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Abstract—Sri Lanka Easter attacks were done by 

coordinated suicide bombers on 21st of April, 2019. This paper 

investigates the damages to the glass façades due to the 

explosions that occurred inside the five-star hotels, Shangri-La, 

and Kingsbury in central Colombo. It is evident from previous 

explosions that the blast-related injuries are mainly caused by 

the free-flying glass fragments. Laminated Glass (LG) will 

provide better resistance to explosions that occur outside the 

building if they are properly designed to be held on the 

supporting structure. Because, if the blast pressure enters the 

building, it will cause severe damage to the building elements 

while creating injuries to the occupants. However, when an 

explosion occurs inside the building, damage to the building 

elements and occupants will be severe if the blast pressure 

cannot escape from the confined building premises easily. 

Therefore, both of these aspects should be considered when 

designing glass façades for a credible blast load. LG has better 

blast resistance than monolithic glass. This paper presents a 

comprehensive review on the effect of the Easter bombings on 

glass façades and some design strategies which can be 

recommended for blast-resistant glazing with the evidence from 

available literature and design standards. 
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I. INTRODUCTION 

Building façade acts as the skin of a building separating its 
internal environment from the external environment. 
“Façade” is a word from the French language which means 
“face”. Nowadays, glass façades are widely used in modern 
buildings because of their environmental compatibility, 
aesthetic appearance, visual exposure, etc. which are 
associated with these façades. Because of the non-crystalline 
molecular structure, glass is brittle. However, currently, it is 
used as a structural material with the help of proper quality 
improvement techniques such as heat strengthening [1]. 
Depending on the manufacturing process, three types of 
glasses can be seen. Those are annealed, heat-strengthened, 
and fully tempered glass. Laminated Glass (LG) has two or 
more glass layers, permanently bonded by an interlayer 
material such as polyvinyl butyral (PVB). Therefore, the 
hazard or injuries due to free-flying shards can be minimised 
using LG, as its interlayer material can hold the glass 
fragments even after the glass panes break. Furthermore, LG 
has comparatively higher strain energy at the post-crack stage 
than that at the pre-crack stage, and the interlayer can absorb 
significant blast energy until it fails [2]. Hence, LG is 
frequently used in blast-resistant glazing in modern buildings.  

Terrorist attacks using explosives targeting public places 
are becoming a growing problem in the modern world. With 

the modern advancements of technology, the size of the 
explosives has become smaller. But they have the potential to 
make severe casualties, injuries, life loss, and extensive 
damages in buildings [3]. It is evident from previous 
explosions that terrorists generally try to do their activities 
targeting mass casualties and property damage causing 
significant physiological and economic damages to the 
society. Easter bombings happened in Sri Lanka in 2019 can 
also be mentioned as one of the examples for this aspect. 
Improvised Explosive Devices (IED) are mainly used by 
terrorists to do their attacks. These are very effective weapons 
that can be transferred to the selected locations [4]. Depending 
on the method of delivery and operation, these IEDs can be 
divided into several categories. For example, Person Borne 
IED (PBIED), Vehicle Borne IED (VBIED), Victim Operated 
IED (VOIED), Radio Controlled IED (RCIED), Command 
Wire IED (CWIED), Water Borne IED (WBIED), Animal 
Borne IED, Air Borne IED, and Radiological Dispersal 
Device (RDD) [5]. An IED that is carried or housed willingly 
or unwillingly by a person or a group of people is known as 
the PBIED. Sri Lanka Easter bombings can be categorised 
under PBIED, as those were done by a coordinated group of 
suicide bombers. 

