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Abstract

The UK is experiencing unprecedented housing demand, with traditional provision in suburban-
ised clusters now known to have negative environmental, economic and social impacts. An alter-
native to this is residential densification through vertical extension; generating a more sustainable
urban form whilst also serving to increase circularity of material flows within the construction in-
dustry and reduce whole-life carbon and energy requirements. As a result of their relative abun-
dance, inherent durability, and ease of adaptation, multi storey steel framed buildings are partic-
ularly pertinent in this context. It is also likely that sufficient reserve structural capacity exists
within this typology; resulting from overdesign, the employment of simplified analytic design
methods, and the limited number of section sizes available for use. The relative portion of reserve
buckling capacity originating from these sources is assessed using a modified version of the effec-
tive length method to account for column continuity in multi-storey steel frames. This reveals the
consideration of column continuity to contribute an average of 1.23 kN/m? of reserve buckling
capacity across typical office buildings, with the amount resulting from section size limitations var-
ying with design scenario.
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1 Introduction

Rising house prices mean that, in September 2019, the average cost
of a ‘first-time’ home in the UK reached almost £200,000 [1]. This is
the result of a historic under-supply of affordable residential
accommodation, something which has also contributed directly to
the near-record levels of homelessness currently observed in the
UK [2]. An ever-growing demand and amassed deficit of over 4.8-
million homes now means that, in order to meet the 15-year target
set by the current government, a total of 380,000 new homes must
be built each year [3]. Considering that just over half of this number
were completed in the year proceeding June 2019 [4], this
represents a formidable task for the UK construction industry.

As well as practical issues surrounding the construction of such
large quantities of residential accommodation, additional
challenges arise from the UK’s commitment to the Paris accord [5],
and the resulting legal requirement for the construction industry to
reach net zero emissions by 2050 [6]. This pertains both operational
and embodied carbon, dictating that potential solutions to the
housing crisis must provide sustainable, energy efficient and cost
effective residential accommodation through the use of reduced
and/or low-carbon materials.

11 Residential densification vs urban sprawl

When attempting to generate a more sustainable urban form, the
unsuitability of traditional housing provision in decentralised clus-
ters is widely acknowledged, with this approach known to have nu-
merous negative environmental, social and economic impacts [7].
Perhaps the most salient of these in the context of low-carbon resi-
dential accommodation provision is the heavy reliance of outwards
urban growth on personal vehicular travel [8] [9]. As well as associ-
ated segregation and public-health concerns, logic dictates that this
has negative impacts upon energy consumption and greenhouse gas
emissions; a postulation which is investigated for low (19 dwell-
ings/ha) and high (150 dwellings/ha) density settlements by Norman
etal. (2006) [10]. This study reveals per-capita greenhouse gas emis-
sions and energy usage attributable to public and personal transpor-
tation to be 3.7 times higher in low density settlements. Building op-
erations (heating, cooling and electricity use) in low density
residential developments were also found to consume almost twice
the energy per capita of comparable high density developments
[10]. This result is generally thought to be attributable to the fact
low-density settlements have a greater proportion of external wall
area [11], and because high density living typically sees a smaller
floor area allocated per capita.

Additional environmental concerns surrounding low-density hous-
ing arise from the fact that, as these suburban clusters continue to



expand, they spread into rural and semi-rural areas to consume pre-
viously undeveloped land [12]. This is commonly referred to as ur-
ban sprawl, resulting in the destruction of natural habitats [13] and
widespread surface sealing [7]; the process of reducing the natural
permeability of land through development. In contrast, in the case of
residential accommodation provision through urban densification,
these negative impacts are largely avoided.

A high density urban form also poses significant economic benefits
in comparison with low-density suburban clusters, impacting both
individual members of society and the economies of entire areas. As
suburban settlements grow in size, their ability to provide retail and
leisure opportunities increases; reducing the reliance of their inhab-
itants upon similar provisions made in the city centre. This has the
effect of reducing expenditure within these areas; resulting in fur-
ther de-investment and their consequential decline [12]. In the long-
term this also has negative environmental and social impacts, with
duplicate provisions of the same amenity being made within each
cluster rather than in a single centralised location. A similar pattern
may be observed for public services, whereby the form of suburban
settlements results in increased material consumption and opera-
tional energy requirements [14]. This dictates that increasing resi-
dential density has a positive impact upon the economics of public
service provision, with the per capita costs of most public services
increasing with the extent of land across which a settlement is dis-
tributed [15].

As well as the associated social, economic and environmental bene-
fits of providing housing through urban densification, it is clear that
this approach is consistent with the trend of rural-urban migration
observed in the UK and globally. This exemplified by the fact that al-
most 70% of the world’s population is expected to reside in cities in
the next 30 years, compared to just 55% at present [16].

