33, 35, 36].
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Fig. 10 Force-displacement diagram

Results obtained are compatible with the extent of the cracking mapping process
found in the pile cap investigated that was formed due to the development of the
ettringite crystals.

3.3 Summary of ISR in Concrete Cores Dynamic Modulus
Elasticity

The average dynamic modulus of elasticity obtained for the concrete cores was about
21 GPa. This value is 26% higher than the static elastic modulus dynamic. This value
is consistent with previous researches that stated that dynamic modulus of elasticity
value of concrete is often higher than the static modulus of elasticity within a range of
20–40% [39]. Jalal [40] found, for undamaged concrete, values of dynamic modulus
of elasticity of 38 GPa. If one compares these values, it is possible to conclude that
ISR observed in concrete cores imposed a severe decrease in dynamic modulus of
concrete (close to − 45%) which, in fact, translates the cracking process observed
on the pile cap surface during the visual inspections and materializes the efficiency
of this parameter as a good indicator of concrete damage due to ISRs [23, 41–44].
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3.4 Gas Permeability

Values of permeability of concrete cores tested were 1.3 × 10–15 m2 and 3.9 ×
10–16 m2. These results show that the concrete presented a high permeability. In fact,
the usual values of this parameter for an undamaged concrete are in the range of
10–18–10–17 m [30, 31]. Values of porosity tests indicated 11.29 and 9.76% for the
two concrete cores investigates that high values compared with those available in
literature [6, 45].

The high values of the permeability coefficient can explain the intense cracking
process existing in the pile cap investigated that was the responsible for the early
deterioration process observed in concrete elements studied, situation consistent with
previous researches [2].

It is also important to highlight that the dynamicmodulus of elasticity is influenced
by the material porosity. As the concrete cores showed high porosity, this factor
contributed significantly to the decrease of the dynamic modulus of concrete studied
as it was already presented. This can be explained by the strong network of cracks
in the cement paste due the DEF mechanism that increase the density of cracks in
the samples.

3.5 Scanning Electron Microscopy (SEM)

In the analyses performed, some specific parts that indicated the presence of delayed
ettringite formation were chosen. The first point was 305, where the morphology
indicated that it was an aggregate particle with crystalline products. Figure 11 shows
this part of the sample, with a magnitude of 234×.

This particle analysed (see Fig. 12) showed in its chemical composition aluminium
and silica, indicating that there are components of delayed ettringite formation and
crystalline products of alkaline reaction [10] acting together.

At point 307 (see Fig. 13) analysed by SEM, it is possible to observe ettringite
crystals developed and filling a pore which corresponding chemical composition is
presented in Fig. 14, with the presence of Sulphur (S), Aluminium (Al) and Calcium
(Ca), aspect that confirms that it is delayed ettringite, aswell as Silicon (Si), indicating
that there are components of crystalline products of alkaline reaction [10].

3.6 Pile Caps Repair and Rehabilitation Design

The strengthening design was developed to rehabilitate all the blocks of the foun-
dation of the analyzed building. The mapping cracks observed on the surfaces of
all blocks, observed in the visual inspection, were injected with epoxy resin and the
horizontal cracks of large opening were “stitched” with F = 32 mm passive vertical
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Fig. 11 Aggregate particle with crystalline products of the alkali-silica reaction

reinforcement. The rehabilitation design aimed to provide the complete restoration
of the structural integrity of the element deteriorated to make it monolithic as well
as to prevent addition expansion.

The main hypothesis conceived was to assure physical restraint or containment
with encapsulation of the affected member by a surrounding non-reactive concrete,
applied stresses and supplementary use of active and passive reinforcement. Post-
tensioning with F= 32 mm Dywidag bars—ST 85/100 steel—was use in two direc-
tions. The bars were anchored in 16 mm steel plates placed on the pile cap lateral
faces as it can be seen in Fig. 16.

Additional specific conditions were adopted in the rehabilitation project:

• Elimination of voids inside the pile cap block investigated with epoxy injection
to restore the pre-cracking condition of the element;

• Restoration of the confinement and operation of the upper strut node in the region
close to the of the column;

• Avoid moisture to get into the concrete element;
• Adoption of confinement of the lower region of the blocks to avoid pile cap

interface failure;

Finite element analyses were performed to verify the level of load imposed to each
pile as a result of a distribution of stresses that occurred in the element investigates duo
to ASR expansions observed. Figure 15 shows the finite element model developed
and the normal forces in the piles of the foundation block studied.

Details of the pile caps repair and rehabilitation design is shown in Fig. 16.
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Fig. 12 Crystalline product of alkaline silica reaction

4 Conclusions

As a result of the intense cracking process observed in all the foundation pile caps
of the building and based on all the physical–chemical tests performed on drilled
concrete cores extracted, it can be stated that the concrete elements investigated
presented chemical alterations that significantly affected the integrity and durability
of the structure. Visual inspections indicated some alterations in a macroscopic level
that were all confirmed during the microscopic investigations performed. Both ASR
and DEF products were identified being the most frequent the latter one.

Besides the general considerations listed above, it can be concluded from the
various tests carried out that:

• The compressive strength of concrete cores tested was not affected by concrete
ISR, aspect that corroborate results of previous researches which states that the
compressive strength is not a good indicator of the effect of ISR in concrete
elements;
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Fig. 13 Ettringite crystals filling a pore
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Fig. 15 Finite element model of the pile cap investigated and normal force in the piles

• Dynamic modulus of elasticity showed to be a good indicator of damage induced
by ISR in the concrete element investigated;

• Rehabilitation procedures executed using using strengthening procedures to
provide the complete restoration of the structural integrity of the element deteri-
orated proved to be a good solution to retrofit pile cap deteriorated by expansions
due to ISR of concrete.
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Fig. 16 Strengthening design details of the pile cap investigated
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Waterproof Roofing System Pathology
Phenomenology Analysis
as a Background Support for Diagnosis
and Design

S. Croce and M. Fiori

Abstract Waterproofing membranes are subjected to thermal, physical, chemical,
and mechanical actions, which generate interactive stresses in the cover system.
These interactions, which affect life expectancy ofmembranes, depend on the chosen
technical solution of the flat roof system, materials used, geographical locations,
climate and weather conditions, construction method and usage. Therefore, water-
proofmembrane is subjected to stresses varyingover timeand space,whichdependon
decisions and actions taken during planning, construction, and management phases.
As for other engineering fields, the definition of procedures for the analysis of stress
phenomena, which occur mainly on the waterproofing element, would be desirable.
Of course, this would imply the development of focused experimental test methods
based on more sophisticated instruments like DMA. Modelling of aging phenomena
and early decay may serve as a tool of knowledge, able to ameliorate materials and
direct and optimize the design towards more reliable construction systems, avoiding
a blind and exclusive reference to codes of practice.

Keywords Building pathology · Flat roof · Polymer-bitumen waterproof
membranes

1 Introduction

Duration estimate of a cover system is extremely complex, both for the variety of
technical solutions and for the number of functional layers (see Table 1).

This number is matched by the significant hybridization of material within
construction systems, nowadays characterized by an intense evolutionary dynamism,
both in the field of waterproofing membranes and thermal insulation.
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Table 1 Functional layers
according to the Italian
standard UNI-8178-2 [1]

Analysis of elements and functional layers of continuous
roofing and design guidance for the definition of technological
solutions

1. Structural element

2. Thermal insulation element

3. Waterproofing element

4. Compartmentalization and hydraulic sectoring element

5. Mechanical fixing elements

6. Vapour control layer

7. Layer of structural continuity

8. Drainage layer

9. Filtering layer

10. Primer layer

11. Slope layer

12. Protection layer from mechanical interactions;

13. Separation and protection layer against chemical
interaction or physical–chemical properties

14. Layer or integrated set of single elements for protection
against physical and thermo-physical interactions

15. Hydraulic protection layer

16. Sun protection layer

17. Load distribution and stiffening layer

18. Geometric regulation layer

19. Ballast layer

20. Flooring layer

In the current technological context,weather-exposedwaterproof coverswithBPP
membranes can easily remain efficient for 20–25 years, when subjected to proper
maintenance [2–5].

Of course, during this time the membrane exposed to external factors undergoes a
slow stiffening which leaves it to increasing stresses of thermal origin and to greater
risks due to mechanical impacts.

