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Abstract: Selected technical problems related to the rehabilitation of cast-iron columns in structures
from the turn of the 19th and 20th century are discussed in the paper. Lack of contemporary standard
regulations related to the design of cast-iron structures is a significant problem in the design works and
experimental investigations on cast-iron columns are frequently required. The paper presents results
of the tests concerning principal properties of cast-iron—strength and deformability. The historical
design principles are discussed in the light of the results of experimental investigations. As it was
demonstrated, the actual load-carrying capacities of cast-iron columns may exceed by several times
the values resulting from the 20th century design rules. The conservatism of the design principles
resulted, however, from the material uncertainties—lack of homogeneity and hidden defects of the
cast-iron. Selected examples of failures of cast-iron columns from 19th-century structures such as
post-industrial buildings and engineering structures are discussed. They resulted from errors made
during adaptation works. The reasons for these failures and considered methods of repairing the
structures are presented.
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1. Introduction

Today, more and more initiatives aimed at revitalizing degraded urban areas are being undertaken.
The revitalization of historic post-industrial buildings consists of adapting them for new functions
and incorporating them into the contemporary culture, with maximum respect for the existing
architectural form and building structure. These actions are often accompanied by problems related
to the assessment of the load-carrying capacity of the elements made of materials for which there is
no certainty about strength characteristics [1]. One example of such elements are cast-iron columns,
commonly used in industrial facilities erected at the turn of the 19th and 20th century in large parts of
Europe, including Poland.

Gray cast-iron is an alloy of iron with carbon in the form of graphite. Depending on the morphology
of graphite, gray cast-iron (graphite in form of flakes), vermicular cast-iron, or ductile cast-iron can be
distinguished. Contrary to ductile cast-iron, known since the middle of the 20th century, gray cast-iron,
commonly used for making cast-iron columns, was characterized by relatively low tensile strength and
low resistance to impact loads. The reasons for that should be sought primarily in the structure of
cast-iron, in which nodules or flaky particles of graphite can be distinguished. The graphite has no
appreciable strength, and therefore each graphite inclusion is detrimental to the mechanical properties
as it acts as preexisting notches at which stresses concentrate causing fracture of the material.

Cast-iron manufactured in the second half of the 19th century was characterized by the following
chemical composition [2]: carbon (3.2 ÷ 3.3%); silicon (0.9 ÷ 1.1%); phosphorus (0.2 ÷ 0.3%); manganese
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(1.1 ÷ 1.7%); and sulfur (0.05 ÷ 0.07%). Initially, it was mainly produced with the Bessemer process.
Due to the imperfections of the casting technology of that time, cast-iron was characterized by very
differentiated properties, which were not regulated by any standard provisions. Cast-iron products
were often characterized by defects, which were manifested by the occurrence of various types of voids
(bubbles, nitrogen blowholes), microcracks (as a result of shrinkage), and impurities in the form of
inclusions (e.g., furnace slag, sand; see Figure 1). Due to the high uncertainty regarding the mechanical
properties of cast-iron, before proceeding to the design works it is necessary to undertake material tests.
Cast-iron has a compressive strength that significantly exceeds its tensile strength, and is therefore a
brittle material.
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The issue of assessing the load-carrying capacity and suitability for new purposes of the
existing cast-iron columns has been the scope of many previous considerations. The first extensive
experimental studies on cast-iron columns were conducted in the second half of the 19th century by
Hodgkinson [3] and Tetmajer [4] and concerned elements with the solid cylindrical, hollow
cylindrical, and uniform square cross-section. On their basis, the first relationships describing the
permissible stress including shape (slenderness) of the columns were formulated. Moreover,
Ludwig von Tetmajer [4] determined the tensile strength and modulus of elasticity of cast-iron,
which were equal to approximately Rt = 125 MPa and E = 100 GPa, respectively.

Rondal and Rasmusen [5] undertook a contemporary attempt to describe the load-carrying
capacity of cast-iron columns, including the general instability issue, as well as the nonlinear
characteristics of cast-iron. They proposed equations for calculating the strength of cast iron
columns by using modern approach which embraces the Perry curve. They distinguished two
failure mechanisms: failure by yielding in compression and fracture in tension and stated that
tension failure may occur for columns of slenderness values greater than about 56. The proposed
design equations allowed estimation of an accurate lower bound to 300 tests performed in the 19th
century. Brych et al. [6] analyzed empirical and physical models for resistance of cast-iron columns
and presented recommendations on deriving the model uncertainty factor for assessments using
the partial safety factor method according to Eurocode 0. They concluded that in the case of
columns with slenderness values above 70, a model for tensile strength is decisive for the resistance
of the columns.

In the paper [7], Friedman states that in the case of all construction works one should strive to
maintain the load at the current level due to the fact that the existing cast-iron columns do not meet
the contemporary requirements regarding structural ductility and reliability. The same author
points out [8] that under certain circumstances, reducing the floor dead load can be threatening,
because it can induce tensile stress in the columns. Sometimes, however, it is not possible to

Figure 1. Example of the imperfections in the structure of cast-iron.

The issue of assessing the load-carrying capacity and suitability for new purposes of the existing
cast-iron columns has been the scope of many previous considerations. The first extensive experimental
studies on cast-iron columns were conducted in the second half of the 19th century by Hodgkinson [3]
and Tetmajer [4] and concerned elements with the solid cylindrical, hollow cylindrical, and uniform
square cross-section. On their basis, the first relationships describing the permissible stress including
shape (slenderness) of the columns were formulated. Moreover, Ludwig von Tetmajer [4] determined
the tensile strength and modulus of elasticity of cast-iron, which were equal to approximately
Rt = 125 MPa and E = 100 GPa, respectively.

