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Abstract:

The client for this project and the name of the building are both confidential, however, this does not
detract from the engineering content and validity of the paper. The congress building in question was
designed and constructed in the 1960s. Given its cultural, historic and architectural significance the
client decided to extend the design-life of the building, and upgrade it to meet present-day conference,
design, and security standards. Having already undertaken engineering projects in 5 African countries,
including projects for the United Nations, and Australian Embassies in Ethiopia and Kenya, Built
Environment Collective (BEC) was appointed to provide multi-discipline engineering from concept
design through to the conclusion of defects liability for the USD70 million project.

The congress building is sited atop an incline, less than 50m from the nearest public road. It is
predominately circular on plan, with basement, ground and two plenary hall levels. A glazed
clearstorey elevation supports a circular, disc-profiled roof. Cantilevered balcony and roof sections
project towards the public roadway. The client’s security department assessed and quantified blast risk
utilising the industry metric of kilograms of ANFO (ammonium nitrate/fuel oil). ANFO is a bulk industrial
explosive marginally more potent than TNT (trinitrotoluene).

This paper presents consideration of modelled blast pressures and the subsequent structural
measures designed to protect occupants in the event of the qualified design blast event.
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Introduction

The threat of terrorist attack, and as evidenced at the port of Beirut in 2020 the potential for accidental
explosion, has increased the need for significant buildings to be designed and constructed with the
ability to accommodate blast pressures. The effects of a blast on a building can be catastrophic,
resulting in structural damage, injury or loss of life, and commercial disruption.

Built Environment Collective is an Australian based and owned multi-national engineering and project
management consultancy. BEC has successfully completed engineering projects in 5 African
Countries, including notable assignments for the United Nations and Australian Embassies in Ethiopia
and Kenya. Leveraging off a strong relationship with local engineering practices BEC was appointed to
provide multi-discipline engineering services from concept design through to conclusion of defects
liability for a significant USD70 million project.

The congress building in question was designed and constructed in the 1960s. The building has
strong cultural, historic and architectural significance to the region and the client, therefore it was
decided to extend the design life of the structure whilst providing upgrades to the conference facilities
to meet current day conference design and security standards whilst aiming to keep with the existing
architectural intent and cultural significance.

The congress building is situated on an elevated slope, approximately 50m away from the nearest
public road. lts architectural design primarily features a circular layout, encompassing a basement,
ground floor, and two levels dedicated to a plenary hall. The building's distinctive roof is characterized
by a circular shape with a disc-profile, complemented by a glazed clearstory elevation. Notably, there
are cantilevered balcony and roof sections that extend towards the public roadway (refer Figure 1).
This paper summarizes the analysis and design undertaken in support of resisting blast pressures.



Figure 1 - Partial building section showing cantilevered elements.

A detailed analysis was undertaken of the building's existing structural system, and its ability to resist
the predominately lateral loads associated with a blast. Based on this analysis, a range of options for
strengthening the building's resistance to blast forces, including the use of high-performance
materials, the retrofit of existing elements, and the redesign of structural systems was undertaken,
along with the impact on architectural preservation and constructability.

Blast Analysis

The building is located in a developing urban area and is potentially at risk from terrorist attack and/or
accidental explosion. The client’s security department assessed and quantified the blast risk utilising
the industry metric of kilograms of ANFO (ammonium nitrate/fuel oil). ANFO is a bulk industrial
explosive marginally more potent than TNT (trinitrotoluene).

The nominated ANFO weight was converted to a TriNitroToluene (TNT) equivalent. TNT, like most
explosives, creates a chemical reaction that produces a violent expansion of gases. These gases
transfer energy to the surrounding air, causing a compression wave to form. As the energy input
increases, the extent and destructive magnitude of the blast compression wave increases. However,
the pressure at the front of the wave decreases with distance. This means that the pressure exerted
on a building by a blast wave varies depending, predominately, on the distance from the blast
epicentre.

In order to accurately assess the potential effects on a building, the blast analysis takes into account
the size, location and elevation of the explosive device with reference to characteristics of the building
and its surrounds. The distance between the explosion and the building, known as the ‘stand-off
range’ (SOR), significantly affects the forces exerted on the building. The closer the explosion is to the
building, the higher the blast loads that the building will experience.