1.2 Densification and vertical extension

Although it is evident that urban consolidation through the residen-
tial densification of cities poses significant benefits, there are nu-
merous approaches through which this may be achieved. The first of
these, termed ‘infilling’, relates to construction upon previously un-
developed land between existing buildings; most commonly open,
public spaces such as parks, squares and pedestrianised areas.
When considering the health benefits and recreational opportunity
associated with access to such areas [17][18] [19] infill development
is rarely a favourable approach. The replacement of open parkland
and shared public space also shares many of the negative environ-
mental implications associated with urban sprawl, as discussed in
section 1.1. Within the highly urbanised setting of the inner-city,
these are also often exacerbated, with concerns relating to the pro-
vision of ecological opportunity and the treatment of rainfall run-off
being particularly prevalent [20].

Land recycling is one alternative to this, referring to the redevelop-
ment of existing developed land for economic purpose [21]. This in-
cludes brownfield sites (land that was once developed but has since
fallen into disuse) as well as areas which, whilst still in use, are gen-
erally underutilised. The generation of residential accommodation
through the redevelopment of brownfield sites has been a widely
used and somewhat successful strategy in the recent past, driven by
a desire to prevent urban sprawl and protect greenfield land. De-
spite this, and partially as a result of the ongoing consumption of
brownfield sites, only a portion of the required residential accom-
modation may be yielded through this approach; around 60% as re-
ported by Campaign to Protect Rural England (2019) [22]. Develop-
ments of this kind are also typically more traditional in nature,
characterised by single-unit masonry properties clustered within
suburban housing estates, a building typology and urban form

known to have large whole-life carbon consumption and operational
energy outputs as discussed in section 1.1. The continual cycle of
demolition and reconstruction also has negative environmental and
economic impacts resulting from its associated waste generation,
carbon emissions and energy/material consumption. When consid-
ering that over 60% of the UK’s waste results from construction,
demolition and excavation [23] this means that, as well as the re-
quirement to limit global temperature rise to 1.5°C and ensure net-
zero emissions by 2050 [5][6], land recycling is detrimental to ongo-
ing efforts to increase the circularity of material flows within the
construction industry.

Itis predicted that, before 2050, half of all emissions associated with
new constructions (around 11% of global carbon emissions) will be
attributable to material production and construction phases [24].
This dictates that reducing upfront carbon emissions is key in ensur-
ing the sustainability of future housing provision, something which
may be achieved through the adaptation of existing infrastructure.
This serves to curtail the cycle of demolition and reconstruction
through the re-use of whole buildings; improving energy and mate-
rial efficiency via a significantly less energy intensive construction
process and the utilisation of existing superstructures. As well as in-
creasing the circularity of material flows within the construction in-
dustry, this prolongs the lifespan of the existing building and result-
antly the period for which the embodied carbon from its original
construction is utilised [25]. This result is listed by Allwood et al.
(2012) as a key strategy in increasing material efficiency in the con-
struction industry, further exemplifying the environmental benefits
of adaptive re-use [26].

Within building adaptation, the vertical extension of existing struc-
tures has notable additional benefits. These typically result from the
fact that it serves to yield new usable floor space rather than simply
renovating and/or repurposing existing space; something which is of
particular importance when considering its use in the provision of
large quantities of residential accommodation. This also enables
housing provision through vertical extension to be carried out as ei-
ther a within- or across-use adaptation, whereby a building’s exist-
ing use is retained or withdrawn respectively [27]. As well as offer-
ing greater scope for environmentally and economically beneficial
mixed-use space [28], this allows vertical extensions to be com-
pleted as part of a wider renovation scheme (where an existing
building is vacant), or with negligible impact upon the existing build-
ing (in instances where the existing building must remain opera-
tional throughout construction). The latter of these is of increased
significance in city centres where vacancy rates are low and typical
building uses (e.g. retail, office and residential) dictate the unfeasi-
bility of prolonged closures.

The relative benefits of a combined vertical extension and renova-
tion scheme in comparison with alternative adaptations are as-
sessed in recent work [29] which conducts both profit and life cycle
analyses (LCA’s) for each of four different renovation strategies
(minimalist, code-compliant, low-energy renovation and low energy
renovation plus vertical extension). Although more technically chal-
lenging, this reveals that a combined low-energy renovation and
vertical extension scheme offers the highest return on investment
per m? of gross floor area. This adaptation strategy is also found to
have the lowest environmental impact in terms of global warming
potential (kg eq CO2/m?) and total energy demand (MJ/m?), both of
which consider building operation and material manufacture but ne-
glect the refurbishment process itself [29].

