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ABSTRACT

Considerable efforts are aimed at re-using industrial heritage buildings in order to preserve their herit-
age value, revive declining regions and avoid wasting energy. Such buildings hardly fulfil the require-
ments of present standards for structural design. Decisions about construction interventions should be
based on the complex assessment of a structure considering actual material properties, environmental
influences and satisfactory past performance. Simplified conservative procedures accepted for struc-
tural design often lead to expensive repairs and losses of heritage value. The probabilistic procedure in
accordance with ISO 13822 for assessment of existing structures can considerably enhance reliability
verification. Application of theoretical principles is illustrated by the case study of a 19th-century spin-
ning factory, listed as industrial heritage. The actual characteristics of a cast-iron structure are verified
by material tests, measurements of geometry and careful visual inspection. Actual behaviour of an
existing structure and the previous load history is considered when deciding about its further use and
rehabilitation. The case study indicates that the probabilistic methods can be effectively applied in reli-
ability verifications of heritage buildings and decisions about construction interventions.

Keywords: cast iron, construction interventions, decision making, heritage value, industrial heritage,
probabilistic assessment.

1 INTRODUCTION
A number of factories, warehouses, power plants and other industrial buildings were built
during the Industrial Revolution and have been registered as industrial cultural heritage
throughout the world. Such structures are mostly of significant architectural, historical, tech-
nological or social value [1, 2]. Protection — including adaptations and re-use — of these
structures is an important issue, positively contributing to the sustainable development of
urban areas by:

e preserving cultural values — the heritage value of the structure commonly originates from
its uniqueness, quality of craft execution, relationship with an important event or person,
urban context, importance as a landmark etc.;

e recycling of potential resources and avoiding wasting energy;

o facilitating the economic regeneration of regions in decline.

However, insufficient attention seems to be paid to systematic recognizing, declaring and
protecting of industrial heritage in most countries. This is an alarming situation as the lack of
attention and awareness of such buildings gradually leads to their extinction.

When out of use and without proper maintenance, industrial heritage buildings are degrad-
ing and turning into ruins. Re-use and adaptation of industrial buildings to hotels, museums,
residential parks and commercial centres help to protect cultural heritage and atmosphere of
urban areas [3].

The protection of industrial heritage is a multidisciplinary topic which includes historical,
architectonic, civil engineering and ecological aspects. In 1978 the International Committee
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on the Conservation of the Industrial Heritage (TICCIH) was founded to study, protect, con-
serve and explain remains of industrialization. The cooperation of TICCIH and the Interna-
tional Council on Monuments and Sites (ICOMOS) has resulted in registering more than
40 industrial-related sites in the World Heritage List. In the Czech Republic, the majority of
construction works listed as industrial heritage date from the second half of the 19th century
to the first quarter of the 20th century.

It has been recognized that many heritage structures fail to fulfil requirements of present
codes of practice. Decisions about adequate construction interventions should be based on
the complex assessment of a structure. Minimization of construction interventions is required
in rehabilitation and upgrades, but sufficient reliability should also be guaranteed. Applica-
tion of simplified procedures used for designing of new structures may lead to expensive
repairs and losses of the heritage value. A general probabilistic procedure is thus proposed to
improve the reliability assessment of industrial heritage buildings particularly with respect
to:

e better description of uncertainties related to the assessment;
o facilitation of inclusion of results of inspections, tests, measurements and the experience
based on satisfactory past performance of the structure.

Moreover, probabilistic assessment is an essential part of risk-informed decision making con-
cerning safety measures [4]. Application of theoretical principles is illustrated by a case study
of a 19th-century spinning factory, listed as industrial heritage.