Rondal and Rasmusen [5] undertook a contemporary attempt to describe the load-carrying capacity
of cast-iron columns, including the general instability issue, as well as the nonlinear characteristics of
cast-iron. They proposed equations for calculating the strength of cast iron columns by using modern
approach which embraces the Perry curve. They distinguished two failure mechanisms: failure by
yielding in compression and fracture in tension and stated that tension failure may occur for columns
of slenderness values greater than about 56. The proposed design equations allowed estimation of an
accurate lower bound to 300 tests performed in the 19th century. Brych et al. [6] analyzed empirical and
physical models for resistance of cast-iron columns and presented recommendations on deriving the
model uncertainty factor for assessments using the partial safety factor method according to Eurocode
0. They concluded that in the case of columns with slenderness values above 70, a model for tensile
strength is decisive for the resistance of the columns.

In the paper [7], Friedman states that in the case of all construction works one should strive to
maintain the load at the current level due to the fact that the existing cast-iron columns do not meet
the contemporary requirements regarding structural ductility and reliability. The same author points
out [8] that under certain circumstances, reducing the floor dead load can be threatening, because it
can induce tensile stress in the columns. Sometimes, however, it is not possible to maintain the load
unchanged and then it is necessary to intrude into the structure. Heyde and Geißler [9,10] presented a
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method of strengthening cast-iron columns by filling them with concrete and thus creating a composite
structure. As shown by analytical considerations, this procedure led to an increase in the load-carrying
capacity of up to 25 ÷ 30%, depending on the compressive strength of concrete filling the column.
On the basis of push-out tests the characteristic ultimate bond strength of 1.77 MPa was estimated,
which was recommended for design purposes. Marcinowski and Różycki [11] proposed strengthening
of the columns with carbon fiber reinforced polymers (CFRP). By wrapping the columns with CFRP
fabrics they achieved an increase in load of up to 70%. The strengthening method presented turned
out to be effective, however, it was not possible to change the failure mode to a more ductile.

Very important practical information on average geometric imperfections of cast-iron columns
is provided by the work of Salmon [12]. Based on the statistical analysis, he found that the mean
crookedness is δ = L/1500, while the geometric eccentricity is on average ei = D/40 ÷ D/30 (where L
denotes the length and D is the outer diameter of the column). In Figure 2, examples of cross-sections of
columns from the post-industrial buildings in Łódź were presented. Based on the measurements, it was
found that the geometrical eccentricity was not constant along the column length and on average varied
in the range of ei = 2 ÷ 4 mm (1/75 ÷ 1/35D). This feature, which should be remembered by defining the
load-carrying capacity of the structural elements, resulted from the process of manufacturing [6,13,14].
Cast-iron columns were casted horizontally in molds with an inner core that shaped the tubular cross
section. After filling the mold with liquid cast-iron, the core of the mold was subjected to buoyancy
force and moved upwards, resulting in the differentiated wall thickness along the column. As a
consequence an additional geometrical eccentricity arose, which reduced the load-carrying capacity of
the column.
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Figure 2. Cross-sections at different locations on the column length.

There is a consistent view in the literature that the evaluation of the actual load-carrying
capacity of cast-iron elements cannot be made according to contemporary standard regulations
relating to steel or composite structures because of the special material properties of structural
cast-iron. In the next part of the paper, the regulations in force in the present Polish territory in the
19th and 20th centuries, as well as examples of destructive tests on cast iron columns taken from the
structure aimed to assess the actual load capacity of these elements, will be briefly discussed.

2. Design of Cast-Iron Columns

Figure 2. Cross-sections at different locations on the column length.

There is a consistent view in the literature that the evaluation of the actual load-carrying capacity
of cast-iron elements cannot be made according to contemporary standard regulations relating to steel
or composite structures because of the special material properties of structural cast-iron. In the next
part of the paper, the regulations in force in the present Polish territory in the 19th and 20th centuries,
as well as examples of destructive tests on cast iron columns taken from the structure aimed to assess
the actual load capacity of these elements, will be briefly discussed.
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2. Design of Cast-Iron Columns

Existing cast-iron columns, in addition to their structural function, are also architecturally valuable
elements of the interiors of post-industrial buildings due to their appearance. Therefore, it is desired
to leave them in the facilities adapted to new functions. Uncertainties regarding the shape and
characteristics of the material from which the columns were made create however major design
problems. It should be mentioned that there are no contemporary standards that would allow cast-iron
elements to be designed. For this reason, the designer is forced to use authors’ design approaches
(eg. [14]) or historical calculations principles which were valid during the erection of the structure.

From the literature [2,15] results that in 1900 ÷ 1937 for gray cast-iron compressive stress of
Rc = 50 ÷ 90 MPa and tensile stress of Rt = 25 ÷ 30 MPa were allowed (Rc/Rt = 2 ÷ 3). The columns
were designed according to permissible stress, which, in addition to the strength properties of cast-iron,
also included the effects resulting from the loss of stability (buckling). Initially, these stresses were
determined on the basis of the Schwarz-Rankine formula:

σk =
σD

1 + α·λ2
[MPa], (1)

where σD denotes compressive strength equal to 50 MPa, α is the safety factor equal to 0.0002 and λ is
the column slenderness.

In 1905, changes were made to the expression (1), reducing the safety factor α to 0.00016. Another
revision took place in 1914 and consisted of increasing the compressive strength to 70 MPa with a
simultaneous increase in the safety factor to 0.0003. After 1900, the formulae proposed by Ludwig von
Tetmajer, who carried out extensive cast-iron research, also found application in engineering practice.
He recommended the following permissible compressive stress σk:

σk =
1
n

(
776− 12λ+ 0.055λ2

)
[MPa], if λ ≤ 80, (2)

σk =
1
n
·

987000
λ2

[MPa], if λ > 80, (3)

where n is the global safety factor equal to 10, (n = 8 after 1905) and λ is the slenderness of the column.
In the standard DIN 1051 [16] from 1937, the above dependencies were changed, expressing the critical
stress as:

σk =
(
90− 0.01005λ2

)
[MPa], if λ ≤ 80, (4)

σk =
164500
λ2

[MPa], if λ > 80. (5)

Also more recent design regulations describing the carrying capacity of cast-iron columns including
the effects of imperfections and overall stability are worth recalling. Resistance of the element NR is
expressed as the product of the section resistance NRc and the reduction factor ϕ:

NR = ϕ·NRc (6)

Figure 3 shows the relation between the overall instability coefficient and the slenderness of the
column, plotted according to [17,18]. One can notice a clear difference between the values characterizing
cast-iron and steel—depending on the slenderness, the coefficient is from 10% to more than 70% lower,
which proves the high carefulness by designing of cast-iron columns.
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In assessing the load-carrying capacity of cast-iron columns, their convergence (non-prismatic
cross-section) should be also considered. The authors of the paper [14] recommend that a
half-height section should be assumed in the calculations, where the geometrical eccentricity should
be the highest.

