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MATERIAL PROPERTIES OF HERITAGE WROUGHT STEEL
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ABSTRACT
Many heritage structures do not fulfil requirements of present standards. Decisions about adequate
construction interventions should be based on complex assessment of structural reliability. Such an
assessment should take into account new utility plans, actual material properties and environmental
influences, including degradation processes, satisfactory past performance and advanced modelling
reflecting properties of historic materials that are often distinctly different from those assumed for cur-
rent construction materials.

The submitted contribution focuses on reliability assessment of balcony girders of the Estates Thea-
tre in Prague, listed as a Czech national heritage monument. Preliminary reliability assessment, based
on conservative recommendations of standards for existing structures, reveals that the resistance of the
wrought steel girders from the 19th century is insufficient. This is why a series of non-destructive tests
supplemented by a single tensile test are performed in order to obtain information about the homoge-
neity of the historic material, its strength and modulus of elasticity. The results of the tests are then
evaluated using statistical methods. The design values of basic variables are estimated, considering
uncertainties in material properties, geometry and resistance models. In addition, chemical analysis is
performed to identify material composition and verify a type of historic steel.

Keywords: Brinell hardness test, heritage structures, homogeneity; material properties, reliability as-
sessment, statistical approach, wrought steel

1 INTRODUCTION

Load-bearing structures of numerous heritage buildings are made of historic metallic mate-
rials. Particularly in the 19th and early 20th centuries, wrought steel and cast iron became
popular construction materials [1]. It has been recognized that such structures often fail to
fulfil requirements of present codes of practice [2, 3]. Decisions about adequate construction
interventions should be based on the complex assessment of a structure considering actual
material properties, environmental influences and satisfactory past performance [4]. A key
step of this assessment is modelling of resistance of load-bearing members [5].

The submitted contribution is focused on reliability assessment of the balcony girders of
the Estates Theatre in Prague under rehabilitation, one of the oldest European theatres, listed
as a Czech national heritage monument (Fig. 1). The girders were fabricated in the 19th cen-
tury; a type of the metallic material is unknown.

Preliminary reliability assessment, based on conservative recommendations of current
standards for existing structures, reveals that resistance of the steel girders is insufficient.
Reliability analysis of heritage structures have to treat numerous uncertainties related to lack
of information about material properties, construction procedures, structural system behav-
iour, and so on. Focusing on the first aspect, a number of destructive tests (DTs) that are
needed to gain credible information on material properties is mostly limited by the require-
ments on cultural heritage value protection. This is why a few DTs only are commonly sup-
plemented with a series of non-destructive tests (NDTs).
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Figure 1: A view of the balcony of the Estates Theatre in Prague.

The information given in Annex D of EN 1990 [6] provides a first insight into specification
of a minimum number of tests. When coefficient of variation of the material property under
consideration, V,, or its conservative estimate is known, a characteristic value of the mate-
rial property, X,, can be assessed from one test result only. In case of unknown V,, no prior
knowledge is available and at least three tests are needed.

For the balconies under study, a cultural heritage protection authority has approved to
take only one specimen for destructive testing. The submitted contribution illustrates how
a characteristic value and partial factor for material properties can be estimated under such
conditions. One destructive tensile test is supplemented by

e Non-destructive hardness Brinell tests to verify homogeneity of a material across several
balcony girders

e Chemical analysis to confirm a type of the material

e Prior information based on previous experience with historical steel materials.

Characteristic value and partial factor are then estimated in accordance with the principles
of EN 1990 [6], ISO 13822 [7] and the Czech standard for assessment of existing structures —
CSN 73 0038 [8].

Note that the CIB guide [9] for the structural rehabilitation of heritage buildings indicates
that a key issue of historic steel structures is corrosion. This has been addressed in the case
study as well; however, information on this is beyond the scope of the submitted contribution.

2 MATERIAL HOMOGENEITY VERIFICATION
Results of Brinell hardness tests are taken into account to verify homogeneity of the material.
Measurements are taken at ten locations; eight hardness tests are carried out at each of the
locations. Figure 2 displays the histogram of strengths based on NDTs. A conversion factor is
applied to make the NDT estimates consistent with the tensile strength obtained by DT.
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Figure 2: Histogram of strengths based on NDTs.

Grubb’s test [10] indicates that the sample likely contains no outlier and extreme obser-
vations can result from random variability. This is why the wrought steel is considered as
homogenous across all the inspected girders.

3 INPUT DATA AND BASIC ASSUMPTIONS
Tensile test (Fig. 3) leads to the following basic material properties:

Yield strength: fy = 275 MPa obtained for strain of 0.2%
Ultimate strength: f, = 304 MPa

Ductility ¢, = 5.1%

Modulus of elasticity E = 127 GPa

These values well correspond to the general information provided by the report of the
European Joint Research Centre [11], where the following ranges are indicated for wrought
steel: fy ~ 220-310 MPa; fu ~ 280—400 MPa and €, = 5-20%. These observations are also in
agreement with an experience gained in the Czech Republic — structures constructed before
1894 were mostly made from wrought steel or cast iron, CSN 73 0038 [8]. Table 1 provides
an overview of information about properties of historical steels. This evidence thus clearly
suggests that the material can be classified as wrought steel.