2 RELIABILITY ANALYSIS
2.1 General aspects

As a rule, re-use and adaptation of industrial buildings require structural reliability assess-
ment. However, it appears that insufficient attention has been paid by experts to the spe-
cific issues of such assessment so far. The following differences between the assessment and
designing of new structures should be carefully taken into account:

e social and cultural aspects — the loss of heritage values

e economic aspects — additional cost of measures to enhance reliability of a heritage build-
ing in comparison with a new structure; at a design phase the cost of such measures is
much lower than the cost of strengthening

o principles of the sustainable development — waste reduction and recycling of materials;
these aspects are more significant in the case of an existing building

e lack of information for assessment — a limited number of tests restricted by protecting
heritage values, even though such tests are vital due to the variability of mechanical prop-
erties, deterioration effects and damage that may have occurred during the working life of
the structure

Significant uncertainties related to actual material properties and structural conditions usu-
ally need to be considered in reliability assessment. In standards for structural design, a lim-
ited number of safety factors are intended to cover all relevant design situations. Therefore,
verifications based on procedures accepted for structural design may be overly conservative,
resulting in expensive repairs and the loss of a heritage value.
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It has been recognized that the assessment of existing structures is a structure-specific task
that is difficult to codify. In accordance with EN 1990 [5] and ISO 13822 [6], a probabilistic
procedure is thus proposed here to enhance the reliability assessment of industrial heritage
buildings. The procedure makes it possible to include results of inspections, testing, measure-
ments and the experience based on satisfactory past performance of the structure. Probabilis-
tic verification may be appropriate [7] in the following situations:

Detailed or little information on structural conditions is available.

There are significant uncertainties in actual structural performance and conditions exist.
Consequences of structural failure including the loss of a heritage value are high.
Evaluation of the efficiency of monitoring and maintenance strategies is required.
Fundamental decisions concerning a whole group of structures are needed.

Nk LD =

In the case of heritage structures, the first three cases can be particularly relevant.

Uncertainties in the assessment of heritage structures are often greater than in the design
of new structures; examples are the statistical uncertainty due to a limited amount of test data
or uncertainties related to inaccessible members and connections where construction details
cannot be inspected and verified. These uncertainties can be adequately described by proba-
bilistic methods [8]. On the contrary, some of the uncertainties reflected — often implicitly —
in load and resistance factors (modelling approximations, deviations from specified
dimensions and strengths) may be less than in new construction, particularly when in-situ
measurements are taken.

2.2 Models for basic variables

Models for basic variables should be adjusted to the actual situation and state of a structure
and verified by inspection and testing. The following principles should be taken into account:

e Material properties should be considered according to actual conditions of the structure
and verified by destructive or non-destructive testing. It is often appropriate to combine
limited new information with prior information. Bayesian techniques provide a consistent
basis for this updating; details are provided in ISO 12491 [9] and in the materials of the
Joint Committee on Structural Safety JCSS [4, 10]. Prior information may be found in nor-
mative documents, scientific literature, reports of producers etc. For instance, the Czech
standard CSN 73 0038:2014 — a former National Annex to ISO 13822 [6] — provides
characteristics of different historical materials. Detailed information focused on industrial
heritage buildings is given in the monograph [2].

e When significant deterioration is observed, an appropriate deterioration model should be
used to predict changes in structural parameters due to foreseen environmental condi-
tions, structural loading, maintenance practices and past exposures, based on theoretical or
experimental investigation, inspection and experience.

e Dimensions of structural members should be determined by measurements. When the
original design documentation is available and no changes in dimensions exist, nominal
dimensions given in the documentation may be used.

e Load characteristics should be introduced considering the values corresponding to the
actual situation. For structures with significant permanent actions, the actual geometry
should be verified by measurements and weight densities should be obtained from tests.
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e Model uncertainties should be considered in the same way as at a design stage unless pre-
vious structural behaviour (especially damage) indicates otherwise. In some cases model
factors, coefficients and other design assumptions can be established on measurements.

It follows that the reliability verification of a heritage building should be backed up by inspec-
tion and collecting appropriate data. Evaluation of prior information and its updating using
newly obtained measurements may be a crucial step of the assessment.

2.3 Probabilistic updating

The failure probability, related to the period from the assessment to the end of a working life,
t.» can be obtained from a general probabilistic relationship:

pi(tp) = P{min Z[X(7)] < 0for0 <z<1,} = P{F(1,)} (1)

where Z(-) is the limit state function; X(-) is the vector of basic variables including model
uncertainties, resistance, permanent and variable actions; and F (t,) is the failure in the inter-
val (0,z,).

