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Holger Eggemann

INTRODUCTION

This paper refers to composite columns of structural steel, concrete and reinforcing steel. Three
basic types of composite columns can be distinguished, completely encased sections, partially
encased sections, and concrete filled hollow sections. The paper presents a simplified method for
dimensioning and design of composite columns, based on a comparative study on historic building
regulations in Germany and the United States. The method can be used for approximate
determination of load resistance in early design stages or to make proof of computer calculations.
Construction History plays an important role in the development of the proposed method, as several
ideas from ancient authors were taken into account to make it as easy as possible. The simplified
design method and the study on historic building regulations are part of the author’s doctoral thesis
(Eggemann 2003b).

CONSTRUCTION HISTORY OF COMPOSITE COLUMNS
The construction history of composite columns can be divided into four periods:
Research started early in the beginning of the 20th century

A first climax of application about 1930, followed by

A period of oblivion, until

AW N =

A revival of research and application from the 1950s until today.

Although composite columns of concrete and steel were rarely used from the end of World War 11
until the early 1970s (Viest et al. 1997, 1.13), research had started a long time before, at the
beginning of the 20th century. Combining of these materials had a number of motivations, steel
columns were often encased in concrete to protect them from fire, while concrete columns were

combined with structural steel as a reinforcement.
Until 1932, more than 1 500 tested specimen in Europe and North America were reported by

Emperger at the first IABSE Congress in Paris (1932), among those were 138 tests done by himself.

Emperger complained about the lack of design rules for composite columns in Europe and
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mentioned the American “Standard Specifications for Concrete and Reinforced Concrete” of 1924,
which gave explicit formulas for both composite columns and steel columns encased in concrete, a
vital advantage for the application of composite columns during the 1920s and 1930s in tall
buildings in Chicago. In Germany, it took until 1943 to apply composite columns in the German
concrete regulations DIN 1045. Emperger’s efforts in the development of composite columns are
described in (Eggemann 2003a).

After a period of oblivion, research in the field of composite construction was intensified during the
1950s and several design methods were developed. As a consequence, Kloppel's proposal for
concrete filled steel columns - first published (1935) - were taken into account for German steel
regulations DIN 1050 in 1954. For today’s Eurocode 4, the design method of Roik and his team was
considered, developed in the 1970s (Roik, Bergmann, Bode and Wagenknecht 1975; 1976). This
was taken as a basis for the proposed simplified design method.

EARLY EXAMPLES

United States

This paragraph refers to engineers who tried to find design formulas for columns combining
structural steel and concrete and applied it in buildings. First documented design attempts in the
United States were given by Talbot and Lord (1912) for steel columns reinforced with concrete and
by Swain and Holmes (1915) for concrete filled steel pipes. Both teams tested more than 30
columns and used a straight line formula as common for steel columns at the time. While Talbot
and Lord determined only the allowable stress of the steel section by a straight line formula, Swain
and Holmes used this for both the steel and the concrete area, with a ratio of elasticity of steel to
concrete of 9.6.

Also in 1912, William H. Burr made tests with steel columns filled with concrete, but gave no
design formula, for tests were too few in number. Several years before, in 1908, he had applied such
columns successfully in the construction of the Mc Graw Building in New York (fig.1, 2), allowing

an increased working load on the inner concrete:

The use of the steel, in load-supporting condition, as a long column independent of the
concrete, and at the same time forming a rigid banding member for the latter, with the
consequent increase of permissible working load on the concrete, reduced the size of the
columns in the basement and lower stories to dimensions quite consistent with the desired
convenient and economical use of the clear floor space.

(Burr 1908, p.446)
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Col. 38

Figure 1. Mc Graw Building, column and floor section (Burr 1908, Plate LVI)

Figure 2. Mc Graw Building, 39th Street, New York, 1908 (Burr 1908, Plate LII)
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Germany and Austria

In Germany, the first design formula for composite columns was given by Emperger (1913a, 32).
The column type examined was a concrete column with a core of cast-iron and a strong horizontal
reinforcement (Hohle Gufieisensdule mit einem Mantel aus umschniirtem Beton), the later so called
Emperger column (fig.3).