On 21st of April 2019, mainly three churches and three 
luxury hotels in Sri Lanka were targeted by suicide bombers. 
Some small-scale explosions occurred on that day around 2.00 
pm and 2.15 pm at a guest house in Dehiwala and at a housing 
complex in Dematagoda respectively. The impact of the 
explosions on the glass façades of these luxury hotels is 
studied in this paper. All three luxury hotels targeted; Shangri-
La, Cinnamon Grand, and Kingsbury are situated in Colombo 
at the beachfront. According to the information published by 
the police headquarters, 277 people (including 8 suicide 
bombers) were killed and more than 400 people were 
wounded by these attacks [6]. It is revealed that the explosives 
were carried by the bombers in their backpack, though the 
damages from those explosives were very extensive. 
Moreover, these three explosions occurred inside the hotel 
buildings. The impact of an explosion that occurs inside a 
building (confined environment) is much more severe than 
one that occurs outside a building. The images of two affected 
hotels, Kingsbury and the Shangri-La before the explosions 
are shown in Fig. 1 and Fig. 2 respectively. 

Since glass façades are very sensitive to the blast loads, 
Façade engineers should come up with the most appropriate 
designs to suit these types of unexpected explosions as well. 
There is a very limited number of studies on the explosions 
that occurred inside the buildings. As it was explained earlier, 
a small number of explosives also may have the ability to cau-  



Fig. 1. The Kingsbury Hotel, Colombo [7]. 

 

 

 

 

 

 

Fig. 2. The Shangri-La Hotel, Colombo [8]. 

-se a wide variety of impacts and damages. Therefore, 
sufficient care must be taken at the design stage and it is 
important to learn lessons from these failures. Hence, the 
failures that occurred in glass façades due to the Easter Sunday 
attacks are critically investigated in this paper. Since LG had 
been used in the glass façades of those hotels, the blast 
response of LG panels is also discussed here. 

II. EXPLOSIONS AND BLAST PHENOMENON 

An explosion or a blast is a rapid or sudden release of hot 
gases and stored energy-generating very high pressure (up to 
30 GPa) and temperature (about 3000 – 4000 0C) [9]. During 
a blast, energy is transmitted via a shock wave at a supersonic 
velocity. Considering the nature, explosions can be 
categorised into three different types: physical, nuclear, and 
chemical explosions. Explosives can be found in various 
physical states as a solid, a liquid, or a gas. Based on the 
sensitivity to the ignition, explosives can be divided into 
primary explosives and secondary explosives. Primary 
explosives are the explosives which can be detonated by 
simple ignition such as Mercury Fulminate, Lead Azide, etc. 
Secondary explosives result in a wide variety of damages to 
the surrounding generating shock waves. Trinitrotoluene 
(TNT) is one of the examples of secondary explosives [9]. The 
characteristics of the ideal blast waves, blast loading 
categories, and basic details regarding confined explosions are 
discussed in this section.  

A. Blast Wave Propagation 

After detonating an explosive material, a gas having very 
high pressure is generated at high temperatures as explained 
above. This high-pressure gas propagates radially at the 
pressure front as a shock wave. The blast wave free-field 
pressure-time variation is illustrated in Fig. 3 [10]. Initially, an 
instantaneous rise of pressure above the ambient atmospheric 
pressure can be seen in the shock front (i.e., blast wave). This 
is known as the peak incident overpressure, PSO. This pressure 
decays while transmitting and expanding the blast wave into 
the surrounding away from the explosion as shown in Fig. 4 
[9]. Therefore, after a free-field explosion, the air pressure at 

a given point suddenly increases, and then, gradually 
decreases to the ambient value, Po.  

Fig. 3. Free-field blast pressure variation with the time after the explosion 

[10]. 

Fig. 4. Blast wave propagation with the distance from the explosive source 

[9]. 

After passing the ambient pressure during the positive 
phase, the blast wave goes through the negative phase as 
shown in Fig. 3. The duration associated with the negative 
phase is much longer than that of the positive phase. 
Furthermore, a partial vacuum is developed during the 
negative phase as the pressure drops below the ambient 
pressure producing high suction winds. These winds can bring 
the debris for a long distance away from the explosion [2]. 
During a blast event, the pressure acting on a particular surface 
parallel to the direction in which the shock wave is 
propagating is known as the incident pressure. If this surface 
is inclined to the direction of the blast wave, then reflected 
pressure should be obtained. Fig. 5 shows the variation of both 
reflected and incident pressure waves with the time for a free 
air blast. Pr is the peak reflected blast overpressure and PSO has 
the same meaning as it was explained previously. At any 
selected point, Pr can be determined using Eq. (1) [11]. Cr is 
the reflected pressure coefficient which can be determined 
using the charts given in the Unified Facilities Criteria (UFC) 
3-340-02 [10]. 