In the absence of a criterion for useful life evaluation, one relies indirectly on codes
that can be used to evaluate the quality of a technological solution over another.

Quality of the solution can be compromised in a more or less severe way based
on the activation of disorder factors during design, construction and management
phases. Disorder factor identification can be carried out easily in retrospect while
proves to be more difficult ex-ante.

Despite the existence of codes, it is fairly known that waterproof seal failure and
consequent infiltration represents an important percentage if not majority of cases
brought to the attention of jurisdiction.



Waterproof Roofing System Pathology … 127

Reference to codes of practice is certainly important but not sufficient. As amatter
of fact, the evolutionary dynamism previously mentioned would require continuous
updates, both at technical and procedural level.

Current knowledge in roofing system design can be improved by studying the
phenomenological behavior of waterproof membranes at service. As a matter of
exemplification, we will refer to the functional scheme of an exposed membrane,
thus at the following technical solution:

1. waterproof membrane made with polymer bitumen BPP
2. thermal insulating panels
3. vapour barrier
4. structural element.

Thermal phenomena that can dynamically stress and deteriorate waterproofing
elements are:

1. solar radiation and air temperature;
2. night radiation towards the sky;
3. thunderstorms and hailstorms;
4. shape memory of the membrane reinforcement.

2 Thermal Phenomena Related to Thermal Exposure

A membrane directly subjected to solar radiation assumes a higher temperature
than the air one, which may reach up to 80 °C during summer. This depends on
geographical position and altitude. Sudden storms may drastically lower membrane
temperature.

Stress states associated with these phenomena depend on the absorption index of
solar radiation of the membrane, on characteristics and thickness of the insulating
layer, and on the overall technical solution. Dealing with thermal stimulation, one
must consider meteorological events such as storms and hail, which may lower very
quickly the temperature of the waterproof layer and cause a tensional thermal shock.

The rapid temperature decrease prevents immediate structural plastic recovery of
the BPP mass. Contraction takes place in the elastic regime on a non-ductile mass.
With storms, cooling speed is ruled by water temperature and surface run-off of the
membrane.

In the case of hail, ice grain deposit suddenly brings the temperature of the water-
proof mass close to 0 °C. Sudden temperature drops determine an enhanced tensional
state due to prevented contraction, which puts under stress adherence bonds on cover
support and edges. As we will see, punching action of the grains is enhanced by the
thermal shock.

From the point of view of thermal strains and resulting stress state, absorption of
thermal radiation coming from the upper atmosphere should be taken under consider-
ation. Temperatures may reach -55 °C in the troposphere. During clear winter nights,
large temperature drops can take place on exposed membranes characterized by a
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high absorption index. This phenomenon, whichmay also lead to frost formation, can
determine surface temperatures considerably lower than those of the air. Depending
on the altitude, values far below zero might be reached.

While solar radiation generates the strongest stress cycles during summer season,
when bitumen-polymer mass has greater ductility, in the case of sky radiation critical
cooling conditions occur as ductility drops or ceases due to low winter temperatures.
Stresses due to prevented contraction act on adherence bonds to thermal support and
edges.

3 Phenomena Related to Shape Memory
of the Reinforcement

The thermal factors analyzed are added to the shape memory due to production
process. During production of bitumen-polymer membranes, reinforcement layer
is subjected to traction due to of dragging action. This produces an elongation in
the reinforcement layer which then remains locked-in due to sudden cooling of the
waterproofmass and the subsequent rolling of themembrane. Stressing size is further
increased during the cooling by thermal conditions in the production phase.

Currently used reinforcements are made of continuous-wire NT polyester due to
their mechanical strength and high puncturing resistance. However, they are charac-
terized by poor dimensional stability and a high thermal linear expansion coefficient
[6, 7]. Amembrane reinforcedwithNT polyester shows stability values ranging from
0.7 to 1.0%. This means that a 10 m free cloth brought to viscous state can shorten
from 7 to 10 cm.

Combined pre-coupling with a second layer of fiber glass reinforcement
(composit), which is far more stable both geometrically and thermally, allows to
reduce instability at various degrees (see Table 2).

Inside the structure of BPP compound polymer characteristics are dominant
compared to those of the distilled bitumen. On its behalf, bitumen provides
waterproofing performances.

Table 2 Heat dimensional stability of BPP membranes evaluated according to the Italian standard
UNI-8178-2 [1]

Type of reinforcements Dimensional stability (%)

Non-woven NT polyester ≤ 0.5

Non-woven NT polyester pre-coupled with
mono-dimensional glass fiber

≤ 0.3

Composite non-woven NT polyester pre-coupled with
bi-dimensional glass fiber

≤ 0.2

Non woven NT polyester pre-coupled with reinforced glass
veil

≤ 0.1
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Thermal stability mainly depends on the thermoplastic behavior of the polymer
that has been used. Usually, the stability of the system is characterized with respect
to cold bending and heat dimensional.

Another key feature is shape stability that correspond to the limit temperature
above which the waterproof mass takes on a viscous behavior. But BPP mass quality
is a function of uniformity of the compounds. Typically, compound is further mixed
with filler to make the membrane more consistent to during installation and service,
and to make it more resistant to solar radiation.

The main purpose of mixing bitumen with polymers is to expand the thermal-
stability effective range to the one that would be necessary in the specific in situ
thermal conditions defined for a membrane.

Thermal stability refers to the ability of a compound to plastically adapt to daily
temperature variations, relatively slow, that characterize the solar year. This ability
must show while maintaining its “compactness” to be able to withstand operating
loads without damage. In addition, there is the need to endure stresses that are deter-
mined by expected thermal shocks, during which the membrane cannot immediately
plastically adapt to the new temperature.

In such cases, stresses related to prevented contraction develop on the BPP mass.
These are also due to adherence with reinforcement and can increase considerably.
For well-designed compound, such stresses are determined in a quasi-elastic regime.
A lack of this can lead to microcracks within bitumen outer surfaces for a membrane
excessively rigid and not appropriate to the context. Energy stored by elastic defor-
mation is then released through plastic relaxation which eliminates stresses in a more
or less rapid way.

In conclusion, thermal stability analysis of a BPP mass in a given thermal context
requires insights on both elastic and plastic behavior in relation to specific dynamics
of temperature changes. It is straightforward that effectiveness in terms of thermal
stability of a membrane installed in the Alps, where thermal shocks at low temper-
atures are possible, must be evaluated differently from that of a membrane installed
in Sicily.

In the first case, the need for a stability effective field shifted towards low
temperatures prevails, while in the second case this must be shifted towards high
temperatures.

To make another example, working in the Arabian desert the field of thermal
stability must be wider due to remarkable reduction in surface temperature at night
and significant overheating during the day.

4 The Prestress Condition of the Membrane

Going into details of thermally originated stress phenomena, it should be noted that
foils are in a state of prestress when laid in site. Reinforcement is under tension
which entity is derived from the extent pre-tensioning and thermal expansion during
production. On the other hand, BPP mass is under compression.
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Only after proper thermal exposure at high temperatures, larger ductility of
bitumen-polymer mass would allow reinforcement to resume its original size before
production process due to shape memory.

This is not the case if membrane is properly glued to the support and/or restrained
at its ends on the perimeter. Dealing with roof covers, each foil is indeed connected
to the other. In these conditions, reinforcement remains in tension since contraction
is prevented.

During service, tensions for prevented thermal contractions, due to lowering of
temperatures, further add up. As observed, stronger stress states occur in presence of
thermal shocks, mechanical-thermal actions due to hail or mechanical actions during
service.

Considering perfect stabilization betweenmembrane and a bitumen polymermass
that maintains itself sufficiently ductile and shows a continuous elastic (depending on
temperature) or plastic structural recovery, stresses arising from initial pre-tensioning
and from thermal cycles concentrate exclusively on reinforcement.

Remaining still and stable in size, this is not capable of transmitting tension
to the waterproof mass. Stresses inside bitumen polymer mass, in plastic phase,
depend exclusively on the speed of its plastic structural recovery, which is function
of temperature and its rate of change.

Of course, in the absence of correct stabilization by connection to support, the
membrane tends to shrink as reinforcement goes back to its original size at room
temperature. It should be noted that, even with stable reinforcement, shrinkage due
to thermal contraction from high temperature during pre-stressing in the production
phase to cooling in the water tank is still present.