3. Examples of the Rehabilitation of the Existing Cast-Iron Columns

In many cases, the load-carrying capacity of columns determined according to the
aforementioned procedures may not be sufficient with respect to the new requirements. This does
not necessarily mean that existing structural elements should be replaced. In order to determine
their actual load capacity, however, it is necessary to carry out the destructive tests. Some examples
of such tests are discussed in the subsequent sections.

3.1. Shopping and Entertainment Complex ”Manufaktura” in Łódź

In the years 2002–2006 a large-scale revitalization project in the former Izrael Poznański’s
industrial complex, in which the textile cotton factory operated, was implemented in Łódź. The
reconstruction of existing buildings has been performed in a way to partially preserve the former
atmosphere of this place. This was also in case of the former spinning mill, which was transformed
into a hotel. The designers decided to leave the existing structural elements, visible in Figure 4. For
this purpose, a detailed stocktaking of the existing cast-iron elements was made, including
measurements in several places. In the case of selected columns, the thickness of the section walls
was measured using an ultrasonic thickness gauge. Thickness was measured at approximately 100
locations on each of the columns. It was found that the outer column diameter ranged from 148.3 to
150.3 mm, while the inner diameter from 90.5 to 93.5 mm, indicating a non-prismatic cross-section
of the columns (convergence of about 2.5%). The thickness of the walls varied between 23.5 mm and
33 mm along the column perimeter.
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In assessing the load-carrying capacity of cast-iron columns, their convergence (non-prismatic
cross-section) should be also considered. The authors of the paper [14] recommend that a half-height
section should be assumed in the calculations, where the geometrical eccentricity should be the highest.

3. Examples of the Rehabilitation of the Existing Cast-Iron Columns

In many cases, the load-carrying capacity of columns determined according to the aforementioned
procedures may not be sufficient with respect to the new requirements. This does not necessarily mean
that existing structural elements should be replaced. In order to determine their actual load capacity,
however, it is necessary to carry out the destructive tests. Some examples of such tests are discussed in
the subsequent sections.

3.1. Shopping and Entertainment Complex ”Manufaktura” in Łódź

In the years 2002–2006 a large-scale revitalization project in the former Izrael Poznański’s industrial
complex, in which the textile cotton factory operated, was implemented in Łódź. The reconstruction of
existing buildings has been performed in a way to partially preserve the former atmosphere of this place.
This was also in case of the former spinning mill, which was transformed into a hotel. The designers
decided to leave the existing structural elements, visible in Figure 4. For this purpose, a detailed
stocktaking of the existing cast-iron elements was made, including measurements in several places.
In the case of selected columns, the thickness of the section walls was measured using an ultrasonic
thickness gauge. Thickness was measured at approximately 100 locations on each of the columns.
It was found that the outer column diameter ranged from 148.3 to 150.3 mm, while the inner diameter
from 90.5 to 93.5 mm, indicating a non-prismatic cross-section of the columns (convergence of about
2.5%). The thickness of the walls varied between 23.5 mm and 33 mm along the column perimeter.
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Figure 4. Structure of the former I. Poznański’s spinning mill: (a) before, (b) during, and (c) after
reconstruction.

Due to uncertainty regarding the actual load-carrying capacity of cast-iron columns, it was
decided to carry out destructive tests. For this purpose, four cast-iron columns from the demolished
part of the building were used. The tests were carried out in the laboratory in Vienna [19]. Figure 5
shows the course of the final phase of the test of the selected column. Buckling of the column can be
clearly seen. Then the fracture of the element was observed in ¾ of its height and close to the base.
It is worth noting that the first crack did not occur in the mid-height, where the horizontal
displacement was the highest. The reason can be found in the variable cross-section as well as the
inhomogeneity of the cast-iron, which was confirmed by the subsequent inspections. In the cross
sections where the failure was initiated, casting imperfections in the form of air bubbles were found.
All of the failure phases, shown in Figure 5, occurred within a time interval of about 0.1 seconds.

The results of the tests on four columns demonstrated that the experimental load-carrying
capacities were several times (13÷15) higher than the ultimate loads determined according to the
DIN 1051 [16] procedure. The safety factor predicted at level 6 turned out to be more than twice as
high.
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Figure 4. Structure of the former I. Poznański’s spinning mill: (a) before, (b) during, and (c) after reconstruction.

Due to uncertainty regarding the actual load-carrying capacity of cast-iron columns, it was decided
to carry out destructive tests. For this purpose, four cast-iron columns from the demolished part of
the building were used. The tests were carried out in the laboratory in Vienna [19]. Figure 5 shows
the course of the final phase of the test of the selected column. Buckling of the column can be clearly
seen. Then the fracture of the element was observed in 3

4 of its height and close to the base. It is worth
noting that the first crack did not occur in the mid-height, where the horizontal displacement was the
highest. The reason can be found in the variable cross-section as well as the inhomogeneity of the
cast-iron, which was confirmed by the subsequent inspections. In the cross sections where the failure
was initiated, casting imperfections in the form of air bubbles were found. All of the failure phases,
shown in Figure 5, occurred within a time interval of about 0.1 s.
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Figure 5. Course of the final stage of the test [19]: (a) buckling of the column, (b) occurrence of the first
crack, (c) occurrence of the second crack at the column base, (d) facture at the mid-height (with the red line
primary axis of the column has been marked, while the yellow arrows indicate the locations of the cracks).
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The results of the tests on four columns demonstrated that the experimental load-carrying
capacities were several times (13 ÷ 15) higher than the ultimate loads determined according to the DIN
1051 [16] procedure. The safety factor predicted at level 6 turned out to be more than twice as high.