Figure 3. Emperger column, presented at Leipzig fair in 1912 (Emperger 1913b, fig. 7)

Emperger developed this column inspired by Melan arch bridges with embedded steel sections,
called after its inventor Josef Melan, of which he had constructed the first ones in the United States
during the 1890s. Emperger had this type of column patented in the German Reich in 1911
(Emperger 1911) and applied it in the construction of the Ericsson factory building in Vienna in
1913 (fig.4, 5).

Emperger calculated the ultimate load P of a column as the sum of the strength of the materials
(addition law - Additionsgesetz):

PzFbjb+FeDe+ngg (1)

where F is area, [Jis stress, b is the index for concrete (Beton), e is the index for mild-steel
reinforcement (Eisen) and g is the index for cast-iron (GuBeisen). This addition law is still valid
today and used in the design of both concrete and composite columns.

1026



Figure 4. Ericsson Building, Vienna, 1913 (Emperger 1913b, fig. 5)

Figure 5. Column-joint, Ericsson Building, Vienna (Emperger 1913b, fig. 6)
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BUILDING REGULATIONS

ASCE Progress Reports 1910 - 1917

At the annual convention of the American Society of Civil Engineers on June 11th, 1903, a special
committee was appointed:

to take up the question of concrete and steel-concrete, and that such committee co-operate
with the American Society for Testing Materials, and the American Railway Engineering
and Maintenance of Way Association.

(ASCE 1910, p.431)

In 1904, the name of the committee was changed to “Special Committee on Concrete and
Reinforced Concrete”. In its First Progress Report, recommendations were given for both concrete

and reinforced concrete construction. In paragraph 9 concerning columns, it was said that:

columns may be reinforced by means of longitudinal rods, by bands or hoops, by bands or
hoops together with longitudinal bars, or by structural forms which in themselves are
sufficiently rigid to act as columns.

(ASCE 1910, p.450)

For columns reinforced with structural steel, stresses were allowed 45% higher than for columns
with longitudinal reinforcement only. In the discussion of the paper, several engineers remarked
that the report had been written to fast and that allowed stresses had not been verified by test results.
In the Second Progress Report, it was said that:

Composite columns of structural steel and concrete in which the steel forms a column by
itself, should be designed with caution. To classify this type as a concrete column reinforced
with structural steel is hardly permissible, as the steel will generally take the greater part of
the load. When this type of column is used, the concrete should not be relied on to tie the
steel units together or to transmit stresses from one unit to another. The units should be
adequately tied together by tie-plates or lattice bars, which, together with other details, such
as splices, etc., should be designed in conformity with standard practice for structural steel.
(ASCE 1914, p.421)

This paragraph can be seen as an attempt to reject composite columns from concrete construction
and to pass it to the steel side of structural engineering. This paragraph was kept up in the Final
Report (ASCE 1917), but concerning reinforced concrete columns, a vital improvement was made;
only columns with horizontal reinforcement were allowed and:
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It is recommended that the minimum size of columns to which the working stresses may be
applied be 12 in. out to out. ... Hooping is to be circular and the ends of bands must be
united in such way as to develop their full strength.

(ASCE 1917, p.1133)

Nevertheless, composite columns were adopted again in the first American Standard Specifications
No. 23 in 1920.

ACI Standard Specifications No. 23 - 1920

Design rules for two types of composite columns were given in the ACI Standard Specifications
No. 23, “Standard Building Regulations for the Use of Reinforced Concrete”. First type were steel
columns filled with concrete and encased in a shell of concrete, as used in the Mc Graw Building in
New York, and second type were:

Composite columns having a cast iron core or centre surrounded by concrete which is
enclosed in a spiral of not less than one-half of 1 per cent of the core area, and with a pitch
of not more than three inches, may be figured for a stress of 12,000 — 60 L/R, but not over
10,000 1b. per sq. in. on the cast iron section and not more than 25 per cent of the
compressive strength specified in Section 40 on the concrete within the spiral or core. The
diameter of the cast iron core shall not exceed one-half of the diameter of the spiral.