Based on the above, one can state from amodelling point of view that, considering
a prefect stabilization of the membrane and a BPP mass appropriate to the thermal-
climatic context, reinforcement characteristics do not have relevance on the thermal
stress state that generates inside the mass. Of course, this is true in the absence of
disturbing factors which will be discussed later.

Reinforcement characteristics show relevance when dealing with dynamic and
static mechanical actions at service. An example of perfect stabilization is the case of
a membrane continuously well-glued to a concrete support, in which reinforcement
remains still even in tension. BPP mass is only affected by self-thermal stresses,
which result from its elastico or thermoplastic characteristics at varying temperature.
Reinforcement contribution is negligible.

In general, stabilization can of course be counter-acted by an implementation
that does not supply any adherence to support and perimeter and that is not able
to hold the membrane in initial geometric position. Further risky conditions can be
triggered by thermo-mechanical interactions with thermo-insulating panels that lay
underneath. These interactions can be attributed to design and construction mistakes
and can lead to additional stresses and breakdowns to those arising from membrane
destabilization.

Going into details of thermally originated stress phenomena, it should be noted
that foils are in a state of prestress when laid in site. Reinforcement is under tension
which entity is derived from the extent pre-tensioning and thermal expansion during
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production.On the other hand,BPPmass is under compression. Forces related to rein-
forcement elongation in the production phase depend on compound type, membrane
thickness, process speed, production line, machine settings and other plant features.

Several beliefs and opposing positions on force magnitude quantification can be
found on this topic. However, it can be stated that pre-tensioning magnitude is in
the order of 10 kg per linear meter. According to experts, operators and builders of
specialized machines for MBP production, an overall estimation ranges from about
20–30 kg/m to about 50–80 kg/m.

As previously discussed, stresses in the membrane at the time of installation arise
both from pre-tensioning during production and from thermal contractions prevented
by presence of the reinforcement and consolidated in cooling tanks.

High speed of the cooling process does not allow for plastic recovery of the
waterproof mass. Cooling can take place with water baths in tanks around 30 m long.
Another technique is based on the cooling action of a series of multiple cylinders of
large diameter, ending with less consisting water baths.

The choice of which cooling technique to use depends on membrane type and
surface finish, since it can favor passage between cooling rollers or not. Cooling time
relates to membrane advance speed in the production cycle, which can be greatly
variable, ranging on 1500–3000 m/h.

It depends on compound type, which can be more or less fluid, thickness and
reinforcement. Thermo-tensional state at service depends on production process and,
in particular, on cooling type, on advance speed.

Definitive stabilization of elastic and thermal elongation of the reinforcement,
consolidated after the heat shock, takes place during winding phase at 30–35 °C.
Reinforcement stabilization temperature can be hypothetically evaluated between
that of cooling bath immersion and winding.

Reference should be made to such temperature in order to assess the magnitude
of thermal stresses connected with temperature decrease at service. As a matter of
fact, membrane is in pre-tensioning state during installation phase.

Pre-stressing runs out, in longer or shorter amount of time, whenever the
membrane experiences maximum operating temperature. After this event, well-
stabilized reinforcement, properly attached to support and edges, stays still andunder-
goes tension. Obviously, tension increases with decreasing temperature, anyway no
tension is transmitted to the BPPmass. Dealing with thermal shock, BPPmass gener-
ates stresses in the reinforcement, since its contraction is prevented by reinforcement
itself.
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5 Current Quality Tests on Membrane Characteristics
and Dynamic Mechanical Analysis (DMA)

Going into details of thermally originated stress phenomena, as already noted, it
should be noted that foils are in a state of prestress when laid in site. Reinforce-
ment is under tension which entity is derived from the extent pre-tensioning and
thermal expansion during production.On the other hand, BPPmass is under compres-
sion. Forces related to reinforcement elongation in the production phase depend
on compound type, membrane thickness, process speed, production line, machine
settings and other plant features. In practice, criteria for the choice of a membrane
are based on mechanical characteristics of the reinforcement and ductility range of
the waterproof mass.

Regarding the thermoplastic mass, in commercial terms, reference is currently
made to cold bending and heat dimensional stability. Cold bending and heat dimen-
sional stability briefly express the concept of glass and viscose transition. These
features somehow give us an idea of ductility in extreme thermal conditions and an
overall indication on plastic structural recovery at the two temperatures.

Comparison between values of cold bending before and after thermal aging rather
provides indirect and, aswewill see, insufficient indications over progress andmodes
of membrane aging.

On the other hand, heat dimensional stability in the longitudinal direction shows
the value of potential shrinkage of the reinforcement,which represents shapememory
contribution on the potential displacement of the membrane on the edges, orthogonal
to foil direction, due to improper stabilization.

A further feature formembrane evaluation is the tensile strength.However, consid-
ering well-stabilized membranes, this has negligible importance regarding stress
phenomena of thermal origin.

It should be read instead when considering either external mechanical actions
or reactions connected with the membrane restrain mechanism. Anyway, it should
be noted that this separate procedure for quality assessment of reinforcement and
bitumen-polymer mass is not of help in defining membrane quality with respect to a
certain frame of conditions, but only in defining comparison analysis. It also gives no
information regarding complex rheology that characterizes the whole stress history
for a specific context.

In order to model the actual thermo-stress behavior, therefore the complex
rheology of the membrane as a whole and of the mass itself, it would be neces-
sary to carry on more specific analysis, focused non only on the temperature range
or, better, the range of temperatures in which glass and viscose transition actually
occur.

In order to model the actual thermo-stress behavior, therefore the complex
rheology of the membrane as a whole and of the mass itself, it would be necessary to
carry on more specific analysis, focused, not only at range of temperatures in which
glass and viscose transition actually occur, but especially on fragile elastic, elastic,
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plastic, viscous behavior active in the temperature range to which the membrane is
subjected.

Thermal, mechanical and rheological characterization of a BPP compound
behavior at service is possible throughDynamicMechanical Analysis (DMA), which
analyzes its behavior under stress at varying temperature.1

Test is based on tiny longitudinal torsions, during which one measures energy
stored within elastic deformation and energy dissipated through heat. No dissipation
arises within a perfectly elastic solid, since stresses and strains are in phase.2 On the
contrary, inside a viscose solid a phase delay of 90° is registered between stresses
and strains.

More frankly, things are much more complex inside a BPP mixture. Viscoelastic
polymers have intermediate characteristics for which a certain phase delay occurs
during DMA test.

Analyzed parameters are the stored shear modulus G′, which is connected to the
potential energy stored inside deformation, and the loss shear modulus G′′, which is
connected to the energy dissipated as heat through deformative plastic friction. Their
values are evaluated in a wide temperature range.

Their ratio is referred to as damping factor and allows for an evaluation of glass
transition temperature of the material. It can also be used to identify transitions
corresponding to othermolecularmotions, such as those due to compound anomalies.

Test execution on thermally aged samples allows to assess the performance of the
compound through time. DMA analysis shown in Figs. 1 and 2 refer to two BPP
membranes with different weight percentages of polymer and with the following
characteristics in Table 3. Diagrams show how the arc of temperatures, in which tran-
sition from an elastic-wise behavior to a plastic-wise one occurs, is large compared
to what would happen in a glass transition of the polymer.

As formembrane 1, damping curve peak is narrower. Slope prior to glass transition
is steeper, such that themembrane is subjected to larger thermomechanical variations,
within the same temperature range, with respect to membrane 2.

In addition, the viscoelastic branch covers all temperatures ranging from 0 C° up
to viscose stage, which starts long before the value obtained from heat dimension
stability test of 143 °C. This shows a high thermal sensitivity inside the range of
operating temperatures.

In the case of membrane 2, elastic branch reaches up to 50–60 °C with less steep
curve. Slope of the viscoelastic branch is steeper, which is a sign of instability.
Compound has a high thermal sensitivity within this branch.

DMA is also very useful to evaluate ageing process and during design phase of
waterproof mixtures. This type of analysis combined with TG Thermogravimetry
allows to assess in advance compound quality, techniques, thermal ageing speed,
presence of anomalies related to polymer position or BPP mass incompatibility.