The concept of integrating a vertical extension scheme within a
more widespread renovation project as a means improving its envi-



ronmental and economic impacts has also been considered by Nils-
son (2017) [30], who added that, should the technical challenges as-
sociated with vertical extension be addressed, it is likely to become
a vital tool in the sustainable regeneration of cities. Of these chal-
lenges, many are mitigated in the context of steel-framed buildings,
with this particular structural form also offering significant oppor-
tunity for the residential densification of city centres in a materially
and energy efficient manner.

2 The role of steel framed buildings

The relative abundance of multi-storey steel framed buildings in UK
cities dictates that they have a significant role to play in residential
accommodation provision through vertical extension. This is exem-
plified by the fact that they have enjoyed an annual share of over
40% of the non-residential multi-storey frame market for the past
35 years, with the present portion being more than 65% [31]. When
considering office buildings of two or more storeys this value rises
to over 70% which is significantly greater than the next largest share
of 22% for in-situ concrete frames [32]. In addition to the significant
rate at which multi-storey steel framed buildings have historically
been constructed in the UK, their inherent durability means that
they now make up a large portion of the present building stock. This
durability also means that, despite most buildings originally being
designed with an intended working life of 50 years (category 4 in BS
EN 1990) [33], there is significant scope for this to be extended well
beyond this duration. In instances where ‘warm frame’ construction
is used, the potential for this is increased further [34].

There is also evidence to suggest that, despite having a typical in-
tended working life of 50 years, many steel-framed structures are
demolished before this point [35]. The most commonly cited reason
for this is that the building no longer meets present needs [35], sug-
gesting that vertical extension may offer a means of saving buildings
otherwise destined for demolition, ultimately prolonging the
lifespan of multi-storey steel framed structures. Contrasting with
alternate structural solutions such as timber and reinforced con-
crete, steel framed structures may also be reinforced with relative
ease. In the context of vertical extension (where the primary con-
cern is the ability of the building’s columns to withstand increased
axial loads), this is exemplified by the process of flange-tip reinforce-
ment [36]. This inherent suitability for structural adaptation also
poses noted benefits when considering complications arising at the
interface between the existing building and extended portion, with
load transfer structures typically being required.

More salient than the ease of structurally retrofitting multi storey
steel frames is the likelihood that they already possess sufficient re-
serve structural capacity to allow for future vertical extension. This
isdiscussed extensively in existing literature and originates from the
notion that steel framed structures are typically over-designed and,
as such, more remote from failure than is required by current design
codes. This is substantiated in a study by Moynihan and Allwood
(2014), which found the average utilisation ratio (U/R) of all beams
and columns in 23 steel framed buildings to be 0.40 and 0.49 respec-
tively [37]. In this work, critical U/R’s for each element were taken
as the largest of those calculated for 6 key design criteria (axial
force; shear force; moment resistance; buckling resistance; com-
bined axial and moment buckling resistance; deflection) and calcu-
lated using a relationship in the general form of equation (1).

Utilisation Rati Actual Performance Value ( )
tsation Rato = 4 vximum Permissable Performance Value

Rationalisation is identified within this work as the primary cause of
underutilisation. This results from the fact that most clients wish to

be provided with the most economical solution; something which is
rarely conducive with the most structurally efficient form [38]. To
achieve this, rationalisation sees a reduced number of different
structural members used in a simple and repetitive configuration
[39] to reduce procurement, fabrication and assembly costs. As the
required section size for the most onerous design situation must be
adopted in each instance, this results that many structural members
are over-sized; inducing reserve capacity within the structure. The
effects of this process are worsened by the fact that the universal
column (UC) and beam (UB) members typically used within multi-
storey steel framed buildings are only available in a limited number
of different section sizes (46 and 106 for UC and UB sections respec-
tively) [40]. Even prior to the process of rationalisation this com-
monly sees the use of section sizes with significantly more capacity
thanis required.

Codes of practice serve as an additional source of underutilisation
and reserve structural capacity within buildings. This can be demon-
strated by the transition from superseded British Standards to Eu-
rocodes [33] which dictate that the combined effect of imposed and
permanent loads is to be calculated as per equation (2).

Z}’G,j Grj+ v Qra+ z Yo, Yo, Qi (2)

j=1 i>1

Where Gk and Qi are permanent and variable loads, ys and yq are
their respective partial factors, and (s is a combination factor.