‘When additional new information, 7, related to structural conditions becomes available, the
failure probability can be updated according to ISO 13822 [6] as follows:

pe(tp11) = P{F(t,) NI} 1 P(1) @)

Relevant information should be selected to maximize the correlation between the events { F'}
and {I}. Strong correlation improves the posterior estimate of failure probability while weak
correlation yields similar estimates as based on eqn (1); see [8]. The new information can
result from:

inspections that can provide data for the updating of a deterioration model,

material tests and in-situ measurements that can improve the models of material or ge-
ometry properties,

3. consideration of the satisfactory past performance,

4. static and dynamic response to controlled loading including proof tests.

[N

In the first two cases, the new information is usually applied in the direct updating of (prior)
distributions of relevant basic variables that are commonly based on experience from assess-
ments of similar structures, long-term material production, findings reported in literature or
engineering judgement. The third case may be very important for industrial structures [11,
12]; for instance the structure, originally used as a factory and adapted to a museum or gal-
lery, may have resisted loads much greater than those expected for a future use. The fourth
case is substantially similar to the third one; structural response to controlled loading can
reduce uncertainties in a resistance model; however, this procedure is applied in exceptional
cases. More information on probabilistic updating is provided elsewhere [4, 13].
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3 TARGET RELIABILITY
Reliability verification can be based on either of the following equivalent relationships:

pf(tDll) <D ﬁ(tbll): _q)_l[pf(tbll):l ZBI 3)

where p, is the target failure probability; &' is the inverse cumulative distribution function of
the standardized normal variable; and (3, is the target reliability index.

Specification of target reliability levels is one of the key issues of the assessment of exist-
ing structures. ISO 13822 [6], ISO 2394 [14] and its second edition issued in 1998 indicate
procedures for specifying target reliability levels by cost optimization and suggest accept-
ance criteria for human safety. Recent studies [15, 16] reveal that the requirement to reach
the same target reliability levels for existing structures as for new structures is uneconomical.
ISO 2394 [14] provides target levels based on economic optimization that might be appro-
priate for existing structures when large relative costs of safety measures are assumed. Note
that lower costs of safety measures are commonly taken into account for design of a new
structure.

Fundamental principles for the assessment of buildings and bridges with a cultural heritage
value are provided in Annex I of ISO 13822 [6]. Such assessment shall reflect structural reli-
ability and the heritage value of the structure, and these two aspects shall both be taken into
account in any decision involving possible construction interventions. The heritage value is
normally associated with character-defining elements — historic materials, forms, locations,
spatial configurations, morphology, concept and details, structural design, uses and cultural
associations that contribute to the heritage value of the structure, which shall be retained in
order to preserve its heritage value.

Construction works or their load-bearing structures often represent an important aspect of
the culture of a certain time period. Besides this, the structures can support other character-
defining elements such as technologies, facades or other non-structural members including
historic mural paintings.

To retain authenticity and integrity, the structure is to be preserved, as far as possible, with
its original or similar materials and structural concept. Unnecessary construction interven-
tions may result in excessive costs, may hinder the viability of rehabilitation and conse-
quently they may endanger the heritage value and the existence of the building.

Heritage values of industrial buildings depend on the cultural and historic conditions of
different regions within a country, Europe, or throughout the world. At present, no generally
valid criteria for the assessment of heritage structures exist and such assessments are as a rule
based on a case-specific approach. The criteria related to heritage values of industrial build-
ings including bridges are listed in Table 1.

An important aspect that is characteristic for industrial heritage and needs to be taken
into account is the relation between the structure and the technologies. The load-bearing
structure has often been designed in order to meet the specific requirements of implemented
technologies. Typical examples include corbels supporting transmissions, crane girders or
single-purpose structures such as blast furnaces, mills or headframes.

The heritage values of a building, its structure and associated technologies are defined by
preservationists and architects. These values should be taken into account in any plans for
the future use of the building and the designing of construction interventions. As a rule, a
compromise needs to be found between clients, preservationists, architects and civil engi-
neers, balancing the qualities of the structure with respect to its future use, the viability of the
project, total costs and preservation of the heritage values.
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Table 1: Criteria of the heritage value of industrial buildings.