 Pr = CrPSO () 

B. Blast Loading Categories 

Considering the location of the explosion with respect to 
the structure, blast loads on structures can be divided into two 
main categories as unconfined explosions and confined 
explosions [10]. Furthermore, these two main categories can 
be subdivided into additional subcategories depending on the  



Fig. 5. Variation of the incident and reflected pressure with the time for a 

free-air burst [10]. 

blast pressure loads generated within the structure or acting on 
the structures. The explosions which occur in the external 
surrounding are known as unconfined explosions. On the 
contrary, the explosions that occur inside the buildings are 
categorised under confined explosions. These two categories 
can be subdivided as explained below. 

Unconfined explosions can be further divided into three 
subcategories as free air burst explosions, air burst explosions, 
and surface burst explosions. On the other hand, fully vented 
explosions, partially confined explosions, and fully confined 
explosions are the three subcategories which can be 
mentioned under the confined explosions [10]. These six 
categories are shown in Fig. 6 and summarised in Table I. 
Since explosions inside the buildings (confined explosions) 
are discussed in this study, further information on those is 
given in Section C. 

C. Confined Explosions 

Since confined explosions occur within the structures, 
extremely high pressures can be seen in the initial shock front. 
Moreover, there is a possibility of amplifying these pressures 
due to reflections as well. At the same time, additional 
pressure will be developed by the high temperature and 
gaseous compounds produced due to the explosions. This will 
also lead to an increase in the load duration within the 
building. Therefore, it is better to design sufficient provisions 
to vent these high pressures. For example, if the structure is a 
cubicle type structure or it has frangible surfaces or barrier 
surfaces with sufficient openings to the atmosphere, then the 
risk associated with high-pressure waves can be controlled to 
some extent because they will facilitate the blast waves to 
escape outside. Otherwise, it will make severe damages to the 
structure as well as the occupants.  

The exterior pressures are known as leakage pressures.  
The pressures reflected or confined within the structure are 
referred to as interior shock pressures. The pressures produced 
by the accumulated gases and high temperature are considered 
as gas pressure. When designing most of the fully vented 
cubicle structures, gas pressure is neglected [10]. The shock 
and gas pressures with high magnitude might be generated 
after occurring a detonation within a structure having small 
openings. Hence, the duration and impulse of gas pressure 
depend on the size of the openings. Frangible elements of the 
structure also help to reduce the amplification of shock 
pressures by failing to release the confined pressure quickly 

and reduce the possible reflections of the blast waves which 
can be acted on nonfragile surfaces.  

Fig. 6. Categories of blast loads [10]. 

TABLE I.  BLAST LOADING CATEGORIES [10] 

Charge 

Confineme-

nt 

Summarised Blast Loading Categories 

Category Pressure loads 
Protective 

structures 

Unconfined 
explosions 

1. Free air burst 

2. Air burst 

3. Surface burst 

a. Unreflected 

b. Reflected 

b. Reflected 

Shelter 

Confined 
explosions 

4. Fully vented 
c. Internal 

shock 

d. Leakage 

Cubicle 

5. Partially confined 

c. Internal 

shock 
d. Leakage 

e. Internal gas 

Partial 
containment 

shell or 

Suppressive 
shield  

6. Fully confined 

c. Internal 

shock 

e. Internal gas 

Full 

containment 

shell 

 

III. RESPONSE OF LAMINATED GLASS (LG) UNDER THE BLAST 

LOADS 

In most of the residential houses, monolithic glass can be 
seen in windows. Monolithic glasses are much more 
vulnerable for blast loads because they break into smaller 
shards having high velocities under the blast loads. Previous 
studies have reported that LG is the most effective glass type 
to provide resistance against the blast loads [12]. Even after 
cracking, the glass panes in LG remain bonded to the 
interlayer material without forming hazardous shards. LG has 
better post breakage strength. For external blast events, better 
protection against the blast loads can be achieved by fixing the 
LG panes properly to the supporting frames using rubber 
sealant material or silicone sealant. However, the latter 
provides better resistance against blast loads allowing LG to 
behave as a membrane as illustrated in Fig. 7 [12]. Hence, it is 
widely used in blast-resistant glazing. 