In cases with just one variable action, this sees partial factors of 1.35
and 1.50 being applied to the permanent and variable load respec-
tively, contrasting with the factors of 1.40 and 1.60 previously ap-
plied when designing to British Standards [41]. When considering
that the assumed design resistance of steel members remains un-
changed across these two publications, this highlights a clear pres-
ence of reserve structural capacity. Within the Eurocodes there is
also scope to demonstrate further reserve capacity of multi-storey
steel framed structures. This relates to the use of load combination
factors (U, as in Equation 2), as well as the application of reduction
factors to unfavourable permanent loads and situations where im-
posed loads of the same category are used over several storeys [33].
As recommended in the UK National Annex to Eurocode 1 this
reduction factor is taken to be 0.925, having the effect of reducing
the imposed load partial factor from 1.35 to 1.25. In particular, this
offers significant scope for the realisation of reserve capacity in
across-use vertical extension projects within which loading
becomes consistent across floor levels it was previously not.

Asimilar - but more general - philosophy relating to the amelioration
of structural analysis techniques over time may be applied to build-
ings constructed prior to the adoption of British Standards. This sug-
gests that, should structures originally designed in accordance with
more primitive codes of practice be re-appraised using modern anal-
ysis techniques, large reserve capacities may be identified. This is
the case even when permissible stresses are taken as those assumed
at the time of construction.

The temporal increase of the permissible stress assumed when de-
signing multi-storey steel framed structures is another potential
source of reserve capacity. This is due to the fact that, although ac-
counted for with decreasing material safety factors [42], the contin-
ual advancement of steel production is typically underrepresented
in design guidance [43]. The reactive nature of codes of practice and
their infrequent publication also mean that there is an inherent de-
lay in the representation of each advancement; further contributing
to underutilisation in historic structures.



When considering the typically over-conservative nature of loads
assumed in the design process, there is an additional likelihood of re-
serve capacity in multi-storey steel framed buildings. This disparity
is exemplified in London office buildings, where the average as-
sumed imposed load of 17 structures was found to be 4.38kN/m?2 de-
spite the actual load experienced by typical office styles averaging
just 1.50kN/m? [44]. Combined with the changing demands of office
buildings associated with digitisation, the results of this study also
suggest that the current recommendation of 2.5kN/m? made in Eu-
rocodes [33] may soon be superseded. This would result in further
reserve capacity in all structures designed using this assumption. A
similar effect also results from the common practice of providing
sufficient resistance for the placement of plant at any point across a
building’s roof structure despite this rarely being the case.

Structural engineers’ continued preference for analytical methods
over numerical alternatives also results in underutilisation in steel
frame constructions, an effect which is worsened by these being en-
couraged in current codes of practice. The main drawback of these
is that, in order to be sufficiently simple to allow for completion us-
ing hand calculations, they are typically based upon numerous un-
derlying assumptions. This ultimately has a detrimental effect on ac-
curacy, as exemplified by the common practice of modelling steel
frame structural connections as either fully rigid or nominally
pinned. Inreality neither of these idealised cases are pragmatic, with
semi rigid analysis whereby converging members are modelled as
rotational springs offering a more accurate alternative [45]. Despite
this, due to their requirement for knowledge of beam-column con-
nection depths prior to their determination, such techniques are
rarely used. This introduces the potential for the identification of re-
serve capacity in multi-storey steel framed structures should they
be re-appraised post-construction using semi-rigid analysis. The ne-
glect of the effects of adjoining members in analytic methods also
means that continuous columns are generally misrepresented; typi-
cally being modelled as a series of pin-ended columns of length equal
to the frames inter-storey height.

3 Column continuity and the modified effective length
method

As economical column lengths of 8-12m (2-3 storeys) are common
within multi-storey steel frames [46], the aforementioned misrepre-
sentation of column continuity in analytic design methods has the
potential toresultin reserve structural capacity in a significant num-
ber of cases. This is true for instances where connections are taken
either as fully rigid or nominally pinned.

For the former of these, Eurocodes [47] and accompanying NCCI
‘buckling lengths of columns: rigorous approach’ (SN0O08a) [48] rec-
ommend that the combined effect of members converging at each
end of a column are accounted for through the summation of their
individual rotational stiffnesses. In this process column stiffness co-
efficients are taken simply as their nominal rotational stiffness (I /L),
whereas effective stiffnesses are used for beams in order account
for the presence of axial loads and varying far end restraint condi-
tions. From these, distribution factors in the form of equation (3) are
calculated for both the upper and lower column nodes.

K.+ K;

= (3
K.+ K, + Kip + K;

ni

Where K, is the stiffness coefficient of the column under analysis
and K;, K;; and K; , are the stiffness coefficients of the column and
beams converging at node i respectively. The use of nominal rota-
tional stiffnesses for adjoining columns within this relationship rep-
resents the situation where columns above and below the critical

section buckle simultaneously. This is evidently unlikely to be the
case in reality, with adjoining columns serving to either stabilise or
destabilise the section in consideration [49].