1 Viscoelasticity and dynamic mechanical testing A. Franck, TA Instruments Germany.
2 The storage modulus relates to the material’s ability to store energy elastically. Similarly, the loss
modulus (G” or E”) of a material is the ratio of the viscous (out of phase) component to the stress,
and is related to the material’s ability to dissipate stress through heat.
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Fig. 1 DMAUnagedmembrane 1. Storage and loss shear curve shows a temperature range for glass
transition close to that of cold bending. For the majority of operating temperatures, the behavior of
the compound is within visco-elastic phase with a high thermal sensitivity

Fig. 2 DMAUnagedmembrane 2.Over operating temperature range up to 50–60 °C, the compound
works within the elastic field. Afterwards, the steep slope shows a high thermal sensitivity. The
viscous phase intervenes at lower temperatures than heat dimensional stability test
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Table 3 Test characterization of the two membranes according to italian standard

Membranes N° 1

Unaged 28 90 180

Cold bending (°C) 0 10 15 25

Compound softening point (°C) 143 143,5 146,0 146,0

Bitumen weight (%) 43

Polymers (%) 6

Filler CaCO3 weight (%) 51

Compound phase dispersion (1–10) 4 bad 4 bad 4 bad 4 bad

Membranes N° 2

Cold bending (°C) − 15 − 10 − 5 5

Compound softening point (°C) 143.0 143.5 146.0 146.0

Bitumen weight (%) 70

Polymers (%) 24

Filler CaCO3 weight (%) 6

Compound phase dispersion (1–10) 10 good 10 good 7 med 7 med

Starting from these data and by using transfer functions, it would be possible to
perform congruence analysis between rheological characteristics of a membrane and
a context of thermal environmental conditions.

6 Phenomenological Analysis of BBP Membrane Behavior

Thermal, mechanical and rheological characterization of a BPP compound behavior
at service is possible through DMA Dynamic Mechanical Analysis, which analyzes
its behavior under stress at varying temperature. Based on what explained, it is
necessary to distinguish between three situations:

1. When installed membrane is a pre-stressed micro-structure: no tension is trans-
mitted to edges or support. However, the membrane shrinks during subsequent
temperature drops, thus transmitting shear stresses to horizontal constraint
surfaces and “pelage” traction on vertical cuff to the support. In this case,
stresses related to prevented thermal contraction depend on the temperature
during membrane installation. In this situation, the membrane reacts as a single
body, therefore, stresses due to prevented thermal contraction increase with BPP
mass stiffness due to prestressing.

2. Following decompression and waterproof mass relaxation due to exposure at
high temperature, reinforcement is stabilized under traction from support and
perimetral adherence. Such stresses depend on prevented thermal contraction,
which is evaluated from pre-stressing temperature and impediment to shape
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memory recovery. In this situation, reinforcement under tension remains immo-
bile and therefore does not affect the stress state in the BPP mass. On the
other hand, thermal contractions of the bitumen mass are constrained by the
reinforcement and can further generate stresses within the presence of thermal
shocks.

3. Due to installationmistakes, themembrane detaches from the support andmoves
away from the perimetral edges. In this situation, the membrane decompresses
and reacts thermally as a single body, being free to contract and expand.

As we shall see, this situation is the one that generates the biggest problems linked
to the formation of folds. Going into the merits of stresses that arise during tempera-
ture variations, it is necessary to observe that membrane structure is commonly orga-
nized in three layers: the internal one facilitates bonding and contributes to water
resistance, the middle one provides mechanical strength, the outer one maintains
water resistance against deterioration driving forces of the context.

Furthermore, membrane is constructed with two materials, reinforcement and
BPP mass, which are characterized by different thermal expansion coefficients and
therefore may undergo stress interactions as previously observed.

Interactions differ for the three considered cases. In the first case (membrane right
after installation), pre-stressing state increases bonding between the compound and
the reinforcement. Membrane is characterized by a strong interaction among layers
at varying temperature.

For stress analysis, reference could be made to the classical concept of linear
expansion coefficient, keeping in mind that pre-stressing of the waterproof mass
generates higher stresses due to the larger plasto-elastic “modulus”.

All the cover edges are interested with cyclical traction starting from the temper-
ature at mass installation. In the second case, the bitumen polymer mass is no more
pre-stressed while the reinforcement, retained still at the edges, undergoes tension:
it cannot transmit any stress to the waterproof mass.

BPP mass and reinforcement stress never interact, except for the already
mentioned cases involving thermal shocks. In the third case, the membrane detaches
at transversal edges, and thus expands and contracts freely. Reinforcement and
bitumen-polymer mass interact in a complex way.

While stress action of the waterproof mass, more rigid, prevails in contraction
at low temperatures, the action in the reinforcement tends to be superior at high
temperature due to a greater level of ductility.

With this regard, it should be noted that in a bitumen-polymer compound the
elastic modulus increases when temperature decreases and stress due to thermal
contraction increases.

Also, thermal expansion coefficient varies with temperature. As a matter of fact,
in order to evaluate the stress state due to thermal contractions, proper laboratory
characterization must be performed. Overall, as the membrane is no more restrained,
dislocations occur during contraction. On the other hand, dislocations are prevented
during expansion and folds arise.
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It is evident that current evaluation features of membrane behavior are not suffi-
cient to assess the real behavior of membrane at service. This may lead to both
oversize and undersize the design.

As previously stated, reinforcement is stretched through pre-tensioning and
temperature increasing during production phase. This elongation is maintained by
sudden stiffening of the bitumen-polymer mass, which occurs during cooldown and
consolidates membrane prestressing together with final winding.

When it gets unrolled for installation, the membrane is in a pre-stressing state:
reinforcement is kept under tension by the bitumen-polymer mass which is in a state
of compression. Prestressing is depleted when the membrane is kept for a certain
time at maximum operating temperature. Reinforcement remains under tension with
stabilized membranes. Otherwise, recoverable size scatter and dislocation might be
very consistent.

Various qualitative models can be used to further study stress phenomena in the
membrane after installation. Let us consider the study case of an APP bitumen-
polymer sheet which is still in a state of prestress after installation. The sheet is
simply supported on a non-stick surface, thus free to expand and contract.

By increasing and keeping temperature at 80 °C for a certain time, the waterproof
mass acquires greater ductility and this favors structural recovery. Reaching towards
temperature of heat dimensional stability, recovery is faster due to softening of the
bitumen-polymer.

As compression in the bitumen-polymer mass fades, reinforcement resumes its
original size unless permanent elongation has occurred. Therefore, fabric shortens
longitudinally while expanding in the transversal direction. Entity of the deformation
depends on the shape memory and the difference between prestressing temperature
and that of the membrane.

Transversal deformation is more consistent than the longitudinal one dealing
with anisotropic fabric, longitudinally reinforced with fiberglass. This is not true
for perfectly isotropic reinforcement.

Having reached this condition, sheet size is further reduced due to thermal contrac-
tion if the sheet undergoes a slow cooldown towardsminimumoperating temperature.
By acting as a single body, contractions occur starting from edges towards center, as
it happens for thermal contractions at service.

Let us consider the study case of a BPP bitumen-polymer sheet, which is placed
on a non-stick surface and restrained at front ends after installation. By increasing
and keeping temperature at 90 °C, the waterproof mass acquires greater ductility,
and this leads to depletion of prestressing.

Reinforcement could resume its size, however such event is prevented by the
restrain on the foil and at the ends. Restraints are slowly loaded by a force, which
increases up to the prestressing load used inside production, enhanced by the specific
prevented thermal contraction of reinforcement. This depends on the difference
between prestressing temperature and 90 °C.

Let us observe that the stress value to which the reinforcement is subjected during
pre-tensioning does not depend on its tensile strength. Let us consider the bitumen-
polymer mass to be designed and chosen in such a way that the effective range of
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ductility, the so-called thermal stability, corresponds to the average hour temperature
trend during the year at a specific site.

By lowering temperature from 90 °C down to the minimum operating one, with
a speed that allows for a slow plastic structural recovery due to plastic memory,
stress fromprevented thermal contractions involve reinforcement only.When thermal
shocks occur, the elastic behavior of the BPPmassmay generate a consistent increase
in stress and trigger membrane destabilization.