(ACI 23 1920, p.301)

Obviously, the latter one was the Emperger type of column, and was in common use until the 1930s
in the construction of tall buildings in Chicago (ENR 1930, p.278). This can be considered the first
climax of composite column application. At the same time in Europe, few buildings were
constructed with composite columns, due to the lack of design rules, as explained by Emperger
(1932, p.595).

German Standard DIN 1045 - 1943

During the 1930s, tests in Germany were made by Memmler, Bierett and Griining (1934) on steel
columns filled with conrete and by Gehler and Amos (1936) on concrete columns reinforced with
structural steel. The latter ones led to the first German building regulations on composite columns.
DIN 1045-1943, §27 d) treated concrete columns reinforced with structural steel (fig.6). Column
resistance was calculated by the addition law and a factor [ considering buckling. This paragraph
existed until 1972, when the design of reinforced concrete columns was changed to ultimate load
theory and officials decided that structural steel members encased in concrete should be designed to
carry the loads alone without considering the strength of the concrete (Bonzel, Bub and Funk 1972,
49).
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Figure 6. Columns reinforced with Structural Steel (DIN 1045-1943, Fig. 23)

German Standard VDE 0210 - 1953

This paragraph explains the post-war development of concrete filled hollow sections beginning with
its use in overhead transmission line masts, e.g. in the construction of the Nufenen pass line in
Switzerland, built in 1947 (fig.7, 8). This system by ‘“Motor-Columbus” was patented in
Switzerland and several European countries (Girkmann and Konigshofer 1952, p.320). The concrete
filling allowed a notable saving of steel in post-war economy. In 1953, a paragraph on the design of
such sections was added to German standard VDE 0210, “Vorschriften fiir den Bau von Starkstrom-
Freileitungen” (Regulations for the construction of high-voltage overhead transmission lines).

For the first time, the term of an ideal or effective slenderness was used in the design of composite
columns, considering the stiffness of both the concrete and the steel section together. The ideal or
effective radius of gyration was calculated by:

iid:ﬂJid/Fid ,Jid=Je+Jb/n; (2)

where
J. is the moment of inertia of the steel pipe
J, is the moment of inertia of the concrete filling and

n is the relation of the moduli of elasticity of steel to concrete with a default value of 10.
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This term, the ideal radius of gyration, explains the problem of buckling much more graphically to
students than the modern non-dimensional slenderness. Therefore, the objective was to reintroduce
it within the developed simplified design method.

Figure 8. Transmission line mast, section and detail (Girkmann and Kénigshofer 1952, p.321)

1031



Since construction was restricted to columns with a slenderness bigger than 50, Kloppel and Goder
made tests with concrete filled sections in 1957 to extent the practicability of this design method to
usual column sizes. They tested 54 filled and 45 pure steel pipes. In their abstract (Kloppel and
Goder 1957, p.47) they compared the radius of gyration of the composite section with that of the
bare steel section, and showed the relation in a diagram (fig.9). This type of diagram turned out as a
practical means in the developed simple design method.
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Figure 9. Relation of radii of gyration of composite to steel section (Kloppel and Goder 1957, p.47)
German Standard DIN 18806 - 1984

German Standard 18806 was the first building regulation in Germany dedicated exclusively to
composite columns, for the first time covering three different types of composite columns (fig. 10)
with one design concept. Its design rules were based on the work of Roik, Bergmann, Bode and
Wagenknecht (1975, 1976). The basic principles were kept up in Eurocode 4 method, see next
paragraph.

Eurocode 4 - 1994

The simplified design method of Eurocode 4 is also based on the method developed at Bochum
University by Roik and his team. The ultimate load of a composite column is given similar to
Emperger’s Addition-Law by:

Npl,Rd = Aafyd + Achfcd + Asfsd (3)

with fy4 the yield strength of structural steel, f4 the compressive strength of concrete and fy the
yield strength of reinforcement steel. Buckling safety is provided by a factor k, by which the
ultimate load has to be multiplied. The factor k is given by European buckling curves of Eurocode
3. It has to be calculated as a function of the non-dimensional slenderness (1] Roik based the
design of composite columns on the design of steel columns, using the European buckling curves
and the non-dimensional slenderness.
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Figure 10. Composite Columns, DIN 18806