To account for this, Gantes and Mageirou (2005) propose a modifi-
cation to SNOO8a whereby, as with beams, effective stiffnesses are
used for adjoining columns [50]. Similar to Wood [51] this utilises
slope deflection equations to derive a set of enhanced effective stiff-
ness expressions; increasing accuracy as well as the range of far end
conditions covered, as shown in table 1. For consistency the nota-
tion used by Gantes and Mageirou for stiffness (I/L), compressive
force (N), and Euler buckling load (Ng) have been replaced here by
those found in SNOO8a.

Table 1 Converging member effective stiffness coefficients using SNOO8a and
Gantes and Mageirou (43)
Far end condition SNO0O08a [48] Gantes and
Mageirou [50]

Fixed support f(1-04 NlE) f(1-033 NEE)

Pinned support 0.75 % (1 - NlE) 0.75 { (1 - 0.661\%)

Single curvature 0.51(1 - l)
L

Ng

05% (1 —0.82 NiE)

Double curvature 1.51(1 - O.Zl) 1_51(1 _0.16i)
L Ng L Ng

Pinned roller support - 0.25% (0 - 9.87i)
L NE.

Fixed roller support - 0.25% (1 —0.82 i)
L NE.

The primary drawback of the use of this suite of formulae is that, in
order to calculate the effective rotational stiffness of an adjoining
column, the compressive force (N) present within it at failure of the
critical column must be known. Webber et al. (2015) overcome this
by initially assuming the critical column to fail at its Euler buckling
load, as given in equation (4).

_ m’El

E 2
Ley

(4)

Where L/L., is conservatively approximated to 1.0 or 0.7 for sway
and non-sway cases respectively. This result is then used to deter-
mine the compressive force present within adjoining columns at fail-
ure of the critical column using its design compressive force and that
of the column which has reached critical load. This is given for ad-
joining and critical column lengths BC and CD in equation (5).

v Neep (5)
D

Where Np is the compressive force in the adjoining column at fail-
ure, Ny pc and Ny ¢p are the design compressive forces in the adjoin-
ing and critical columns respectively, and N, ¢p, is the approximated
critical failure load given by equation (4). Substituting this relation-
ship into the equations in table 1 yields a second set of effective col-
umn stiffness coefficients for which knowledge of the compressive
force in the adjoining column at failure is not required. These are
shown in table 2 for non-sway cases where adjoining and critical col-
umns have the same EI value.



Table 2 Modified effective stiffness coefficients for adjoining columns with
various far end conditions [52]

Effective stiffness coefficient of column
BC adjoining critical column €D

Far end condition

Fixed support Isc (1 — 0,33 Nasc ( Lpc )2)

Lpc Na,cp \0.7Lcp

Pinned support

0 75ﬂ(1 — 0.66745C (_2EC )2)
758 .

Na,cp \0.7Lcp

Single curvature 0.5 8¢ (1 _ 0.8 Nasc ( Lpc )2)
Lpc

Na,cp \0.7Lcp

Using these revised effective column stiffness formulae, it is exem-
plified by Webber et al. (2015) that the proposed alterations to
SNOO08a serve to significantly increase its accuracy. Predicted col-
umn buckling capacities are measured against outputs from eigen-
value buckling analyses in Autodesk Robot Structural Analysis to
show the proposed approach to be within 1.3% and 0.6% of these for
the 2 non-sway cases considered [52]. This is significantly more ac-
curate than when using the unmodified effective length procedure,
which is found to be erroneous by 83% and 21% for the same frame
configurations. It should also be noted here that the proposed
method consistently predicts column criticality correctly, unlike the
unmodified procedure in SNOO8a.

Despite being derived using the assumption of fully rigid connec-
tions, as the expressions for modified effective stiffness coefficients
provided in table 2 represent non-sway cases where adjoining and
critical columns have the same EI value, they may also be used to ac-
count for column continuity in instances where connections are
modelled as pinned. This requires the stiffness coefficient of all
beam-column connections to be taken as zero, reducing the distri-
bution factor formula provided in SNOO8a to equation (6).

KCD

= e (6)
Kep + K" e

Nc

Where K, is the nominal stiffness of the column section under anal-
ysis (Icp/Lcp),and K" g is the effective rotational stiffness of the ad-
joining column section; calculated using the revised formulae in ta-
ble 2.