Criterion Description

Reflected by the degree under which the building is listed —
General cultural sig-  regional, national, transnational — UNESCO protected; consid-
nificance for aregion  erations of urbanistic, architectural, authenticity and structural
integrity aspects.

Authenticity, innovativeness, start of phase of industrial develop-

Cultural development . .
ments, relation to an outstanding person.

Preserved technological cycle, technological equipment as a
Technological or tech- part of the structure, uniqueness of technologies, originality,
nical significance characteristic and authentic structural system — exceptional span
lengths, novel implementation.

Table 2: Indicative relation between the heritage value of a building or bridge and the Con-
sequence Class according to EN 1990 [5] — minimum requirement on CC.

Technical possibilities of preserving Heritage value
the heritage value

Low Medium High
Small CC1 CC1 cC2
Medium CC1 cC2 cC3
High cC2 CC3 CC3

Table 2 indicates how heritage value can be taken into account in specifying the Conse-
quence Classes CC in accordance with EN 1990 [5]. It is emphasized that these indications
provide a minimum class, i.e. a higher class should be taken into account if needed because
of economic or human safety reasons. For more details see [2].

4 CASE STUDY OF A 19TH-CENTURY SPINNING FACTORY
4.1 Introduction

An important requirement of how to preserve the appearance and materials of heritage struc-
tures should be considered in the assessment of existing structures. To retain heritage values,
the structure should be preserved, as far as possible, with its original materials and structural
concept intact. However, the verification of material properties is difficult in many cases. This
is particularly the case of existing cast-iron structures which have material properties signifi-
cantly different from current structural steels. An example of the assessment and successful
reconversion of an existing industrial building is provided in this section.

A spinning mill, located in the city centre of Liberec in North Bohemia, dates from 1868.
The factory served its purpose until 1930. The building was then out of use until 1990, when
it was converted to a gallery with a coffee bar, and later to a warehouse. After that the building
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had not been used and had gradually deteriorated for several years before the reliability
assessment was carried out. Recently, it has been decided to recognize its heritage value, list
the building as a regional monument and carry out its rehabilitation. The building with an
ornamental facade before rehabilitation is shown in Fig. 1.

The building is intended to be used for residential purposes and as a coffee bar. One of
main concerns during the rehabilitation is to preserve the historical character of the building,
formed primarily by its cast-iron columns.

4.2 In-situ inspection and measurements
The building, made of fired solid bricks, consists of three timber floors supported by cast-iron

columns with ornamental heads (Fig. 2), carrying timber beams and timber floors. The wood
has been locally attacked by insects or dry rot.

o

i

\\
b

=

Figure 2: The load-bearing structure with cast-iron columns.
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Table 3: Thickness ¢ of selected columns.

Floor Location of Thickness of column (mm)

number  measurement (m) 1 2 3

1 1 21 22 21.5
2 17.5 18 18.3

2 1 16 15.8 14.6
2 14.7 15.5 14.4

3 1 17.4 17.2 16.4
2 17.1 16.8 16.1

Visual inspection revealed that masonry walls and cast-iron columns were without any
significant damage affecting structural reliability. The geometry of all the cast-iron columns,
including their thickness, was measured at heights of 1 and 2 m above the floor level. The
average values for selected columns are given in Table 3.

Actual thickness of all the columns varies along height and is unexpectedly reduced for all
the columns in the second floor. It should be noted that it was very difficult to obtain reliable
information about actual geometrical imperfections of the columns.

Grey cast iron is characterized by a high compressive strength and significantly reduced
tensile strength caused by a high carbon content of 2-5%. The behaviour of the material is
ductile in compression and brittle in tension.

Non-destructive tests of strength of the columns were carried out by a hardness tester TH
130 and then converted to estimates of the ultimate strength in compression. The results
indicated that the ultimate strength of the cast iron varied in a rather broad range from
665 to 800 MPa; this range is partly attributable to the measurement uncertainty of a non-
destructive technique. The material hardness was tested at two levels (1 and 2 m) of each
column. The characteristic value of ultimate strength was estimated in accordance with EN
1990 [5], Annex D.