Table 1. Design of Composite Columns, Germany (Eggemann 2003b, p.54)

Emperger 1913

Hooped column with a core
of cast-iron

P=(Fylp + Felle + Fgllg) / (4 1) [kp]

Addition-law

DIN 1045, 1943
Regulations for reinforced
concrete construction

Columns reinforced with
structural steel

Pur = (Ko Fo+ OsFe) /(3 1) [kp]

Addition-law

DIN 1050, 1954
Riveted and bolted steel
construction

based on: Kloppel 1935

Steel columns with a core
of concrete

Ozul
S< Oaul [Fe +05 Wb28 Fb] < 1,33 Fem_
Dy Ok x

tkp]

Strength of concrete Wy,s valued only 50%

VDE 0210, 1953
Regulations for the construction
of high-voltage transmission lines

Concrete filled steel pipes

0=08/Fig< Do [kp/em?]

Effective slenderness

DIN 18806 T1, 1984
Composite construction -
Composite columns

based on: Roik et al. 1975, 1976

Composite Columns

Ny =0 'Npl [kN]

[ function of [JT]

DIN 18800-5, 1990

Eurocode 4, 1994

Composite construction

based on: Roik et al. 1975, 1976

Composite Columns

Nra = (Aafya + Aclefea + Agfa) - [ [kN]

[1 function of [17]
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Table 2. Design of Composite Columns, United States of America (Eggemann 2003b, p.55)

Talbot and Lord 1912

Concrete as reinforcement
for structural steel columns

P=A (36500 - 155 I/r) [Ib]
Tetmajer-formula

Swain and Holmes 1915

Concrete-filled pipe
columns

P=1100 (A: + 9,6A;)
P=(A:+9,6A,) (1600-7 L/r) [Ib]
Tetmajer-formula

ASCE Reports 1910-1917

Columns reinforced with
structural steel

P=f. (ActnAs) [Ib]
Total safe load

ACI 23, 1920
Standard building regulations for
the use of reinforced concrete

Steel columns filled with
concrete and encased in a
shell of concrete

Composite columns with
cast iron core -Emperger

type

f=18.000 — 70 L/R < 16.000 [Ib/in.?]
allowable stress on steel section

f=12.000 — 60 L/R < 10.000 [1b/in.?]
allowable stress on cast iron section

ACI E-1A-28T, 1928
Tentative building regulations for
reinforced concrete

Composite columns with
cast iron or steel core
Combination columns

allowable stress as in ACI 23
Structural steel columns of any rolled or
built up section ... encased in concrete

ACI 501-36-T, 1936
Building regulations for
reinforced concrete

Composite columns
Combination Columns

with cast iron or steel core
P=0,225 AL +fA;+ A, [Ib]

a) Steel columns encased in concrete
b) Pipe columns

ACI 318, 1947
Building code requirements for
reinforced concrete

Composite columns
Combination columns

as in ACI 500-36-T
as in ACI 500-36-T

ACI 318, 1977
Building code requirements for
reinforced concrete

Composite columns

r— (Ec|g/5)+ Eslt
(EcAg/5) + EsAt

Effective radius of gyration

SIMPLIFIED DESIGN METHOD
The proposed simplified design method is based on the simplified method given in Eurocode 4. The
design normal force including load factors has to be smaller than the column resistance to normal

force:

Nsq < Ngg 4
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As proposed by Fithrer (1980) for concrete columns, the resistance of a composite column is
calculated as the product of only three terms:

Nrg=A-Upi-k ®)

where

A is the total cross sectional area of the column
(g is the ideal allowed stress, including all safety factors and
k is the buckling factor according to European buckling curves.

The total cross sectional area can be calculated easily, the ideal allowed stress can be tabled exactly
considering the column section, the used concrete and the percentage of additional reinforcement,
see figure 14. For determination of buckling factor k, the ideal slenderness [ of the column is used
instead of the relative slenderness [ [.

For steel columns, the relative slenderness [1[] can be calculated as the product of the “old”
slenderness [] and the reciprocal of [1,, thus considering the material properties of steel.