This means that, although valuable in exemplifying the likelihood of
reserve structural capacity in multi-storey steel-framed structures
designed with fully rigid connections, the work of Webber et al.
(2015) does not explore the effects the proposed modifications have
on the design buckling capacity of nominally pinned columns used in
typical real-world applications. This results from the testing of the
proposed modifications on conceptual frame configurations un-
likely to be observed inreality, and the reporting of column buckling
capacity in terms of Euler buckling load [52].

4 The effect of column continuity on design buckling capac-
ities in multi-Storey steel framed buildings

In order to analyse the effect that the consideration of column con-
tinuity has on the presence of reserve structural capacity in multi-
storey steel frames, effective column stiffness coefficients have
been used to calculate the enhanced design buckling capacity of
nominally pinned columns used in a number of different design sce-
narios. The focus of these is placed upon office buildings; selected
due to their aforementioned relative abundance [32] and likely suit-
ability for future vertical extension [44]. To allow for systematic
analysis, a generalised non-sway frame as shown in figure 1 is

adopted, consisting of a continuous 3-storey column loaded sym-
metrically at each floor level about both its major and minor axes by
nominally pinned beams. This removes the requirement to consider
the effect of actual and nominal moments on the buckling capacity
of the column, resulting that it is modelled in pure compression. In-
ter-storey height (h) and assumed loading criteria are consistent
across each storey, meaning that the ground floor column section is
critical in all instances as a result of it experiencing the largest load
whilst being equally stiff. The bi-axial symmetry of the frame also
dictates that only buckling in the columns minor axis is considered,
whilst its assumption as a braced non-sway frame negates the re-
quirement to consider second order effects.
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Figure 1 Generalised 3-storey continuous column structural frame configuration

Across all design scenarios, an imposed load of 2.5 kN/m?is assumed
for ‘general office’ usage, with an additional 1.0 kN/m? added to ac-
count for moveable partitions [53]. The total permanent load is
taken as 4.2 kN/m?, comprising 0.5 kN/m? for structural steelwork;
3.0 kN/m? for a typical trapezoidal profile composite floor; and 0.7
kN/m? for ceiling, services and flooring [54]. From the relationshipin
equation (2) and partial factors taken from BS EN 1993-1-1, this re-
sults in a combined action effect of 11.03 kN/m?2. Using this value,
storey height and column spacing (h and s as in figure 1) are varied
alternately to simulate a range of different design scenarios. Based
upon typical structural grids and floor-floor heights commonly
found within multi-storey steel framed office buildings [55] [56] this
sees storey height varied between 3.0 and 7.5 m inclusively whilst
column spacing remains at a constant value of 7.5 m. Following this,
storey height is held at a fixed value of 3.75 m whilst column spacing
is varied between 5.0 and 10.0 m inclusively. In each of these in-
stances increments of 0.1 m are used.

For each design scenario permutation the maximum design com-
pressive force (Ng4) experienced by the column is calculated as the
product of the design action effect and floor area attributable to
each column (s X s), summed across all 3 floors. Aninitial column siz-
ing process indicative of the analytic methods commonly used by
structural engineers is then followed, with a suitable column size be-
ing selected for each design situation using the process outlined in
Appendix A.3 of SCI P362 [57]. Implemented in MATLAB for com-
putational efficiency this sees sequentially stronger universal col-
umn sections selected for analysis until clause 6.46 of BS EN 1993-
1-1 (Np g > Ngg) is satisfied. It is also the case that the section in
consideration must be classified as 1, 2 or 3 and have sufficient cross
sectional axial capacity (Ngq/A < f;).

In this process, consistent with typical design practice, the ground
floor column section is initially assumed to be nominally pinned at
both ends, resulting that its effective and actual lengths are equal.
This is used in the calculation of the columns critical buckling load
(N,.), which follows equation 4 due to its equality to the Euler buck-



ling capacity for section classes 1-3. Following this, section dimen-
sions are used to determine the columns corresponding imperfec-
tion factor (a) as per table 6.2in BSEN 1993-1-1, and its non-dimen-
sional slenderness (1) calculated using equation (7).

- Afy 7
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Where 4 is the column’s cross sectional area and f, is the yield
strength of the selected steel grade (taken as 355 N/mm? in all
cases). From this, the minor axis flexural buckling reduction factor
(¥) can be determined, allowing the design buckling resistance
(Np,ra) of the selected section to be calculated using equation (8).

XAfy (8)

Ym1

Np.ra =

Where y,, is the partial factor for amember’s resistance to instabil-
ity, taken as 1.00 [58]. This resistance is then compared to the pre-
viously calculated design compressive force (Ng,) to assess the suit-
ability of the selected section size using clause 6.46 of BS EN 1993-
1-1 as above.