Material strength based on NDTs exceeds that based on a tensile test by about 50%, which
is common for historic steels [12]. This is why the NDT estimates are hereafter considered as
indicative only, and wrought steel properties are assessed on the basis of the tensile test and
general experience with historical structures.

4 CHARACTERISTIC VALUE
A two-parameter lognormal distribution [10] provides commonly an appropriate model for
strengths of metallic materials including historic steels [3]. A characteristic value is then
estimated as follows [6]:

Xy = exp myx —k, Sy = exp myy —k,Vy (D
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Figure 3: Stress and strain diagram of wrought steel of the beam.

where m =% In(X) / n (for i =1,..., n and number of tests n) and standard deviation s,
corresponds approximately to the coefficient of variation V.

CSN 73 0038 [8] recommends for cast iron strength a coefficient of variation in the range
V., = 0.1-0.15. As variability of wrought steel strength is commonly lower than that of cast
iron [3], the middle value of this interval, V, = 0.125, is deemed to provide a reasonably
conservative estimate. The same value is taken into account for yield strength of wrought
steel, ny =0.125.

Following the guidance of Annex D of EN 1990 [6] for ‘known V,. — see eqn (1), the
characteristic values of wrought steel strengths are estimated on the basis of one tensile test
as follows:

X

Table 1: Material properties of historical steels.

Material Chemical composition Use Material properties Ref.
(fin MPa, modulus of
elasticity E in GPa)

Cast iron C =2.0-4.0%, Mn = fu ~ 90-135; g, = 0% [11]

0.2-1.2%, Si = 0.3-3.0%,
S<1.2%,P<1.0%

Wrought steel C <0.8%, Mn < 0.4%, Load-bearing fy ~220-310; f =

S<0.04%, P <0.6% structures 280-400; ¢, ~ 5-20%
Wrought steel NA Tensile strength fy 0=
(produced 180

before 1900)

(Continued)
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Table 1: Continued

Material Chemical composition Use Material properties Ref.
(fin MPa, modulus of
elasticity E in GPa)

Cast iron NA All structural Design value of tensile  [8]

members strength 30, design
except for value of compressive
columns strength 65, E =100

Cast iron NA Columns Design tensile strength
45, design compressive
strength 100, E = 100

White iron S ~0.25-0.5%, P = Bridges, truss fu ~ 330-360; €,

of very good 1.5-2% girders = 6-9%

quality,

completely

fibrous

White iron S =0.25-0.5%, P = Girders, S, = 250-320; [13]

of ordinary 2-2.5% angle, e, =4-5%

quality, T-profile

half-granular,

half-fibrous

Grey cast C<0.3% Bridges, truss fu ~ 330-500;

iron of high roof girders & ~20-31%

quality

Grey castiron NA Columns S, = 111-125 (448- [14]

(Germany) 462 compressive);
E=96-111

Grey castiron NA Buildings S, = 75-160 with mean

(UK) 124 (compressive
750); E =91 [15,

Cast iron (UK) NA f, = 124 (compressive  16]
590-780); E = 66-93

fyu = exp[In 275 — 231 x 0.125] = 206 MPa (2)
fuc= exp[In 304 — 2.31 x 0.125] = 228 MPa

5 PARTIAL FACTORS AND DESIGN VALUES
Whereas the estimate of a characteristic value may be based on a limited number of tests, the
partial factor is commonly based on previous general experience with reliability assessments
of steel structures and with uncertainties in modelling, material properties and geometry vari-
ables [6]. CSN 73 0038 [8] provides the following relationship:

yu = exp (—1.645Vy) / exp(—agBVg)

3)
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where a, = 0.8 denotes the sensitivity factor for resistance and 3 = 3.8 the target reliability
index [6, 7] and V/, is the coefficient of variation of resistance. The target level corresponds to
moderate failure consequences, taking into account the effect of cultural heritage protection
aspects [3].

It can be considered that resistance of a steel load bearing member R is linearly dependent
on its strength X, geometrical properties geo (e.g. sectional areas for failure modes related to
compressive or shear forces; in the study under consideration sectional modulus for flexural
resistance) and resistance model uncertainty &:

R=Exgeox X “)
Coefficient of variation of resistance — see eqn (3) — can then be estimated as follows:

Ve= (Vi +V2,+V2) (5)

Table 2 provides an overview of coefficients of variation for historic metallic materials [8]
and justification of the values adopted herein.
Using eqns (3) and (5), partial factors for yield and ultimate strengths become

Ve= V(01257 + 005> + 0.05°) = 0.144 (6)
Yo = exp(—1.645 x 0.125) / exp(~0.8 x 3.8 x 0.144) = 1.26

Table 2: Coefficients of variation for historic metallic materials [8].