For a representative column, the sample mean m = 702 MPa and coefficient of variation v =
0.071 are evaluated from six measurements (n = 6), a coefficient k= 2.18 is obtained from
EN 1990 [5]. Assuming lognormal distribution, the characteristic value of ultimate strength
is then estimated as:

fue =mexp(—k,v) =702 exp(-2.18 x 0.071) = 600 MPa )

The design value of ultimate strength f,  may be approximately estimated for the column
from eqn (4). Considering the coefficient k = 6.36 leads to f, , = 450 MPa. The subscripts ‘k’
and ‘d’ denote a characteristic and design value, respectively.

For the ratio f, /fy = 2 between the ultimate compressive strength f, and yield strength fy
(0.2% proof stress) [17], the characteristic and design yield strengths are fy . ~ 300 MPa and
fy 4 = 225 MPa, respectively. As an approximation, the tensile strength may be considered to
be about one third of the compressive strength, i.e. about 75 MPa.

Due to the restrictions imposed by preservationists, the results of the non-destructive tests
were not calibrated by destructive tensile tests. Only a small sample of the material was
extracted for a punching test and microscopic analysis of the material. The prepared material
samples were analysed by means of a confocal laser microscope, which confirmed the type
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of cast iron. Black smudges formed by lamellar graphite are characteristic of grey cast iron.
This graphite forms voids or cracks within the iron matrix and considerably reduces tensile
strength.

The Czech national standard CSN 73 0038:2014 recommends characteristics of cast iron
which may be applied for the verification of columns when structure-specific information
is unavailable. The design value of yield strength under compression, and also compression
strength in combination with bending is estimated by a conservative value of 100 MPa; the
modulus of elasticity is 100 GPa.

4.3 Reliability verification of columns

Firstly, the partial factor method — the basic method for reliability verifications in EN 1990
[5] — is applied. For the evaluation of the load-bearing capacity of the columns, actions due
to self-weight, permanent actions, imposed and snow loads are estimated. The column on
the first floor is additionally loaded by the self-weight of masonry vaults. Imposed loads for
residential areas (category A) and two alternatives of a floor structure are considered (alt. I —
reinforced concrete slabs, alt. II — composite timber beams and concrete slabs). Snow load is
determined according to EN 1991-1-3 [18]. The characteristic value of the ground snow load
is s, = 1.5 kN/m*.

Selected results of the analysis of internal forces and utilized capacity (in %) are presented
in Table 4 for specified material characteristics of the in-situ material testing, and in Table 5
for the characteristics of cast iron recommended in CSN 73 0038:2014.

Table 4: Reliability assessment of a column for the design strength foa =190 MPa.

Design value  Design value of

Alternative Floor number of axial force  axial resistance Utilization in %
in kKN in kN
3 350 405 86
| 2 627 317 198
1 985 799 123
3 199 405 49
1I 2 328 317 104
1 530 799 66

Table 5: Reliability assessment of columns for the design strength fy .= 100 MPa.

Alternative Floor Design value of axial Design value of axial Utilization
number force in kN resistance in kN in %
3 350 225 155
I 2 627 176 356
1 985 444 222
3 199 225 89
I 2 328 176 187
1 530 444 119
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The analysis based on in-situ measurements that the columns need not be strengthened
when the composite, lightweight timber-concrete floor is applied (alt. 1I). When a heavier
floor (alt. I) or the material characteristics given in CSN 73 0038:2014 are considered, most
columns should be upgraded. Strengthening by casting concrete into the holes of the col-
umns is considered as a common method for which the basic principles are provided in EN
1994-1-1 [19].

However, the efficiency of such strengthening in the case of historic materials like cast iron
differs from modern steels, and depends considerably on the interaction between cast iron
and concrete. Therefore, further guidance beyond the scope of Eurocodes is needed [20]. It
should be mentioned that other methods of strengthening, such as by strips of FRP polymers
EN 1998-3 [21], might also be applied. Each method of strengthening has advantages and
disadvantages that should be taken into account in conjunction with the aspects of the viabil-
ity of execution, fire resistance and total costs.