Following the determination of the lightest UC section offering suf-
ficient buckling resistance for a given design scenario, the proposed
solution is re-analysed using the principles of column continuity in-
troduced by Webber et al. (2015) [52] and adapted for nominally
pinned beam-column joints in equation (6). In all instances the ad-
joining column length’s far end (node B) is conservatively modelled
as pinned, dictating the use of the relationship found in the second
row of table 2 in this process. The same is true for the columns base
node (D), meaning its distribution factor (n,) is taken to be 1.

Due to the overly-conservative nature of the formulae provided in
SNOO8a and impracticalities in using design charts to determine
large numbers of effective length ratios, relationships developed by
Smyrell (1993) [59] have been used for this purpose. These provide
an accurate approximation of a column’s effective length ratio
(L/L¢,) from its corresponding nodal distribution factor combina-
tion (n¢, np). This allows for the subsequent recalculation of its Euler
buckling capacity and design buckling resistance following section
6.3.1 of BSEN 1993-1-1 as outlined above. Reserve capacity is then
taken to be the difference between this and the buckling resistance
required by the present design scenario.

5 Results and discussion

Reserve buckling capacities are reported per m? of floor area at-
tributable to the column at each floor level, s x s (not be confused
with the total area acting upon the column across all 3-floors as used
in the determination of maximum design compressive forces). This
serves to give an indication of the magnitude of uniformly distrib-
uted load which may be safely exerted by the construction of any ad-
ditional storeys. As seen in figures 2 and 3, the relative portions of
reserve buckling capacity resulting from the consideration of col-
umn continuity and limitations in the number of UC sections availa-
ble for selection have also been disaggregated for clarity.

It can be seen from figures 2 and 3 that the reserve buckling capacity
resulting from limitations in the number of available section sizes
follows a cyclic pattern. This sees it decrease incrementally by a sim-
ilar amount (averaging 0.98 kN/m? and 0.86 kN/m?for varying col-
umn spacing and storey height respectively) as the design scenario
analysed becomes more onerous (i.e. as column spacing or storey
height increases). Following this, there is a sharp and sudden rise in

reserve capacity before the sequential decrease proceeds. This re-
sults from the aperiodic adoption of the next largest section size
when that currently under consideration can no longer provide suf-
ficient resistance. The cause of this differs in instances of varying
column spacing and storey height; resulting from the increase in de-
sign action whilst resistance remains constant in the former, and the
inverse in the latter. This effect means that each cluster in figures 2
and 3 can be taken to represent a single section size

Figures 2 and 3 also reveal the consideration of column continuity
toyield a relatively constant addition of reserve structural capacity
across all design scenarios considered, with the mean values being
1.09 kN/m? and 1.40 kN/m? for varying column spacing and storey
height respectively. Although not sufficient to allow for vertical ex-
tension initself, this represents a significant contribution which can
be shown to be present in all instances where multi-storey continu-
ous columns are used. This suggests that, in combination with addi-
tional sources of reserve structural capacity as discussed in section
2, itis probable that sufficient capacity will be present in most multi
storey steel framed office buildings to allow for future vertical ex-
tension.

In the case of increasing column spacing, reserve capacity resulting
from the consideration of column continuity follows a similar cyclic
pattern to that caused by section size limitations. This is despite the
fact that an increase in column spacing results in a reduction in ef-
fective column length and increase in design buckling capacity and
is instead a feature of the reporting of reserve buckling capacities in
aper m?functional unit. In contrast, as storey height is varied within
each section size cluster, the reserve buckling capacity resulting
from the consideration of column continuity either increases or de-
creases incrementally depending upon the section size in consider-
ation. Notwithstanding this, and as a result of the consistent and
comparatively minor nature of reserve capacities resulting from
consideration of column continuity, a similar cyclic pattern to that
seen for section size limitations is observed for variations in total re-
serve buckling capacities with both column spacing and storey
height.

This dictates that there are large variations in total reserve buckling
capacities, with values ranging from 1.18 kN/m? to 8.63 kN/m? for
varying column spacing and 0.85 kN/m? to 10.38 kN/m? for varying
storey height. This shows that there is significant scope for future
vertical extension in instances where continuous column sections
are used in design scenarios requiring only a small portion of their
offered resistance. Considering the typical combined action effects
associated with multi-storey steel framed residential accommoda-
tion buildings, the identified reserve buckling capacities indicate
that a single storey may be added in some cases even if the extended
portion utilises the same structural solution as the existing building.
If amore lightweight alternative is used however, there is the poten-
tial for a greater number of storeys to be added across a larger num-
ber of more onerous design scenarios.