As previously examined for the restrained membrane case, and as opposed to free
membranes, waterproof mass does not get involved in the reinforcement stress state.

A sound hypothesis is that overlapping connection might relax between sheets,
reducing and deactivating such stresses. Thiswould be true if all the overlaps between
sheets were aligned. However, installation procedure of membranes prescribes stag-
gered overlaps. This is done to avoid the overlap of 4 layers at junction between 4
sheets.

Dealing with such an installation scheme, overlaps prevent this translation and
stabilize each sheet in their mutual position: membrane behaves as a single body. If
it were not so, we would always deal with slipping, even significant, at overlaps.

In conclusion, without considering any disturbing factors activated during design,
construction or management phase, or that could be related to stress interaction with
the support, membrane duration does not rely only on continuous structural plastic
recovery of the BPP mass and reinforcement stabilization, which corresponds to
the preservation of traction. As a matter of fact, this depends on the efficiency of
stabilizing constraints through time.

In good practice, stabilization of an APP bitumen-polymer layer is carried out,
not only by bonding the membrane to the insulation support, but also through bond
at the edges.

It should be noted that semi-adherent “flame” installation, which reaches
maximum extension up to 30%, strictly relies on the operator skills. Therefore, it is
not always sufficient to properly stabilize the membrane. In addition, the insulating
support must be suitable for the task.

Let us remark the importance of the perimeter bonds along the side transversal to
the foil, which act as an element of safety since this is the only constraint to a solid
body.

In practice, this constraint should be made perfectly adherent and continuous.
Dealing with less stable reinforcement, mechanical retains should be introduced.

7 Disturb Factors that Can Shorten Membrane Life

Besides issues related to stresses transmitted from the insulation support to the
membrane, the appearance of widespread wrinkles and cracking is typically
connected to destabilization of the membrane.

As a matter of fact, it is very difficult to find wrinkles when reinforcement is kept
under tension. In such a case, reinforcement is in a state of limit extension and it has
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no longer available the dimensional resources which would be required for wrinkles
to form.

Detachment from the edge of the roof area orthogonal to panels causes the gener-
ation of transversal wrinkles with respect to sheet direction, longitudinal, diagonal,
or fanned at corners.

Corrugation quickly leads to cracking as consequence of fatigue phenomena due
to repeated thermal bending. Especially at low temperatures, a lack of ductility in
the waterproof mass generates stresses in the reinforcement. These are alternatively
induced by traction in the external and internal waterproof mass.

Certainly, poor support adherence or its deterioration, due to motion of the
shrinking membrane, exhibits, further exposes the membrane to wind action.

Detachment from the edges of the roof could be also triggeredwhenever insulating
panels are not installed by a perfect combination under pressure. In presence of
poor support adherence, stress in the reinforcement and thermal contraction of the
membrane may determine the displacement of the membrane from the edges, due to
approaching panels. This leads naturally to the formation of wrinkles.

However, even with proper bonding of the insulation panels to the support in
presence of high thickness, the opening and closure of a joint cavity that arises from
cyclic temperature variations, produce “fatigue” cyclic stresses in the membrane
which can quickly lead to wrinkles and cracking (see Figs. 3 and 4).

The outcome is dependent on the reinforcement type. Anyway, the situation is
aggravated with sheets being installed in the same direction of the continuous joint
among staggered insulation panels. Instead, formation of wrinkles orthogonal to the
sheet direction by overlap stiffness.

Fig. 3 Corrugations due to gap presence between insulation panels
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Fig. 4 Cracking due to
thermal contraction before
precompression destabiliza-
tion phase. Cracking is
favored by reinforcements
anisotropy and the
continuous joint between
panels oriented in the
longitudinal direction of the
sheet

By the way, let us observe that a defective restraint of the insulation panels to
the support exposes the membrane to repeated lifting due to wind gusts. This can
generate stresses on cuffs which may bring the restraint to collapse.

During overheating of summer days, membrane temperature can reach values of
around 80 °C. At these temperatures, ductility of the BPP mass slowly deactivates
the pre-stressing state of the BPP mass. The membrane no longer works as a single
body. Tension in the reinforcement, due to prestressing of the waterproof mass, are
slowly stabilized as they are transferred to the adherence system to the support.

Shear stresses on support connection and pelage stresses on side cuffs begin to
activate and increase.

In the case in which these tensions lead to failure of support adherence, reinforce-
ment slowly resumes its original size due to shape memory and thermal contraction
starting from the temperature of prestressing during production.

After this relaxation phase, reinforcement and bitumen mass behave as a single
body at temperatures sufficiently far from heat dimensional stability. The membrane
undergoes thermal expansions and contractions which generate stresses all along the
perimeter.

Let us point out that considering a membrane with an adequate ductility range for
the site, by adopting a reflective protection, decompression of the bitumen mass is
theoretically prevented as the required temperature is not reached. Stresses along the
perimeter are due only to the low thermal loading, since thermal contraction caused
by production temperature is prevented by prestressing. Of course, stress on support
links increase with the stiffening connected to aging. Reaching this condition, if
serviceability of the protection is not to be maintained, the pre-stressing state gets
deactivated, and the stabilization task is transferred to the support.
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Risks concern the adoption of polymer panels which undergo softening at temper-
atures close to 80 °C. In this case, overheating reduces the ability of the panels to
stabilize themembrane and this happens for temperatures that determine the recovery
of shape memory.

Formation of wrinkles is the consequence of detachment at edges orthogonal to
the development of the edges. These can be:

1. transversal;
2. longitudinal;
3. diagonal developing from fixed points or corners, mainly oriented in the

direction of the sheets;
4. diagonal developing from fixed points or corners, oriented towards cover center.

These corrugations are caused exclusively from repeated shortening and length-
ening of the membrane, due to thermal contraction and expansion.

7.1 Wrinkles Transversal to Sheet Direction Caused
by Decompression and Subsequent Free Dislocation
of the Membrane.

After a thermal contraction, the following longitudinal expansion is partially
prevented by support friction. The membrane expands more easily by corrugating
transversally with respect to the direction of installation (see Fig. 5).

Fig. 5 Transversal
wrinkling due to detachment
from orthogonal edges to the
direction of sheet installation
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Sooner or later, repeated “fatigue” bending of the bitumen-polymer mass leads to
cracking.

7.2 Longitudinal Corrugations to the Sheet Direction,
Caused by Dislocation of the Membrane

Consistent “longitudinal wrinkling” might add up to transversal corrugation. As
a matter of fact, let us remark that, at installation, sheets display themselves as
longitudinally stretched, while laterally shortened (see Fig. 6).

Loss of the stabilization constraints allows the membrane to expand transversally
to the sheets during thermal expansion phase, and the reinforcement to resume its
shape. However, double-layer overlaps act against this. When entering compression,
themembrane finds its freedom to expandwith the formation of longitudinalwrinkles
in areas of low adherence. Afterwards, these wrinkles develop into cracks due to the
cyclical nature of thermal loads.

All of this happens more easily either in the case of reinforcement with no fiber
glass coupling, that proves to be more unstable, or in the case where polyester is
reinforced only with longitudinal fiber glass, therefore anisotropic.

Fig. 6 Longitudinal corrugation due to relaxation of the membrane. Reinforcement was polyester,
reinforced with longitudinal fiber glass, therefore anisotropic
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Fig. 7 Corner corrugation,
horizontal and vertical

7.3 Diagonal Corrugations Caused by Dislocation
of the Membrane

Detachment from transversal edges with respect to the sheet direction occurs far
away from the corner, while it is prevented or resisted at corners. As a matter of fact,
dislocation of the sheet end is retained by vertical side cuffs (see Fig. 7).

This determines diagonal corrugations on the horizontal plane, mainly oriented in
the direction of the sheets. Over time, the vertical side cuff of the sheet gets dragged
and this determines the formation of diagonal corrugations on it, developing from
corner upper end. Frequently, this leads to overlap disconnection.

7.4 Diagonal Corrugations Due to Thermal Contraction
in Prestressing State

A particular aspect to highlight is the rise of edge detachment and diagonal wrinkles
oriented towards cover center, even within a short time after membrane installation.

The bitumen mass is still in the prestressing phase and it is therefore relatively
more rigid. As previously noted, such condition makes the membrane behave like a
single body, regardless of the direction of installation of the sheets.