3.2. Shopping and Entertainment Complex ”Monopolis” in Łódź

At present, the third of the large industrial complexes is being revitalized in Łódź. These are the
facilities of the former Vodka Monopoly built in 1902. In these plants the production of quality spirits
occurred almost continuously until the beginning of the 21st century. In 2013, as a result of ownership
changes, a new era for one of the most valuable monuments in Łódź, currently known as “Monopolis”,
began. In Figure 6 the main building of the complex during reconstruction is presented.
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At present, the third of the large industrial complexes is being revitalized in Łódź. These are
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Due to the planned reconstruction, it was necessary to assess the load-carrying capacity of the
existing structural elements. In particular, this concerned cast-iron columns, which were planned to
be preserved. Due to the change in use, the load capacity of the columns had to be determined in
order to allow a safe, and at the same time reasonable, estimation of the permissible ceiling load.
For this purpose, a destructive test of the column, as well as accompanying tests of cast-iron
features, were carried out at the Laboratory of Department of Concrete Structures at Lodz
University of Technology. Based on the tests, the following strength properties of the cast-iron, used
in the columns, were determined [20]:
 ultimate stress by axial compression: Rc = 450.6 MPa,
 ultimate stress by axial tension: Rt = 103.8 MPa.

It should be noted that these values were close to previous ones, obtained with tests of
cast-iron taken from the girders [21]: Rc = 526 MPa and Rt = 128 MPa. This means that the Rc/Rt ratio
ranged from ~4.1 to 4.3 and was characteristic for brittle materials; however it was slightly lower
than 6, conventionally assumed for typical 19th century cast iron.

On the basis of the strain measurements secant modulus of elasticity of about 100÷115 GPa was
also determined. Very high deformability of cast-iron turned out to be surprising—the ultimate
shortening of the tested samples reached over 30‰, which can be seen in Figure 7.
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Due to the planned reconstruction, it was necessary to assess the load-carrying capacity of the
existing structural elements. In particular, this concerned cast-iron columns, which were planned
to be preserved. Due to the change in use, the load capacity of the columns had to be determined
in order to allow a safe, and at the same time reasonable, estimation of the permissible ceiling load.
For this purpose, a destructive test of the column, as well as accompanying tests of cast-iron features,
were carried out at the Laboratory of Department of Concrete Structures at Lodz University of
Technology. Based on the tests, the following strength properties of the cast-iron, used in the columns,
were determined [20]:

• ultimate stress by axial compression: Rc = 450.6 MPa,
• ultimate stress by axial tension: Rt = 103.8 MPa.

It should be noted that these values were close to previous ones, obtained with tests of cast-iron
taken from the girders [21]: Rc = 526 MPa and Rt = 128 MPa. This means that the Rc/Rt ratio ranged
from ~4.1 to 4.3 and was characteristic for brittle materials; however it was slightly lower than 6,
conventionally assumed for typical 19th century cast iron.

On the basis of the strain measurements secant modulus of elasticity of about 100 ÷ 115 GPa
was also determined. Very high deformability of cast-iron turned out to be surprising—the ultimate
shortening of the tested samples reached over 30%�, which can be seen in Figure 7.
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The failure of the column was extremely violent and occurred within fractions of a second at a
load of about Fmax = 2605 kN. In the final phase of the test at the load of about 90% of the destructive
force, gradual cambering of the column began to be observed, which allowed us to conclude that
the failure was a consequence of the loss of stability (buckling). It was initiated by a crack in the
upper part of the column, at 2/3 of its height. Immediately after the first crack occurred, the next
one was observed in the vicinity of the column base. The column was broken into 3 parts, which
were forcefully ejected from the test setup. In Figure 9, the tested column after failure was
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Figure 7. Stress-strain relationship characterizing cast-iron from structural elements.

The test of the column was carried out in the hydraulic press with a maximum pressure of 6000 kN.
The specimen was loaded axially under load control. A test specimen with a length of l = 3100 mm
was made from the column selected for destructive test. Before starting the test, the element was
stocktaken by measuring the thickness of the section walls at the base and at the head at 6 points
around the perimeter. Measurements were made using a calliper with an accuracy of 0.05 mm. During
the test, longitudinal strains were measured in the mid-height of the column in three bases around its
perimeter. Strains were measured with resistive strain gauges with an accuracy of ±0.5% and recorded
using a data acquisition system. The results of the measurement were shown in Figure 8. In the initial
phase of the test, uniform shortening of the column was recorded. At about 80% of the ultimate force,
a gradual decrease in strains was observed in one of the measuring bases (T3). At the maximum load
these strains were close to zero. Considering the results of the measurements registered just before
the failure, the maximum strains in the cross-section equal to εt = 1.66%� (on the tensioned side) and
εc = −12.55%� (on the compressed side), were estimated.

Infrastructures 2020, 5, x FOR PEER REVIEW 8 of 17

Figure 7. Stress-strain relationship characterizing cast-iron from structural elements.

The test of the column was carried out in the hydraulic press with a maximum pressure of 6000
kN. The specimen was loaded axially under load control. A test specimen with a length of l = 3100
mm was made from the column selected for destructive test. Before starting the test, the element
was stocktaken by measuring the thickness of the section walls at the base and at the head at 6
points around the perimeter. Measurements were made using a calliper with an accuracy of 0.05
mm. During the test, longitudinal strains were measured in the mid-height of the column in three
bases around its perimeter. Strains were measured with resistive strain gauges with an accuracy of
±0.5% and recorded using a data acquisition system. The results of the measurement were shown in
Figure 8. In the initial phase of the test, uniform shortening of the column was recorded. At about
80% of the ultimate force, a gradual decrease in strains was observed in one of the measuring bases
(T3). At the maximum load these strains were close to zero. Considering the results of the
measurements registered just before the failure, the maximum strains in the cross-section equal to εt
= 1.66‰ (on the tensioned side) and εc = -12.55‰ (on the compressed side), were estimated.