This is the case even without the consideration of additional sources
of reserve capacity and the potential for structural remediation as
discussed in section 2; with these serving to increase the potential
for vertical extension further. Conceptually, as rationalisation sees
the adoption of section sizes with greater resistance thanis required
whilst design actions remain constant, it may be thought of as the
process of increasing a columns reserve buckling capacity to a value
just greater than that obtained for the least onerous design scenario
inthe next largest section size cluster. This represents the situation
in figure 3 whereby any of the reserve buckling capacities between
6.75 kN/m? and 1.62 kN/m? for storey heights between 3.1 m and



3.7 m are enhanced to a value greater than that of 8.37 kN/m?, ob-
tained for a storey height of 3.8 m. A similar result would be ob-
served in the instance of structural remediation of columns, with
this process also serving to increase design resistances whilst ac-
tions remain constant.
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Figure2 Reserve design buckling capacities resulting from section size
limitations and consideration of column continuity in columns of varying spacing.
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Figure3  Reservedesign buckling capacity resulting from section size limitations
and consideration of column continuity in columns of varying length.

In addition to the sources of reserve structural capacity discussed in
section 2 there is scope to increase the portion identified through
the consideration of column continuity further. This results from
simplifying assumptions used in using the modified effective length
method which ultimately have a detrimental effect on accuracy. The
first of these relates to the assumption of the column base as a
pinned support, something which is highly unlikely to be the case in
reality. This means that only the rotational stiffness of the column’s
upper node is considered, leading to the over-estimation of the ef-
fective length of the critical column section. In order to overcome

this, the partial rigidity of the columns base may be accounted for
using a distribution factor between 0 and 1, as obtained when col-
umn nodes are modelled as rotational springs [45].

An additional simplifying limitation of the adopted methodology is
the assumption of adjoining column’s far ends as nominally pinned,
a process which means that the columns continuity beyond this
point is not considered. Exemplified using notation found in figure 1,
this dictates that the resistance offered to the adjoining column (BC)
by the section above this (4B) is not represented. This ultimately re-
sults that the buckling load of the adjoining column (B(C) at failure
and the resistance this provides to the critical column (CD) are un-
derestimated. To account for this, the modified effective length ap-
proach may be applied in series to first calculate the Euler buckling
load of the uppermost column section and each below this consecu-
tively. A similar limitation to this results from the assumption used
by Webber et al. (2015) [52] that the critical column fails at a load
equal to its Euler buckling capacity. The effects of this may be re-
duced by taking the buckling capacity identified by the initial modi-
fied effective length analysis and using this as the assumed failure
load (N, ¢p as in equation (5)) in a secondary iterative analysis.

6 Conclusion

Existing literature suggests that the future residential densification
of city centres offers a more sustainable and environmentally be-
nign alternative to traditional housing provision in suburbanised
clusters. The adaptation of existing buildings through vertical exten-
sion provides a suitable means of achieving this, whilst also serving
to increasing the circularity of material flows within the construc-
tionindustry and the reduce whole-life carbon emissions and energy
consumption of buildings.

Multi-storey steel framed buildings are identified as particularly
pertinent in the context of vertical extension as a result of their rel-
ative abundance, inherent durability, and suitability for adaptation
and structural retrofit. An increased likelihood of the presence of
reserve structural capacity in such structures has also been high-
lighted. This results from the process of rationalisation; limitations
in the number of section sizes available for use; the amelioration of
structural analysis techniques with time; the over-conservative na-
ture of assumed design actions; and simplifications made in the ana-
lytic design processes typically used by designers.

The widespread presence of small (=1.0 kN/m?) reserve structural
capacities can be demonstrated for typical multi-storey steel
framed office buildings constructed using continuous columns
through the consideration of the restraining effect that this has
upon the buckling capacity of the critical portion. This is exemplified
by modelling inter-storey column continuity as a fully rigid connec-
tion and employing a modified version of the effective length
method to account for the presence of axial loads in adjoining col-
umn sections. Although this is not sufficient to allow for vertical ex-
tension in itself, when combined with reserve capacity resulting
from the limited number of section sizes available, adequate capac-
ity is available to allow for extension in certain design cases. This
suggests that, should additional sources of reserve structural capac-
ity be considered, it is probable that sufficient reserve structural ca-
pacity will be present in most multi storey steel framed office build-
ings to allow for future vertical extension. The likelihood of this is
increased further should a less onerous structural form be used for
the extended portion of the building.

This introduces a requirement for further work to affirm the typical
reserve structural capacities in multi-storey steel framed buildings
arising from the sources listed above and discussed in section 2. Due



to the anticipated variability in these in comparison with the consid-
eration of column continuity, this should be conducted using a suite
of case study structures rather than idealised frame solutions as
adopted in this work.
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