Probabilistic reliability analysis is based on eqns (1) and (2). The limit state function takes
into account a combined load effect E and resistance R of a column:

Z(X) =6,R-6,E ®)

Here 0, denotes the uncertainty in the resistance model and ¢, the uncertainty in the action
effect model. The models of basic variables given in Table 6 are based on the JCSS Proba-
bilistic Model Code [10] and recent scientific findings; overview with a special focus on
industrial heritage buildings is provided in [2]. The mean y, and the standard deviation o,
of each variable are related to the characteristic value X,. For the reliability analysis of the
column, the imposed load is considered as a leading variable action and snow as an accom-
panying action. Using Turkstra’s rule [22], a 50-year maximum of the imposed load is thus
combined with an arbitrary point-in-time value of the snow load, approximated here by its
annual maximum. More detailed analysis could be based on the approaches to load combina-
tion described in [2]. The probabilistic model of 6, is based on results of the detailed study
focused on uncertainties in predicting compressive resistance of cast-iron columns [23].

Table 6: Models of basic variables.

Standard
Symbol | Variable Distribution | u,/x, devia-
tion o,
fy 4Y12e)1d strength of cast iron (Section Lognormal | 1.45 0.154,
r Radius of a column Normal Measurements | 0.05u,
t Thickness of a column (Table 3) Normal Measurements | 0.02 m
0. Resistance model uncertainty Lognormal |1 0.15
0, Load effect model uncertainty Lognormal |1 0.05
G Permanent action Normal Measurements | 0.1u,
o Fifty-year maxima of imposed load | Gumbel 0.6 0.35u,
Annual maxima of the snow load on
Q.on the roof Gumbel 0.35 0.7u,
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The probabilistic analysis leads to the reliability index (3 = 3.5 when a reinforced concrete
slab is applied (alt. I) and the cast-iron properties updated by testing are considered. When
the material properties recommended in CSN 73 0038:2014 are taken into account, the result-
ing reliability is very low (3 = 1.5). For alt. II the reliability index 3 = 4 is determined for the
updated cast-iron properties.

Consequences of column failure in a residential building are considered as medium, corre-
sponding to the Consequence Class CC2 according to EN 1990 [5]. In following the guidance
in Table 2, a minimum consequences class CC2 is considered:

e The technical possibilities of preserving a heritage value are high as it is relatively easy to
strengthen the columns and preserve the authenticity of the building.
e The heritage value of the building is low as it is of regional importance.

That is why CC2, corresponding to the Reliability Class RC2, is considered and the target
reliability index § =~ 3.8 is accepted [5]. The reliability of the structure for alz. I1 is thus suf-
ficient.

Some uncertainties in actual material properties and geometric imperfections of the cast-
iron columns are not fully included in the reliability analysis. Examples include the uncer-
tainties related to non-inspected columns, missing calibration of non-destructive hardness
measurements by tensile tests and boundary conditions of the investigated columns. However,
clear evidence that the structure of the spinning mill withstood for more than one hundred
years considerably greater imposed loads than presently required for residential purposes
should be taken into account. Therefore, taking into account the results of the reliability
analyses and the satisfactory past performance of the structure, no strengthening is recom-
mended.

5 CONCLUDING REMARKS

1. Reliability verifications of the industrial heritage buildings and other existing structures
should be based on results of inspection and on relevant data.

2. Assessments based on simplified conservative procedures used for structural design of-
ten lead to expensive upgrades and losses of the heritage value.

3. Probabilistic methods allow to adequately describe uncertainties and take into account
results of inspections, tests, measurements and satisfactory past performance of the
structure.

4. The target reliability for the assessment of historic structures should reflect their heritage
values and the technical possibilities of preserving these values.

5. The case study of a 19th-century spinning factory reveals that:

i. application of the general material properties given in Czech national standards
yields unacceptably low structural reliabilities;

ii. when actual geometric and material properties based on experimental data are ap-
plied, the reliability of the cast-iron structure columns is acceptable and no interven-
tion is required.

6. Further research should be focused on enhancing the methods for verification of actual
properties of cast-iron structures and on improving description of the uncertainties in
resistance models of cast-iron structural members.
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