Figure 8. The results of measurements at the mid-height of the column (the colors correspond to the
measuring points presented in the cross section).

The failure of the column was extremely violent and occurred within fractions of a second at a
load of about Fmax = 2605 kN. In the final phase of the test at the load of about 90% of the destructive
force, gradual cambering of the column began to be observed, which allowed us to conclude that
the failure was a consequence of the loss of stability (buckling). It was initiated by a crack in the
upper part of the column, at 2/3 of its height. Immediately after the first crack occurred, the next
one was observed in the vicinity of the column base. The column was broken into 3 parts, which
were forcefully ejected from the test setup. In Figure 9, the tested column after failure was

T3

T2 T1

Figure 8. The results of measurements at the mid-height of the column (the colors correspond to the
measuring points presented in the cross section).

The failure of the column was extremely violent and occurred within fractions of a second at a
load of about Fmax = 2605 kN. In the final phase of the test at the load of about 90% of the destructive
force, gradual cambering of the column began to be observed, which allowed us to conclude that the
failure was a consequence of the loss of stability (buckling). It was initiated by a crack in the upper
part of the column, at 2/3 of its height. Immediately after the first crack occurred, the next one was
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observed in the vicinity of the column base. The column was broken into 3 parts, which were forcefully
ejected from the test setup. In Figure 9, the tested column after failure was presented. Casting defects
in the form of furnace slag inclusions and blow-holes were visible in all of the three sections where the
failure was initiated.
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In Figure 10 the course of the final phase of the test was demonstrated. The course of the
failure was very similar to that observed during previous investigations [19]; compare with Figure 5.
Sections, where failure was initiated, were marked with a yellow arrow. It is worth noting that the
column failed within fractions of a second, and indication of the subsequent phases of destruction
was possible only by means of time-lapse analysis.
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Figure 9. View of the column after end of the test (the column composed of parts).

In Figure 10 the course of the final phase of the test was demonstrated. The course of the failure
was very similar to that observed during previous investigations [19]; compare with Figure 5. Sections,
where failure was initiated, were marked with a yellow arrow. It is worth noting that the column failed
within fractions of a second, and indication of the subsequent phases of destruction was possible only
by means of time-lapse analysis.
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(g) 0.24s., (h) 0.30s. after occurrence of the first crack (with yellow arrows locations of the

subsequent cracks have been marked).

Assuming Euler–Bernoulli theory the strain distribution in the cross-section just before failure
was plotted; see Figure 11. The recorded values indicated a transgression beyond the elastic range
of the material. On the basis of the stress-strain relationship (see Figure 7), the stress in the
cross-section were determined. The maximum stress was equal to 84 MPa (on the tensioned side)
and 365 MPa (on the compressed side). These stresses accounted for 80.9% and 81.0% of the tensile
and compressive strength of cast-iron, respectively. The maximum strains on the compressed side
were significantly lower than the ultimate strain εcu = -33.0‰; therefore, it can be concluded that the
failure of the column was the result of exhausting the material capacity on the tensioned side due to
deformation associated with buckling.

12.55
11.13

9.71
8.29

6.87
5.44

4.02
2.60

1.18 105
195

247
280
303
322
338
352
365

55
84

12.55

1.66
1.66

tension zone

Strains   [ ] Stress   [MPa]

20.5 mm

neutral axis
(a) (b) (c)

Figure 11. Strains and corresponding stress in the column cross-section: (a) location of the neutral
axis, (b) strain distribution, (c) stress distribution.

In Figure 12 the development of stress in the column cross-section in the subsequent stages of
the test is presented. The stress was determined on the basis of the strain measurements and the
nonlinear stress-strain relationship (see Figure 7, "-" denotes tensile stress). Up to about 80% of the
ultimate force, the stresses in the cross-section were of a similar value and nature. By further
increase in load, a decrease in stress, and then the change of its character into tensile, was observed.
At the ultimate load Fmax, the maximum tensile stress was about 7.5 times lower than the maximum
compressive stress in the cross-section.

t = 0.12s t = 0.18s t = 0.24s t = 0.30s

Figure 10. Course of the final stage of the test: (a) 0, (b) 0.03 s, (c) 0.06 s, (d) 0.09 s, (e) 0.12 s, (f) 0.18 s,
(g) 0.24 s, (h) 0.30 s. after occurrence of the first crack (with yellow arrows locations of the subsequent
cracks have been marked).

Assuming Euler–Bernoulli theory the strain distribution in the cross-section just before failure
was plotted; see Figure 11. The recorded values indicated a transgression beyond the elastic range of
the material. On the basis of the stress-strain relationship (see Figure 7), the stress in the cross-section
were determined. The maximum stress was equal to 84 MPa (on the tensioned side) and 365 MPa (on
the compressed side). These stresses accounted for 80.9% and 81.0% of the tensile and compressive
strength of cast-iron, respectively. The maximum strains on the compressed side were significantly
lower than the ultimate strain εcu = −33.0%�; therefore, it can be concluded that the failure of the
column was the result of exhausting the material capacity on the tensioned side due to deformation
associated with buckling.
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In Figure 12 the development of stress in the column cross-section in the subsequent stages of
the test is presented. The stress was determined on the basis of the strain measurements and the
nonlinear stress-strain relationship (see Figure 7, "-" denotes tensile stress). Up to about 80% of the
ultimate force, the stresses in the cross-section were of a similar value and nature. By further
increase in load, a decrease in stress, and then the change of its character into tensile, was observed.
At the ultimate load Fmax, the maximum tensile stress was about 7.5 times lower than the maximum
compressive stress in the cross-section.
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Figure 11. Strains and corresponding stress in the column cross-section: (a) location of the neutral axis,
(b) strain distribution, (c) stress distribution.