Five phases can be seen in the failure process of LG 
glasses as shown in Fig. 8. Those five phases are summarised 
below [13]. 

1. Glass plies behave elastically. 

2. The first glass ply fails, while the second glass ply 
remains intact. The interlayer of the LG is not 
damaged. 

3. The second glass ply fails and the interlayer behaves 
elastically. 



 

Fig. 7. Membrane action of edge bonded LG during a blast event [12]. 

 

Fig. 8. Five phases of the LG failure process [13]. 

4. The interlayer behaves plastically, while splinters are 
glued at their positions. 

5. The interlayer fails due to higher stresses which go 
beyond its failure strength or due to the damages 
occurred by cutting from the splinters. 

Phase 1 shows the response of LG during the pre-crack 
stage, while the other four phases are accompanied by the 
post-crack stage [2]. Therefore, by referring to Fig. 8, it can be 
identified that the post-crack load carrying capacity of LG is 
higher than that at the pre-crack stage. Therefore, as it is 
evident from Fig. 7 and Fig. 8 that LG has superior 
performance against blast loads. 

As heat-strengthened and annealed glass generate compar-
atively large fragments during their failure process, these 
fragments stick well to the interlayer material. However, fully 
tempered glass breaks into smaller splinters. Hence, heat-
strengthened and annealed glass have been recommended for 
LG by past studies [11]. LG façades are subjected to high 
strain rates during a blast event. So, PVB interlayer behaves 
as an elastic-plastic material under the blast loads [2]. 
Structural sealants also play a major role to improve the 
performance of LG panels. Structural silicone and rubber can 
be treated as commonly used structural sealant materials 
which show an elastic-plastic behaviour under the blast loads 
[2].           

IV. CASE STUDIES 

The effects of Easter bombings on glass façades of the 
two luxury hotels in Colombo, Kingsbury, and Shangri-La 
are comprehensively discussed in this section. 

A. The Kingsbury Hotel, Colombo 

The Kingsbury Hotel, Colombo was attacked on Easter 
Sunday, 2019 around 9.15 to 9.20 am by a coordinated suicide 
bomber. 10 people were killed and 19 people were injured 

from this explosion occurred at the Kingsbury Hotel [6]. The 
glass façade which was damaged due to this bomb blast is 
shown in Fig. 9 [14]. LG panels had been used in that façade 
whereas the cracked glass splinters were adhered to the 
interlayer even after the damage occurred from the explosion. 
Several spot damages could be seen in some of the glass 
panes, which might have occurred from free-flying shards 
generated from the explosion. Severely affected glass panels 
were removed from the supporting frames due to extreme 
pressure waves produced inside the building. However, some 
glass panels remained in their original positions even after the 
explosion. 

LG shows flexibility characteristics under the blast loads 
lowering the forces transferred to the supporting frames. 
Therefore, as it can be seen in Fig. 9, frame elements of the 
mullion and transom supports also remain in their positions 
with comparatively fewer damages.  

Since this was a confined explosion, pressure waves had 
escaped from the building by removing the glass panels from 
their original positions, and the LG panels those were closer 
to the point of explosion were severely damaged. Some 
reduction of the threat can be seen to the façade located away 
from the explosion source. Debonding of the edge bonded 
structural sealant material from the frame elements might be 
the reason for detaching the glass panels. It is evident from 
Fig. 9 that damaged glazed panes and fragments had been 
thrown about 7 – 8 m away from the building. However, 
noticeable damage cannot be seen in the glass façade located 
at the floor below the floor where the explosion had occurred. 
This confirms that there was a considerable decade in the blast 
energy when propagates through a concrete floor. 