As temperature lowers from that of installation to the minimum operating one,
stresses due to prevented thermal contraction increase consistently for stiffening
of the BPP mass. For less ductile membranes, such stresses can generate gaps all
along the perimeter and fan wrinkles at corners. Angle cuff resistance with respect
to thermal stress towards the center of the cover is significantly higher than that of
the edges further away from corners. Here, the cuff does not detach entirely with the
formation of fan wrinkles oriented towards cover center.



144 S. Croce and M. Fiori

7.5 A Particular Case of Wrinkling

A particular case of wrinkling is determined in paved roofs. The absence or insuffi-
ciency of side joint in the pavement might cause puncturing and cuff base dragging.
All of this takes place during summer, when the BPPmass ismost ductile and thermal
expansion reaches its maximum.

During the expansion phase, pavement sides get closer to the edge and translate
towards the corner.

In the absence of a suitable joint, the pavement might meet the membrane, which
gets dragged towards the corners. Dragging of themembrane is prevented from above
by its adherence to the vertical support.

During contraction phase, pavement that sits on the waterproofing prevents the
membrane from resuming to its position,

All this together creates wrinkles on the vertical cuff that radiate diagonally from
the corner. Angle is opposite to the one already examined above (see Fig. 7).

The phenomenon is cyclical so that effects grow more serious with time. Among
these, overlap disconnection and, even more critical, puncturing in the waterproofing
layer (see Fig. 8).

8 Stresses Under Service Loads

The stresses caused by thermal phenomena are aggravated by direct mechanical
actions such as foot traffic, technical devices supported directly by waterproofing
membrane, punching due to mechanical fixings of the thermal insulation.

Fig. 8 Corrugations due to floor contact with the waterproof cuff. Wrinkles have diagonal shape,
pointing down. Overlaps are detached



Waterproof Roofing System Pathology … 145

8.1 Stresses Caused by Permanent Loads

Machinery, signs, and similar elements are often placed directly on rooftop
membranes. These should be always provided with continues footings.

Certainly, placement over column-sustained plates is themost convenient solution
as it allows formembranemaintenance. Evidently, this becomes evenmore necessary
when working on existing roofs and mandatory in the case of mechanically fixed
membranes.

This solution also makes repairing interventions less expensive as they would
require disassembly and replacement of machinery.

While for point-wise loads deformation depends on the mechanical interface
between the membrane and the support, in the case of distributed loads, sinking
depends exclusively on deformative characteristics of the insulation panel under
load.

Resistance to deformation under 10% load is assessed by EN 826, however, this
test has a general application. Regarding roof covers, it is necessary to define some
limitation. Table 4 shows a UNI standardization proposal aimed to be of reference in
the design. It is based on the definition of a minimum value for compressive strength
(kPa) at 10% deformation.

For example, a material with compression strength at 10% deformation equal to
50 kPa must carry a minimum load up to 5 kN/m2 (10% of what declared).

In this regard, fibrous materials are more sensitive as they typically show a lower
compressive resistance in comparison to synthetic materials.

For example, keep in mind that distributed loads associated with elements such
as air treatment units (including the additional design snow load) can range around
6–8 kN/m2. This corresponds to a pressure equal to 6–8 kPa, which leads to the

Table 4 Possible compressive resistance and ultimate load on thermo-insulating layer

Category Type of coverage Minimum
compressive
strength (kPa) at
10% deformation
(mineral wool,
wood fibera))

Minimum
compressive
strength (kPa) at
10% deformation
(other insulating
materials)

Ultimate load on
thermal insulating
element kPa

1 Covers accessible
for maintenance
alone without
heavy protection

≥ 50 ≥ 100 5

2A Covers accessible
for roof and
machinery
maintenance

≥ 60 ≥ 120 6

Prospect is valid for a thickness of the thermal insulating element ≤ 20 cm in one or more
homogeneous layers, with the exception of Category



146 S. Croce and M. Fiori

need of adopting materials with compressive strength at 10% deformation equal to
60–80 kPa.

Of course, one should evaluate whether the sinking of the thermal insulation layer
and the resulting extension of themembrane is bearable by thewaterproofmembrane.
In order to evaluate admissibility of such an extension, it would be necessary to know
the actual stress/strain curve of the membrane. This would make decisions less hasty
than those currently adopted.

A UNI code proposal for BPP membranes prescribes a maximum deformation of
3 mm for thermal insulation layer, which is considered acceptable by waterproofing
practice but it is not experimentally tested.

This means that for a support made of a polymer thermal insulation layer with
20 cm thickness (today considered as a standard), maximum percentage of defor-
mation of the panels should be equal to 1.5% (3 mm). This value is still very low
compared to 10% as indicated by the standard EN 826.

Of course, one should know the actual stress/strain curve to perform an experi-
mental check on the stresses activated by a 3 mm sinking. The same also applies to
stress checks in the membrane.

Incidentally, let us remark that machinery loads are usually applied when the
membrane is still under pre-stressing and the stress response is characterized with a
strong interaction between waterproof mass and reinforcement.

Only after the relaxation of the waterproof mass, stresses shift on the reinforce-
ment. For this reason, installation should be carried out at temperatures quite distant
from cold flexibility in order to immediately stabilize the sinking.

Membrane stress state close to base edges depends on the geometric shape of the
base. Sharp edges determine dangerous shear actions, while in the case of a properly
curved base, starting from bottom, the membrane is only subjected to traction. In
addition to those already highlighted, one critical aspect of this solution concerns
strong temperature difference between loaded areas and the external one.

Pre-stressing of the membrane within protected areas lasts over time since they
hardly reach the 80–90 °C of outdoor areas. Instead, the exposed area can reach
plastic memory over time. Membrane stress state at edges is enhanced by rigidity of
the constraint with respect to stresses connected to support sinking.

Of course, high temperature in loaded areas can also be determined by the presence
of hot parts in the machinery and change accordingly the phenomenology.

Another aspect to consider concerns the possible presence of vibrating equipment
which loads membrane side with fatigue phenomena.

In conclusion, let us highlight that stresses increase with time due to ageing and,
therefore, stiffening of BPPmix. This process can accelerate in presence of reflective
surfaces in the machinery.

A special case of distributed load is associatedwith “floating” square floors placed
over plastic supports.

This is a solution that protects waterproofing from direct solar radiation and
reduces thermal and mechanical shocks in the presence of hail.

Control of the sinking connected to the load requires of course a correct design. In
the case that such pavement was reserved to public use, with a loading usually equal
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to 4 kN/m2, by considering a typical mesh of 50 cm× 50 cmwith a self-weight equal
to 1 kN/m2, this would lead to a load of 1.25 kN on each support, since 4 flooring
elements converge on each support.

Load distribution support, meant to avoid punching, must not have sharp edges,
and have surface areas of more than 160 cm2 and sides exceeding 10 cm. Finally, let
us observe that concentrated loads depend on people passing through and positioning
of loads, such as heavy flower boxes, that can be done even at low temperatures and
in the presence of membranes with insufficient cold flexibility, which can generate
dangerous microcracks.

8.2 Stresses Caused by Punctioning Actions

Actions able to cause a puncture of the waterproof membrane may be of man-made
origin, such as trampling, or of technological origin such as the supports of ducts
and plant pipes, or also weather-determined, such as hailstorms.

In general terms, it is necessary to distinguish between perfectly rigid supports
and deformable supports such as insulation panels. The first case is not critical
and as a matter of fact they operate as a load distribution layer. Only during
summer overheating, membranes with low flowing temperature may be subjected
to footprints.

However, it should be noted that membrane overheating might locally increase
during summer season due to reflection of solar radiation caused by reflecting
machinery and piping surfaces. In such circumstances, the abnormal softening state
exposes the membrane also to premature aging.

In the case of deformable panels, membrane deformation and relative stress state
depend on the punching resistance of the support and the waterproof membrane. In
contrast to distributed loads, the sinking of the insulating material under punching
loads is opposed by the material next to punching shear area.

Membrane resistance to local sinking interactively depends on the characteris-
tics of the substrate and those of the membrane. Regarding the stress regime, it
is necessary to distinguish between membranes adhering to the support and inde-
pendent membranes. In the first case, membrane deformation is more concentrated
due to support coupling. In the second case, stress interaction is less consistent and
membrane deformation are larger. Of course, sinking and membrane stresses depend
upon its temperature.