In Figure 12 the development of stress in the column cross-section in the subsequent stages of the
test is presented. The stress was determined on the basis of the strain measurements and the nonlinear
stress-strain relationship (see Figure 7, “−” denotes tensile stress). Up to about 80% of the ultimate
force, the stresses in the cross-section were of a similar value and nature. By further increase in load,
a decrease in stress, and then the change of its character into tensile, was observed. At the ultimate
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load Fmax, the maximum tensile stress was about 7.5 times lower than the maximum compressive stress
in the cross-section.Infrastructures 2020, 5, x FOR PEER REVIEW 11 of 17
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Figure 12. Stress distribution corresponding to the subsequent load levels: (a) at 40%, (b) at 85%,
(c) at 90% of the experimental load Fmax, (d) at failure.

Previous analyses carried out as part of the revitalization project of the I.Poznański factory
complex demonstrated that the actual load capacity of the cast-iron columns can be several times
higher than the theoretical one, resulting from the historical design procedures. For this reason it
was decided to perform comparative calculations also for the considered column. The cross-section
of 2/3 of the column height was adopted for the analysis, because the failure was initiated at that
point; see Figure 13. Based on the measurements, the necessary geometric and strength
characteristics were determined:
 cross-sectional area: A = 10,526 mm2,
 lowest moment of inertia: J2 = 29,995,276 mm4.
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Figure 13. Column cross-section at the point of failure initiation and the layout of the main central
axes of inertia.

Taking into account the length of the tested column (l = 3100 mm) and the adopted static
scheme (Eulerian pin-ended bar), the slenderness of the element was calculated as:

91 MPa

91 MPa 170 MPa

190 MPa 300 MPa

40 MPa

-84 MPa

365 MPa

Figure 12. Stress distribution corresponding to the subsequent load levels: (a) at 40%, (b) at 85%, (c) at
90% of the experimental load Fmax, (d) at failure.

Previous analyses carried out as part of the revitalization project of the I.Poznański factory complex
demonstrated that the actual load capacity of the cast-iron columns can be several times higher than
the theoretical one, resulting from the historical design procedures. For this reason it was decided
to perform comparative calculations also for the considered column. The cross-section of 2/3 of the
column height was adopted for the analysis, because the failure was initiated at that point; see Figure 13.
Based on the measurements, the necessary geometric and strength characteristics were determined:

• cross-sectional area: A = 10,526 mm2,
• lowest moment of inertia: J2 = 29,995,276 mm4.
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Taking into account the length of the tested column (l = 3100 mm) and the adopted static scheme
(Eulerian pin-ended bar), the slenderness of the element was calculated as:

λ =
l0
i2

=
l0√

J2
A

=
3100√
29995276

10526

≈ 58,

Then, using the expressions (1), (2), (4), (6), the permissible stresses and the corresponding
load-carrying capacity of the element were determined:

• according to the Schwarz-Rankine formula (1):

Fcalc = σk ·A =
70

1 + 0.0003·582 · 10526 · 10−3 = 366.7kN

• according to the Tetmajer equation (2):

Fcalc = σk ·A =
1

10

[
776− 12 · 58 + 0.055 · (58)2

]
· 10526 · 10−3 = 271.6kN

• according to DIN 1051 (4):

Fcalc = σk ·A =
[
90− 0.01005(58)2

]
· 10526 · 10−3 = 590.5kN

• according to [17,18] (6):

Fcalc = ϕ ·Rc ·A = 0.46 · 450.6 · 10526 · 10−3 = 2181.8kN

Comparing the loads obtained in the light of the test result, it can be concluded that the 20th
century design procedures turned out to be very conservative. The calculated design loads were
therefore 4.4 ÷ 9.3 times lower than the experimental one. This illustrates how cautiously the engineers
of that time approached the design of cast-iron columns, what was associated with a high uncertainty
regarding the material properties related to the imperfection of the production process. The application
of more modern design principles allowed for a much more accurate estimation of the load-carrying
capacity. In the case of calculations according to the formula (6), the theoretical load was lower by only
about 14% compared to the value determined experimentally.

The experimental investigations conducted proved that the existing cast-iron columns in the
post-factory building were characterized by sufficient load-carrying capacity, allowing for adaptation to
new purposes. Currently, the revitalized buildings of the former factory complex of Vodka Monopoly
house offices and service premises of the “Monopolis” complex, operating since 2019. Figure 14 shows
some of the revitalized post-industrial buildings.
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therefore 4.4÷9.3 times lower than the experimental one. This illustrates how cautiously the
engineers of that time approached the design of cast-iron columns, what was associated with a high
uncertainty regarding the material properties related to the imperfection of the production process.
The application of more modern design principles allowed for a much more accurate estimation of
the load-carrying capacity. In the case of calculations according to the formula (6), the theoretical
load was lower by only about 14% compared to the value determined experimentally.

The experimental investigations conducted proved that the existing cast-iron columns in the
post-factory building were characterized by sufficient load-carrying capacity, allowing for
adaptation to new purposes. Currently, the revitalized buildings of the former factory complex of
Vodka Monopoly house offices and service premises of the “Monopolis” complex, operating since
2019. Figure 14 shows some of the revitalized post-industrial buildings.

Figure 14. View of the inner courtyard of the “Monopolis” office and entertainment complex.

4. The Examples of Cast-Iron Column Failures

4.1. Housing Estate at Tylna st. in Łódź

Figure 14. View of the inner courtyard of the “Monopolis” office and entertainment complex.