Fig. 10 [15] shows another glass façade located at the same 
floor level of the hotel building just before the explosion. This 
was a fin supported façade located at the rear side of the 
building facing the exterior swimming pools.  

Fig. 9. Damaged glass façade of Kingsbury Hotel after the explosion [14]. 

Fig. 10. Inside the hotel building just before the explosion [15]. 



Fig. 11 [15] shows the response of the same glass façade 
exactly at the time of the blast. The damaged glass façade 
after the explosion is shown in Fig. 12 [14]. 

Fig. 11. Inside the hotel building at the time of the explosion [15]. 

Fig. 12. Fin supported damaged glass façade [14].    

According to Fig. 11, it is evident that LG panels had been 
used in that façade because when the blast wave reached the 
glass façade, the glass panels deformed like membranes and 
finally, escaped from their supports as a whole unit without 
forming free-flying shards. This might have reduced the 
damage inside the building to certain extent. 

B. The Shangri-La Hotel, Colombo 

The suicide attack at the Shangri-La hotel was done by two 
coordinated bombers on the same day around 9.15 – 9.20 am. 
35 people lost their lives and 34 people got severe injuries due 
to this explosion [6]. Fig. 13 [8] shows the glass façade of the 
hotel before the explosion. The damaged glass façade is 
shown in Fig. 14 [14]. Since both explosions occurred inside 
the hotel building, the damages were very severe. LG panels 
had been used in the façade as evident from Fig. 13, where the 
panels had been thrown outside as a unit.  

 

 

 

 

 

 

 

 

 

Fig. 13. Glass façade of Shangri-La Hotel, Colombo before the explosion 

[8]. 

Fig. 14. Damaged glass façade of Shangri-La Hotel, Colombo [14].  

After the explosions, blast waves escaped from the 
building applying high pressures on the glazed panels. As a 
result of this phenomenon, all the LG panels were removed 
from their supporting frame by the pressure front. Because of 
the flexibility of LG, the forces transferred to the supporting 
frame would be comparatively lower. However, if the LG 
panels had held on the supporting frame without throwing 
outside, the damage to the internal building elements and 
occupants could be much more than this. 

The above case studies have been conducted based on the 
very accurate information given by the images and the videos 
which had been caught on cameras, and those images and 
videos have been already published online. Hence, this can be 
mentioned as a limitation of the present study.   

V. CONCLUSION 

Terrorists’ attacks are one of the growing problems in the 
world. With modern advancements in technology, a small 
amount of explosive material in a backpack can make severe 
damage to human lives as well as to properties. Both case 
studies discussed in this paper are some evidences for that. 
Therefore, when designing building glass facades for blast 
loads, designers will have to think about the possibility of 
getting explosions outside the building (unconfined 
explosions) as well as inside the building (confined 
explosions). Laminated Glass (LG) panels would provide 
better resistance to explosions occurring outside by 
minimising the pressure transferred into the building. 
However, if the explosion occurs inside the building, LG 
panels would delay the exit of pressure waves from the 
building, which will maximise the damage inside the building. 

If LG is used in a façade as a protective glazing, it should 
be designed to be held on the supporting structure for external 
explosions, while designing them to be thrown away from the 
supporting structure for an internal explosion to minimise the 
damage to the building elements and occupants. In addition 
to that, a sufficient number of properly designed pressure 
vents should be placed in a building to release the additional 
pressure produced during an internal explosion. 

Above case studies showed that LG panels had failed and 
escaped from their supporting frames due to sudden blast 
pressure waves acting on those panels. If they had been held 
on the supporting frame without throwing outside, the 
damage could have been worse. Furthermore, it can be 
concluded that LG with flexible interlayer [polyvinyl butyral 
(PVB)] has superior resistance against the blast loads, as its 

Burst point 

Glass fins 

Glass façade 

Damaged glass façade 

Failed LG panels 



flexibility minimises the forces transferred to the supporting 
structure. 
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