The blast analysis simulates the blast wave and predicts its impact on relevant building elements.
Several factors affect the magnitude and distribution of the load, including the type of explosive, its
properties, the amount of energy released, and the quantity of explosive.

Topography, surrounding objects, and the building form also play a critical role in determining the
magnitude and distribution of the blast forces on relevant building elements. The shock front
generated by an explosion can be constrained, concentrated and magnified by land form and adjacent
structures and structural elements, causing increased loads.



Figure 2 shows the progression of typical idealised blast pressure vs time. It can be seen that there is
an initial peak ‘over pressure’ that will almost instantaneously impact the building, then the pressure
rapidly drops and becomes negative as the blast wave reflects off the building.

Computational Fluid Dynamics software is utilised to model free-field blast waves and pressures
against buildings, with several products commercially available. Figure 3 represents progression of
the blast model pressure wave for the site in question. The diagram shows pressure at the building
fagade, which is then concentrated below the first floor balcony, and followed by high pressure a just
below the roof level.
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Figure 2: Idealised Blast Loading

Figure 3: Blast Model Pressure Wave

Blast Strengthening

The blast impact first comes into contact with the leading edge or ‘windward’ fagade. Traditional
glazing elements would immediately disintegrate, enabling the pressure wave to proceed inside the
building. Blast resistant glazing, however, incorporated to protect building occupants, transfers loads
to supporting vertical structural elements, and then into the main lateral frame.

Blast resistant glazing and framing are expensive & architecturally cumbersome (refer Figure 3). In
contemporary blast design the glazing areas exposed to blast forces are significantly minimised to
reduce both cost and the concentration of extreme force into supporting wall/s. Loadbearing concrete
(or composite) fagade wall elements are typically favoured so as to maximise the distribution of forces.

This congress building, however, being designed in the 1960s and prior to the consideration of blast
forces in structural design, features glazing as a major portion of fagade area. The specialist blast
resistant glazing, as required to maintain the heritage intent, thus transfers very large forces into



transoms and mullions, and then to columns, which may absorb some of the initial pressure via
deflection and elastic yielding. The remaining load is then transferred into the primary building
structure through the diaphragm action of floor slabs, and then to lateral bracing elements, before
resulting as reactions within the ground plane.

Figure 4 - Blast Resistant Glazing & Frame Example

In this instance due to preservation of the heritage intent and budgetary constraints, the strengthening
works adopted were practically limited to the preservation of life as opposed to ensuring post-blast
functionality of the asset.

Facade

Replacement of the main glazing elements of the fagade with blast-resistant glazing and framing was
critical for the protection of building occupants.

Blast analysis of the structure indicated that the existing reinforced concrete mullions and columns
would exhibit catastrophic brittle failure due to flexural stress. The compression zone of the sections
would burst into fragmented projectiles, with any remaining/retained tensile zone concrete and
reinforcement deflecting some 800mm inwards. These elements were not able to be practically
strengthened without degrading the historical architectural intent and thus were designed to be
replaced (Figure 5).

Figure 5 - Replacement facade columns & mullions



Internal Columns

The existing structure as constructed comprised a combination of braced and sway frame response to
lateral loading. The reinforced concrete columns of the 60-year-old design were not adequate to
facilitate the ductile ‘strong column-weak beam’ failure mechanism as critical for lateral loading due to
blast (and earthquake). Multiple strengthening configurations were required in support of maintaining
heritage intent (refer Figure 6). The strengthening options considered included the use of CFRP
wraps, steel plates and/or steel SHS sections. These additional elements were able to be surface
fixed to the existing columns to increase the existing columns to withstand the increased bending, and
compression forces imposed on these due to the blast forces. The elements were fixed using a mix of
mechanical fixings and epoxy glues to enable a fully integrated composite member was achieved. The
locations of the proposed strengthening was assessed for each individual column to ensure the impact
on the existing structure was minimised to avoid increasing the packing/cladding required around the
columns whilst also minimising the demolition of the existing adjacent walls where necessary.