Symbol Coefficient of  Adopted Justification
variation[§] value
v, 0.10-0.15 0.125 The recommended range is deemed to pro-

vide conservative estimates for homogenous,
high-quality wrought steel [3]. In the absence
of structure-specific experimental data, a
middle value of the interval is taken into

account.

Vgeo 0.05-0.10 0.05 Dimensions are verified in situ; the lower
bound is thus considered.

V 0.05-0.10 0.05 The lower bound applies for flexural and

shear resistance of steel girders [17, 18]. The

adopted model for & is deemed to be some-

what conservative as:

— Equation (3) is based on the assumption of
an unbiased model and yield (not ultimate)
strength is to be applied in reliability
analysis.

— Reliability is not affected by the loss of
stability.
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and the design values are obtained from the characteristic values in eqn (2) as follows:

foa = Fac ! Ys = 206 / 1.26 = 163 MPa )
fua=fu!7m= 228 / 126 = 181 MPa

It is interesting to observe that CSN 73 0038 [8] indicates a design value of yield strength
of wrought steel for structures constructed before 1900 as f, ~ 180 MPa. Design values for
cast iron are, however, much lower (30-45 MPa).

Annex D of EN 1990 [6] allows estimating a design value directly from one test (‘known V., ):

fya= exp[In(275) - 4.63 x 0.125] = 154 MPa 8)
fua = exp[In(304) — 4.63 x 0.125] = 170 MPa

Model and geometrical uncertainties can be easily covered by a partial factor y,, =~ 1.05
[17,18]:

fra= 154 1 1.05 = 147 MPa )
faa= 170 / 1.05 = 162 MPa

These values are about 10% lower than those in eqn (7). However, EN 1990 [6] generally
recommends estimating a design value on the basis of the ratio of a characteristic value and
partial factor and thus the values given in eqn (7) are recommended for reliability verification.

6 CHEMICAL ANALYSIS

To utilize fully the specimen taken from the balcony girder and confirm the assumption con-
cerning the type of the construction material, metallurgical analysis is conducted to identify
individual phases in an unknown ferrous alloy. Figure 4 displays two cross sections of the
specimen obtained by a scanning electron microscope. A layered structure with anisotropic
localized cracks in the longitudinal direction is observed whilst no intermediate phase Fe,C
(cementite — characteristic for modern steels) and no graphite in any form (typical for graph-
ite cast ferrous alloys) are detected. These observations clearly indicate that the material
under investigation should be classified as wrought steel.

To support this conclusion, chemical composition of the alloy is investigated by an X-ray
fluorescence analyser (XRF) and an optical emission spectrometry excited by glow discharge
(GDOS). XRF provides the information on the content of minor elements typical for ferrous
alloys and GDOS identifies carbon content. A considerable amount of impurities measured
by the XRF technique (Table 3) and a very low carbon content (less than 0.01 wt.%; see
Fig. 5) measured by GDOS conclusively point to wrought steel (compare also with the infor-
mation in Table 2).
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Figure 4: Two cross sections of the specimen obtained by a scanning electron microscope.
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Figure 5: Elemental profile analysis by GDOS.

Table 3: Results of the XRF analysis.

Element Content (wt.%) Element Content (wt.%)
Mg 0.023 Mn 0.266

Al 0.030 Fe 98.875

Si 0.414 Cu 0.157

P 0.125 Zn 0.013

S 0.022 As 0.030

Ca 0.016




1

36 Karel Jung et al., Int. J. of Herit. Archit., Vol. 2, No. 1 (2018)

7 CONCLUDING REMARKS

The presented study reveals that the reliability assessment of heritage structures is a com-
plex issue. Numerous uncertainties affecting estimated resistance can be treated by statistical
approaches and a semi-probabilistic verification method that is suitable for practical applications.

The case study, focused on wrought steel balconies of a heritage building, indicates the

following:

1.

Brinell hardness tests can be used to verify the homogeneity of historic steel materials.
However, such tests should always be supplemented by tensile tests to provide credible
information on which a material model for reliability verification can be established.

2. Unique DT can be used in combination with several NDTs to assess strength of wrought

steel balconies. In such a case, classification of the structural material should be supported
by a chemical analysis.

. Values of material properties, recommended in standards, seem to be overly conservative,
and therefore, it is advised to specify properties of historic metallic materials by tests. In
the presented case study, the design value of material strength based on measurements
exceeds the recommended value given in the Czech standard CSN 73 0038 for existing
structures (a National Annex to ISO 13822) by about three times, i.e. by ~100 MPa.
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