For the case of hail, tensions are enhanced by the punching speed and the thermal
shock. The significantly cooledmembrane assumes a rigid-elastic behavior, therefore
it is not able to quickly recover its plastic memory.

Under the punching action of a grain, the bottom of the membrane undergoes
traction. Whenever punching load determines the overcoming of the elastic phase,
fractures are triggered and become the source of infiltration.
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During winter, foot traffic, which also operates in a dynamic way, determines
dangerous tractions on the lower surface of the membrane due to its rigidity. There-
fore, fractures due to compound fragility may activate in the case of non-appropriate
compounds to the climatic conditions or excessive sinking of the insulating layer.

In summer, the faster plastic recovery of themembranemakes deformation depen-
dent only on the reinforcement and the insulating layer characteristics. It is neces-
sary to distinguish between solutions with mechanically fixed insulating panels and
membrane glued on them, and solutions in which underlying elements are glued and
the membrane is mechanically fixed (see Figs. 9 and 10).

In relation towhat has been previously observed, panel sinking under concentrated
loads is greater since themembrane is not gluedon the support. In the case of a concen-
trated load close to a mechanical connection, membrane downward displacements
are opposed by the mechanical fastening. Membrane undergoes different stresses
depending on the type of mechanical connection.

Fig. 9 Refurbishments in
correspondence of
mechanical fixing shafts, due
to insufficient compressive
resistance of the insulation
panels

Fig. 10 Deformation of the
mechanical fixing shaft due
to direct load
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In the case of plate attached underneath the shaft (pull over), device dimensions
prevent puncturing for near sinking under load. However, they generate traction.
Load on top of overlaps next to the plate might lead to local detachment.

Direct load on the plate can generate distortion, shaft rupture, anchorage deactiva-
tion due to current significant thicknesses of the insulating layer. In the case of plate
unattached to a shaft (pull over), sinking of the insulating layer close to the device puts
the membrane in contact with the mounting rod. Punching shear is generated which
can lead to puncturing. Direct foot traffic not only makes perforation very likely,
but also exposes the rod to deformation or rupture, creating problems of membrane
stability.

In the case of plate unconstrained to the shaft and provided with a sleeve (pull
through), sinking of the membrane does not determine tensioning actions in the
membrane.

Regarding the membrane, two characteristics are to be evaluated: punching resis-
tance (EN 12730) and tearing resistance (EN 12310). As far as thermal insulation
panels, the feature that should be evaluated is the resistance to concentrated loads,
in accordance with the EN 12430.

8.3 Mechanical Stresses Caused by Wind Action

Wind on the cover determines alternating pressures and depressions which intensify
at cover edges, and, in particular, at corners.

In order to analyze phenomenology of membrane constraint against wind action,
it is necessary to take into account the entire stratigraphy. Membrane and other
underlying elements of the roofing systemmust be kept in place without dislocations
(see Figs. 11 and 12).

Regarding membrane stability, this can be ensured by adherence or mechanical
constraint.

Fig. 11 Lifting of
waterproof membrane due to
wind action in the presence
of insufficient tensile
strength of thermal
insulation panels, restrained
with mechanical fastenings
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Fig. 12 Urgency ballasting
of a membrane detached by
the wind

8.3.1 Adherence Constraint

This constraint can be either continuous over the whole surface, or partial. In the
first case, stresses present very low values per unit area. In the second case, related
to torch applied solutions, the adherent surface is reduced to 20–30% of the whole
cover and it depends on operators’ quality.

A high value for wind traction can be estimated at 2.0 kN/m2. On the safe side,
adherence system and thermal insulation element must ensure a useful tensile resis-
tance, calculated as orthogonal to its main plain, equal to 10 times the value of design
wind action.

For torch applied systems, vertical tensile strength to be used must be correlated
as directly proportional to this value. For example, tensile resistance for both glue
and insulation panels over an effective adhesion surface equal to 20% shall be equal
to 4 times the resistance offered by continuous adherence.

Of course, lower adherence values might determine critical situations. In this
case, depression actions caused by repeated wind gusts can produce small, repeated
liftings that put the membrane in tension.

In the presence of less constrained zones, these vibrating liftings generate peeling
actions that gradually lead to the enlargement the detached area. These actions are
mainly concentrated on edges and cuffs and can lead to the complete dislocation of
the membrane (see Fig. 13).

Adherence bond between membrane and insulation panels does not only depend
on adherence medium quality (primer, glue), but also from panel quality itself. These
must have a perpendicular tensile strength with respect to the main faces in agree-
ment with wind-generated tractions on the membrane. Actually, the critical aspect
is the delamination of the insulation panel. For such reason, it is necessary to set
mechanical quality of insulating materials with respect to the meteorological condi-
tions of the site. Less-durable materials require special attention and, if necessary,
further mechanical fasteners especially at cover edges (see Fig. 14).

The following are current values of tensile strength for the materials that are
typically used as roof thermal insulation elements:

• polystyrene panels ≥ 100 kPa;
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Fig. 13 Dislocation due to
wind for insufficient
adherence of the membrane
to the support

Fig. 14 Delamination of
surface treatment of
polyurethane panels

• rock wool panels ≥ 15 kPa;
• polyurethane panels ≥ 30 kPa.

As shown, there is a high difference between listed materials with a greater
sensitivity of fibrous materials, such as rock wool.

On the safe side according to the UNI 11442 [8], thermal insulation element
must ensure a useful tensile strength (measured according to UNI EN 1607 [9])
perpendicular to the main plane equal to 10 times the value of design wind action.

Therefore, even for design wind pressure values not very high and equal to 2
kN/m2, it has been discovered that, for certain types of material, one should proceed
with the selection of high-performance products. That is especially the case for side
areas and corners, where wind action is essentially very high.

A particular case concerns polystyrene which has a glass transition temperature
that can start to 75–80 °C.
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Fig. 15 Lack of restraint
between membrane,
insulation panel and support.
Overlap of thermal insulation
panels due to wind action

Above this temperature, the material enters plastic phase. Surface softening
reduces mechanical properties and adherence to the membrane.

In such conditions, there is the risk that the non-perfectly attached membrane
may undergo dislocations during extraordinary afternoon wind phenomena. For
this material, it is necessary to take productive or systemic precautions to avoid
its overheating.

One solution is to treat the membrane with reflective paintings. At the perimeter,
adherence constraint might be reinforced with ballasts obtained through homoge-
neously distributed elements (gravel) or through light square floorings. These are
solutions that prevent direct solar radiation and reduce membrane overheating.

A similar situation caused by softening of thesematerials at high operating temper-
atures may be caused by thermal shocks, such as hailstorms. Unexpected thermal
contractions may cause slips and detachment of the membrane (see Fig. 15).

8.4 Membrane Bond Through Mechanical Devices

Mechanical constraint may be realized through fastening of the waterproof
membrane, through fastening of the insulation layer and bonding of the membrane.
Mechanical constraint device is composed of contrast element (plate or linear
element), connection shaft, support constraint element (contrast element).

Regarding the mechanical device, its deactivation might be due to rupture or
deformation of the connection shaft (pull-out or loosening from support), to defor-
mation/detachment of plate/sleeve from the connection shaft, to pull-out or loosening
of the connection due to pulsing wind action.

Wind actions do not cause only traction along the shaft axis, but also flexural
effects due to movements of the plate caused by the wind. These are more difficult
to be supported by the shaft since its mechanical inertia is low.
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Regarding the importance of an efficient behavior of the device, let us note that
the deactivation of even a single mechanical constraint causes a load increase in the
continuous ones and the following risk of bringing them to collapse and triggering
collapses more and more extended.

The procedure of mechanical constraining a membrane at junctions (overlaps)
takes place according to the following steps:

1. installation of the first sheet and mechanical fastening of the membrane at
selvage;

2. installation of the second sheetwith proper overlapping, sheetwelding at selvage
with plate incorporation.

Themembrane is tensioned transversely to the sheets since constraints are concen-
trated at overlaps. Therefore, it is necessary to use membranes with isotropic
reinforcement.