4. The Examples of Cast-Iron Column Failures

4.1. Housing Estate at Tylna st. in Łódź

One of the examples of cast-iron column failure took place in the building included in the
revitalized complex of the former S. Barciński wool factory in Łódź. The construction of the complex
began in 1884. Initially, a wool products factory was built, while two years later a spinning mill,
a weaving mill, and a finishing plant for woolen and semi-woolen products were built.

In the building of the former wool products factory, wooden ceilings were supported by external
masonry walls and internal cast-iron columns. Due to the technical condition of the ceilings, it was
decided to replace them with monolithic reinforced concrete ribbed slab, maintaining the original
shape of the ceiling; see Figure 15. As a result of the change in the original use of the building from
industrial to residential, the live load decreased, so the increase of permanent loads, resulting mainly
from the self-weight of the reinforced concrete slabs, did not significantly affect the total load.

Infrastructures 2020, 5, x FOR PEER REVIEW 13 of 17

One of the examples of cast-iron column failure took place in the building included in the
revitalized complex of the former S. Barciński wool factory in Łódź. The construction of the
complex began in 1884. Initially, a wool products factory was built, while two years later a spinning
mill, a weaving mill, and a finishing plant for woolen and semi-woolen products were built.

In the building of the former wool products factory, wooden ceilings were supported by
external masonry walls and internal cast-iron columns. Due to the technical condition of the ceilings,
it was decided to replace them with monolithic reinforced concrete ribbed slab, maintaining the
original shape of the ceiling; see Figure 15. As a result of the change in the original use of the
building from industrial to residential, the live load decreased, so the increase of permanent loads,
resulting mainly from the self-weight of the reinforced concrete slabs, did not significantly affect the
total load.

(a) (b)

Figure 15. View of the ceilings in the factory building: (a) before the commencement of works, (b)
during reconstruction.

During the construction works that were carried out in winter, vertical cracks in the
ground-floor columns were found. The width of these cracks was significant and in some cases
reached a few millimeters; see Figure 16. Based on the inspections performed, it was found that
their source was a frozen mixture of water, oil, and cement paste trapped inside the columns
cross-section. The oil was a remnant from the period of the facility's operation as a spinning mill,
while the water got inside the columns probably during the execution of concrete works. The tight
cast-iron coat prevented the evaporation of water, which resulted in bursting of columns at
temperatures of -20°C, which were noted in the winter of 2013.
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Figure 15. View of the ceilings in the factory building: (a) before the commencement of works,
(b) during reconstruction.

During the construction works that were carried out in winter, vertical cracks in the ground-floor
columns were found. The width of these cracks was significant and in some cases reached a few
millimeters; see Figure 16. Based on the inspections performed, it was found that their source was a
frozen mixture of water, oil, and cement paste trapped inside the columns cross-section. The oil was
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a remnant from the period of the facility’s operation as a spinning mill, while the water got inside
the columns probably during the execution of concrete works. The tight cast-iron coat prevented the
evaporation of water, which resulted in bursting of columns at temperatures of −20 ◦C, which were
noted in the winter of 2013.

Infrastructures 2020, 5, x FOR PEER REVIEW 13 of 17

One of the examples of cast-iron column failure took place in the building included in the
revitalized complex of the former S. Barciński wool factory in Łódź. The construction of the
complex began in 1884. Initially, a wool products factory was built, while two years later a spinning
mill, a weaving mill, and a finishing plant for woolen and semi-woolen products were built.

In the building of the former wool products factory, wooden ceilings were supported by
external masonry walls and internal cast-iron columns. Due to the technical condition of the ceilings,
it was decided to replace them with monolithic reinforced concrete ribbed slab, maintaining the
original shape of the ceiling; see Figure 15. As a result of the change in the original use of the
building from industrial to residential, the live load decreased, so the increase of permanent loads,
resulting mainly from the self-weight of the reinforced concrete slabs, did not significantly affect the
total load.

(a) (b)

Figure 15. View of the ceilings in the factory building: (a) before the commencement of works, (b)
during reconstruction.

During the construction works that were carried out in winter, vertical cracks in the
ground-floor columns were found. The width of these cracks was significant and in some cases
reached a few millimeters; see Figure 16. Based on the inspections performed, it was found that
their source was a frozen mixture of water, oil, and cement paste trapped inside the columns
cross-section. The oil was a remnant from the period of the facility's operation as a spinning mill,
while the water got inside the columns probably during the execution of concrete works. The tight
cast-iron coat prevented the evaporation of water, which resulted in bursting of columns at
temperatures of -20°C, which were noted in the winter of 2013.
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Figure 16. View of the damaged cast-iron columns (visible cracks of a width of few millimeters):
(a) room no. 1, (b) room no. 2, (c) detail of the crack.

The initial method of repair proved to be ineffective. The contractor for the reconstruction works
tried to solve the problem on his own by welding the cracks. However, new cracks appeared soon in the
vicinity of the weld joints, because water was not removed from the inside. As an alternative method
of repair, steel rings along the cracks were proposed. An independent expert proposed the solution
shown in Figure 17. It consisted of placing steel rings in the places where the cracks appeared [22].
The rings consisted of two halves joined by a single V-weld. In order to ensure the correct fit of the
clamps to the column during the execution of the weld-joints, special pressure clamps with an elastic
washer were used. The clamps were dismantled after the completion of welding. The number of rings
was selected individually for each column, depending on the length of the crack.

Figure 17. Detail of the strengthening of the broken cast-iron columns according to the idea of dr inż. J. Kozicki [22].
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4.2. Rail Overpasses in Wrocław

Another spectacular example of a serious failure of cast-iron columns took place at the end of 2009
in Wrocław. As part of the works related to the modernization of the railway line, it was necessary to
strengthen the supports of existing overpasses—pinned-pinned columns, so called Hartung’s columns
(Hartungsche Säule); see Figure 18. The project provided for increasing the load-carrying capacity of the
cast-iron columns by filling them with a coarse-grained concrete mix. It was not an innovative solution.
This method of strengthening was previously used successfully in Germany for over 300 columns [23].
The effectiveness of this method has also been proved by research conducted at the Berlin University of
Technology [9]. Filling of cast-iron section with concrete enabled to increase the load-carrying capacity
from 16% to 19%, with simultaneous reduction of deformations by 15 ÷ 35%.Infrastructures 2020, 5, x FOR PEER REVIEW 15 of 17

Figure 18. View of the rail overpass over Zaporoska Street in Wrocław.