PLATE
TO FULL HEIGHT OF COLUMN L
REFER TO NOTE 7 ADUACENT NEWDRY PACK HIGH

T , h _ STRENGTH NON-SHRINK EFER

e a1y £ s S —
SHS CONNECTION NOTES \ SHS CONNECTION NOTES
PLASTERING & FINISHES \ M
. R T N  --5p- u e T SE REMOvED RO
PLASTERING & FINISHES - X % X
TO BE REMOVED PRIGR £ 1 P o L]
TO STRENGTHENING T * . . i @ L
=
BHS -
[ E— ﬁ L] L
‘ // |, PLASTERING & FINISHES
) S = TO BE REMOVED PRIOR
// / / TO STRENGTHENING \
/ " /
N p / N L
N % s AN
\ v b V
y
y
\
Figure 6 - Example strengthening of existing columns
Slab Diaphragms

The existing floor & roof slabs are predominately thin reinforced concrete waffle and ribbed slabs,
formed by the incorporation of sacrificial clay void formers (Figure 7). Whilst analysis indicated these
to be mostly adequate for imposed and dead loads to current international standards, these slab
typologies function in relation to the magnitude of lateral forces imparted due to the design blast.
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Figure 7 - Waffle/ribbed slabs

Analysis indicated that the roof slab would fail if subjected to modelled bast pressures, and would
most certainly compromise the safety of occupants. A new header beam and suspended slab were
designed to transfer loads back to an existing central ring-beam, which did evidence capacity to
distribute loads through to laterally stiff core and bracing elements. Incorporation of the new beam
necessitated breaking through and temporarily supporting the existing roof slab to be retained (refer
Figure 8).



NEW SLAB

® |ls

e

|
:
\
|
\{ \
:
|

.
. _®

EXISTING SLABJ

ROOF PLANT
. . lo [}
EXISTING SLAB
HOLD POINT REINFORCING TO REMAIN
TEMPORARY PROP REQUIRED TO INPLACE UNDAMAGED

SUPPORT SLAB EACH SIDE OF DURING DEMOLITION OF
EXISTING BEAM EXISTING HEADER BEAM AND

CONTRACTOR TO PROVIDE POURING OF NEW BEAM
METHODOLOGY TO EMPLOYERS
REPRESENTATIVE CONSULTANT

PRIOR TO DEMOLITION.

NEW CONCRETE COLUMN

Figure 8 - New header beam & roof slab

A new ‘wet-wall’ service trench was designed to extend the design life of below-ground structural
elements and to reduce water ingress. This disconnected the ground floor from the existing passive
lateral support provided by the ground plane, effectively increasing the number of floors impacted by
lateral forces. Reinforced concrete struts were employed to maintain lateral support at ground level.

Lateral Stiffness & Core Elements

The existing structural frame was designed to resist lateral loads via a combination of braced and
sway-frame action. Small lift cores provided frame bracing for the superstructure, however, neither the
existing cores nor sway columns were adequate to accommodate blast design pressures. The cores
and foundations required strengthening and additional shear walls were also documented. Additional
reinforced concrete walls were designed to envelope the existing cores and foundations were
extended.

Constructability
The constructability of modified structures always requires careful consideration, and heritage aspects

impart additional complexity. The submission of detailed work method statements, calculations and
approvals were specified as being required from contractor.

Leading-Edge Columns & Mullions

Virtually the complete leading-edge facade of the building required demolition and reconstruction,
whilst maintaining the support of existing beams, and bracing of existing floors and roof. The
contractor opted for a hit-and-miss approach to column demolition and replacement, and the use of
super-workable concrete to minimise the complexities of re-supporting existing beams at each floor.

Rooftop Header Beam & Slab
With reference to Figure 8 a new beam was documented to be cast through the existing roof slab
whilst maintaining continuity of the existing longitudinal reinforcing steel. The existing roof slab was
retained in part as sacrificial formwork.

Conclusions

This paper summaries some of the complexities involved with the strengthening of existing buildings to
resist blast pressures. By strengthening and replacing structural elements throughout the example



building, it was possible to achieve enhanced resistance to blast pressures, the reduction of
catastrophic structural failure, and most importantly, maximise the protection of building occupants.

Examples of the various strengthening requirements were provided, including the retrofitting and
replacement of existing primary structural elements.