Due to potential transversal expansion of reinforcement after relaxation period,
the use of membranes with polyester reinforcement strengthened with longitudinal
glass fiber easily leads to lengthening and wrinkling caused by vibrating lifting
during summer season. Of course, these actions integrate and enhance those that are
activated during and after decompression process of the BPP mass described above,
which evidently include those due to thermal contractions.

With this regard, it is necessary to point out that dealing with a simply supported
membrane, its tensile stabilization, as well as the one related to prevention of thermal
contraction, might be theoretically entrusted to shafts of the mechanical fasteners.
However, these show very low mechanical inertia with respect to the vertical axis.
Therefore, membrane stabilization would be substantially entrusted to improper
contact reaction between shafts and insulation panels, which tend to deform over
time under cyclic actions. The result is a slow and progressive assignation of the
stabilization function to the perimetral cuff. With this constraint solution, a perfect
mechanical connection of the perimetral cuff to the vertical support through a metal
bar becomes fundamental.

Wind-generated stresses in the membrane are due to contrast of the plate incap-
sulated between first and second sheet and contrast with the shaft of the perforated
lower membrane.

Stresses in the membrane generated by its lifting under wind action are different
depending on installation quality:

• Method 1: correct connection

If fastening is done in the correct way, this is placed leaving a minimum space of
10 mm between the plate and the edge of the sheet (see Fig. 16).

In this way, the plate compresses the waterproof cover against the support and the
action exercised on the membrane is of the kind indicated in Fig. 17.

The two sheets are subjected to traction and shear and the ultimate limit state is
connected to the tensile strength of joints between the sheets (UNI EN 12317-1 [10]
Determination of tensile strength of joints).

Tensile resistance of joints are:
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Fig. 16 Correct connection (space of 10 mm between the plate and the edge of the sheet)

Fig. 17 Action exercised on
the membrane

1. approximately 250 N/50 mm for non-woven fabric reinforcement of stabilized
composite polyester;

2. about 400 N/50 mm for non-woven fabric reinforcement of stabilized
continuous-wire composite polyester.

3. Method 2: incorrect connection

If fastening is done incorrectly, this is placed very close to the sheet edge (see
Fig. 18). In this way, the plate does not compress the waterproof sheet over its entire
crown against the support and the action exercised on the membrane is of the kind
indicated in Fig. 18: a limit state connected to tearing resistance of the membrane at
the nail (UNI EN 12310-1 [11]), which implies a larger set of problems.

Further variables that govern action intensity are:
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Fig. 18 Incorrect
connection

1. compression capacity of the plate against the support: with more compressible
support, such action appears to follow method 1. The more compressible the
support is, the more the action is combined with method 2;

2. mechanical inertia of the fastener with respect to its own axis, which depends
on material and cross-section. The lower the mechanical inertia, the greater the
deformation of the connection with respect to its own axis.

3. Regarding tensile strength, in general values are sufficiently high taking into
account wind-generated tractions

Plates used are usually rectangular with a width of 40 mm, both to reduce overlap
size, as well as to offer an adequate surface. As a matter of fact, increasing plate
boundary extension, therefore its length, is always advisable in order to reduce shear
force.

For example, it is advisable to use rectangular plates with sides equal to 80 and
40mm, thereforewith a perimeter equal to 260mm.As previously observed,mechan-
ical fastener shaft is also opposing traction in the membrane. Thus, the membrane
must have adequate resistance to tearing (see Fig. 19).

Tearing resistance is determined by standard EN 12310-1 [11] (nail method).
Indicative values of tearing resistance are reported in detail below with reference to
reinforcement type:

1. veil glass: ≈ 70/90 N;
2. stabilized non-woven polyester fabric: ≈ 140/160 N;
3. continuous-thread stabilized non-woven polyester fabric: ≈ 160/200 N;
4. glass-fiber stabilized composite non-woven polyester fabric: ≈ 200/250 N.

In particular,UNI 11442 [8] prescribes aminimum resistance for both longitudinal
and transversal direction equal to 150 N, unless maximum spacing between fasteners
is less than 5 cm, in which case the value can be reduced to 100 N.
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Fig. 19 Action exercised on
the membrane

8.5 Thermal Insulation Bond Through Mechanical Devices

Mechanical fixing of the cover system may also be performed by mechanically
constraining the insulation panels to the support and putting in adherence to them
the waterproof membrane. This solution has the advantage of significantly reducing
the vibrating uplift of the membrane caused by wind, provided that the insulation
panel is properly restrained with respect to its thickness [12, 13].

Figure 20 shows graphical indications about their fastening processed in rela-
tion to wind action, according to Italian standard UNI 11442 [8]. As for adherence
connection of the membrane to mechanically restrained panels, the same situations
previously analyzed for adherence installation apply. Dealing with very thick panels
(15–20 cm), these do not undergo flexural deformation under membrane-transmitted
actions. Tractions due to wind action over the whole surface homogeneously infer
on tensile behavior within the elastic phase of the entire thickness of insulation.

Of course, the material is under compression in correspondence of plates.
However, it should be noted that for solutions involving multi-layer panels, only
the first layer couples as a single body with the membrane and, with low thickness,
the complex membrane panel may undergo flexural actions with maximum at the
joint.

For example, in the case of large size panels of 240 × 120 cm, free span of
inflection is 120 cm. Based on graphic indications of Fig. 20, let us remark that
maximum uplift and maximum interaction between membrane and insulation occur
at joints. Here, progressive detachment of the membrane and joint opening may
generate, which may form corrugations and subsequent damage at relapse.

In this case, vibrations might lead to surface or inner delamination of the panel
depending on the material. For both cases, stresses that develop at the interface
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Fig. 20 Graphical indications about their fastening processed in relation to wind action, according
to Italian standard UNI 11442 [8]

depend on the tensile behavior of the membrane at a specific temperature and on
mechanical properties of the insulating material, which works partly in traction and
compression.

For large thin panels, it might be necessary to set up additional fasteners as to
reduce tension at free joints between panels. In addition to the above, flexural pulsa-
tions may lead to unbuttoning of the panel, which is certainly easier with thin and
less rigid panels. Such unbuttoning can easily proceed in the surrounding restraint.

Italian standards of reference (UNI 11442 [3]) indicate a minimum surface of 30
cm2 for the plate, which corresponds to a disk with diameter of about 60 mm; this
allows to reduce the shear value over the sliding surface of the panel.

9 Conclusions

Although characterized by a significant industrial boost, disposal of knowledge,
experience and codes within the flat roof sector did not consider, in opposition to
other construction sectors, engineeringmethods for an analysis of the actual adequacy
of the behavior of waterproofing solutions over time with respect to environmental
loads, which are extremely variable depending on the geographic site.

The advent of EN standards, tendentially based on minimal commercial features,
reduced attention and research on the behavioral characterization of membranes at
service. From the code point of view, old standards from the ‘80 s, which featured
detailed membrane characterization at the advent of bitumen-polymer membranes,
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have been abandoned or not used. In Italy, UNI 8202 [14] series consisted of 34
parts. Research on topics discussed previously [3] also refers to those years.

Lack of research mainly interests thermo-tensional rheological aspects of
membranes. Instead, the industry provided engineering tools within the wind resis-
tance sector, as in the case of mechanical fasteners. Yet, current knowledge and
scientific, instrumental and computer resources may be able to support the devel-
opment of analytical models for design, which could be able to assess quality of
membrane behavior under specific environmental and operating actions.

Currently even important reference to codes does not allow to assess membrane
quality with respect to the context at service, if not by comparison. In the absence of
this, the phenomenological analysis of waterproof membrane behavior may provide
an important tool to develop a design knowledge that might prevent frequent failures
in the sector of flat roofs.

This develops from the consideration that the membrane at installation is nothing
more than a pre-stressed structure, where tension generated in the reinforcement
during production is prevented by the bituminous mass. While exposure of the BPP
mass at highoperating temperatures leads to its detensioningover time, reinforcement
must bemaintained under tension, therefore stabilized. This should be done to prevent
that tension from thermal contraction and shape memory may generate stresses on
support and edge connection, such as to discard its functionality.

As a matter of fact, most of the issues that take place on waterproof membranes
are caused by its destabilization. It is therefore necessary to deepen the subject by
bringing the attention back on installation quality and control methods on bonding
efficiency between the layers that make up the element package, which constitutes
the technical solutions of covering systems.
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