The attempt to strengthen the columns in Wrocław, however, ended in failure. During the
construction works carried out in December, the appearance of vertical cracks was found in several
columns. The analysis of the causes of failure [23] showed that it was most likely the consequence of
unconsidered changes in the original design. It assumed the use of a concrete mix with coarse
aggregate, while any voids and cavities were planned to be filled with epoxy resin. Finally, a
fine-grained mix (mortar) was used, with polyurethane resin as a filler, which required a lot of
water for wetting the substrate, has been applied. Due to significant temperature drop during
construction works, the water trapped inside the section froze and, as a result of the increase in
volume, led to bursting of the columns; see Figure 19. Due to the risk of a structural failure, it was
decided to immediately exclude the overpasses from use, which was associated with significant
impediments in railway traffic.

(a) (b) (c)

Figure 19. Hartung’s columns supporting the railway overpass at Stysia st. in Wrocław: (a) original
elements, (b) view of the damaged column, (c) disassembled columns in the landfill.

Different methods of repair were considered, including strengthening the columns with carbon
fiber mats and fabrics in the form of external coating (the effectiveness of such types of
reinforcement was demonstrated, among others, in [11]). Finally, however, the contractor decided
to replace all of the columns with the new ones, this time steel columns with a shape reminiscent of
the original one. This decision was also dictated by the concern about the efficiency of filling the
columns with concrete. As shown in the subsequent inspection, in many cases the defects in filling
the columns reached even 1/3 of their height, which significantly limited the effectiveness of the
designed strengthening method.

5. Conclusions

Figure 18. View of the rail overpass over Zaporoska Street in Wrocław.

The attempt to strengthen the columns in Wrocław, however, ended in failure. During the
construction works carried out in December, the appearance of vertical cracks was found in several
columns. The analysis of the causes of failure [23] showed that it was most likely the consequence of
unconsidered changes in the original design. It assumed the use of a concrete mix with coarse aggregate,
while any voids and cavities were planned to be filled with epoxy resin. Finally, a fine-grained mix
(mortar) was used, with polyurethane resin as a filler, which required a lot of water for wetting the
substrate, has been applied. Due to significant temperature drop during construction works, the water
trapped inside the section froze and, as a result of the increase in volume, led to bursting of the
columns; see Figure 19. Due to the risk of a structural failure, it was decided to immediately exclude
the overpasses from use, which was associated with significant impediments in railway traffic.

Different methods of repair were considered, including strengthening the columns with carbon
fiber mats and fabrics in the form of external coating (the effectiveness of such types of reinforcement
was demonstrated, among others, in [11]). Finally, however, the contractor decided to replace all of
the columns with the new ones, this time steel columns with a shape reminiscent of the original one.
This decision was also dictated by the concern about the efficiency of filling the columns with concrete.
As shown in the subsequent inspection, in many cases the defects in filling the columns reached even
1/3 of their height, which significantly limited the effectiveness of the designed strengthening method.
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5. Conclusions

Previous experiences with cast-iron columns have shown that they can still be successfully used
as structural elements in revitalized buildings for which a change of purpose is planned. However, due
to the method of manufacturing cast-iron elements, they are characterized by material and geometrical
imperfections, which are very often difficult to estimate. Also considering the properties of cast-iron
(high brittleness), affecting the failure mode of column, which is violent and non-signalized, it should
not be surprising the conservatism of the former engineers, who designed elements made of cast-iron.
For this reason, application of 20th century design rules may lead to a very conservative estimation of
the load-carrying capacity of existing columns, as demonstrated by the experimental studies conducted
in Łódź and Vienna.

The previous experiences with cast iron-columns allow us to state that in many cases they can
successfully be preserved as the main structural elements, provided that they do not show any visible
damage. If the change in the use of the building forces an increase in loads, then it is necessary to
analyze the load-carrying capacity of the columns in more detail. In the first step, the design principles
that were in force in the 19th and 20th, thus at the time when the building was erected, can be applied.
The design equations have a simple formula and, as has been shown, allow for a very conservative
estimation of the load-carrying capacity of cast-iron columns. If the load capacity estimated in such
way turns out to be insufficient, then it may be justified to use more recent design rules [5], taking into
account the non-linear characteristics of cast iron. Destructive tests performed on elements taken from
the structure can also be invaluable help, because they allow for determination of the actual bearing
capacity, which, as shown, may even be several times higher than the theoretical one.

The examples of failures of cast-iron columns in modernized buildings and structures demonstrated
that all works related to the rehabilitation of existing cast-iron columns should be preceded by a
detailed analysis, carried out not only in terms of structural analysis, but also including all of the
aspects of construction technology. As previous experience has shown, repair of cast-iron elements is
not an easy issue. Welding of cast iron is not recommended because the presence of graphite inclusions
interferes with creation of a weld bead. The thermal stresses that arise in the vicinity of the weld are
also important. This can lead to the material fracture later, as was the case with the columns in the
post-factory building discussed earlier. Very important information can also be provided by the study
of the microstructure of the material, which will allow the form of graphite particles to be determined.
The presence of graphite in the form of flakes will indicate a high brittleness of the material, which in
some cases may preclude preserving the existing elements.
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Wherever the structure should be more ductile, it may be justified to consider filling the columns
with concrete. The composite structure created in this way is characterized by a higher load-carrying
capacity, as well as deformability, as shown the tests [10]. The use of CFRP composite materials can be
an effective way to increase the load capacity of columns [11], but due to the linear-elastic characteristics
of the composite, it does not allow the failure mode to be changed to a more ductile (signalized) one.
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