~ N, ri sk 1

A=, —— ==— (6)
Ncr lid }\,a

where

s is the buckling length of the column

i;4 is the radius of gyration and

[, is a factor considering the material properties of steel
E

h=m |— Q)
f vk

If we apply this principle to composite columns and solve equation (6) to the radius of gyration i,

we can determine an “ideal” radius of gyration of a composite column:

®)
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To avoid by-hand analysis of equation (8), the ideal radius of gyration of a composite column is
now calculated as the product of the radius of the steel section and a factor called a:

iid = ia sa (9)

The factor a can be read out of a diagram considering the steel section and the used concrete.
Approximately, the influence of additional reinforcement is neglected. For usual column length of 3
to 5 metres (slenderness smaller than 70), the fault of this procedure is limited to 3%. In many
cases, results calculated by this simplified method are equal to those calculated by Eurocode 4
method. With the ideal radius of gyration, the ideal slenderness of the column can be calculated:

Uig = s/ dig (10)

The complete procedure for concrete filled hollow sections fits on one page (fig.11), the diagram to
determine factor a is inspired by the work of Kloppel and Goder (1957). The European buckling
curves are transformed by multiplying the domain values by [1,, thus reintroducing the material
properties of steel.

The limitations of the proposed simplified design method are the same as in Eurocode 4. The most
important is the composite condition:

02<0<09 (11)

which means that a composite column is a composite column if the steel section carries more than
20% and less than 90% of the column load.

RESUME

An overview of the construction history of composite columns was given, with a special focus on
first applications in buildings and a comparative analysis of building regulations. For the proposed
approximation procedure, ideas from Emperger, Kloppel and Roik were taken into account,
demonstrating the importance of construction history for today.

The ultimate load of a composite column is determined as the product of the total area with an
effective stress. Buckling safety is provided by using the former slenderness ratio s/i;q (L/r), where
si (L) is the length of the column and iy (1) its effective (or ideal) radius of gyration. Furthermore,
numerous means are provided to calculate the ideal radius of gyration of a composite column by
multiplying the radius of the steel section with a correction factor. The procedure for concrete filled
steel pipes fits on one page of paper (fig.11) and can be used both in university education of

architecture and by structural engineers for dimensioning and design of composite columns. In
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many cases, approximately calculated ultimate column loads are equal to those calculated by
Eurocode 4 method. The procedure was successfully presented to students at RWTH Aachen
University.

Simplified design of concrete filled hollow sections

(Circular and square sections) % t
Nra =A-Ori " k /
d

A: total area
ori. ideal allowed stress
k:  reduction factor

Aid = siliig whith iy =a i,

Aig:  ideal slenderness of composite column

sk buckling length

iq: ideal radius of gyration of composite section

i radius of gyration of steel section, if t/d < 0,05 then: i, = 0,34d (circular) or i, = 0,38d (square)
a: factor

Ideal allowed stress og; [kN/cm?], Concrete filled sections, S 235

d C30/37__p [%] C 40/50 _p [%] C 5060 p [%]

o1 | 0% T 1% T 2% [ 3% [ 4% | 0% [ 1% [ 2% [ 3% [ 4% | 0% | 1% | 2% | 3% | 4%
0,01 | 2,77 | 317 | 3,56 | 3,96 | 4.36 | 3,41 | 3,80 | 4,19 | 4,58 | 4,97 | 4,05 | 4,43 | 482 | 520 | 559
0,02 | 352 | 390 | 428 | 4,66 | 505 | 413 | 451 | 488 | 526 | 564 | 4,75 | 512 | 549 | 586 | 6,23
0,03 | 425 | 462 | 499 | 535 | 572 | 484 | 520 | 556 | 592 | 6,29 | 543 | 579 | 6,14 | 650 | 6,85
0,04 | 497 | 533 | 568 | 6,03 | 638 | 554 | 588 | 6,23 | 657 | 692 | 6,10 | 6,44 | 6,78 | 7,12 | 7,46
0,05 | 568 | 602 | 6,35 | 6,60 | 7,02 | 6,22 | 6,55 | 6,88 | 7,21 | 7,54 | 6,76 | 7,08 | 7,41 | 7,73 | 8,06
0,06 | 6,37 | 6,69 | 7,01 | 7,33 | 7,65 | 6,88 | 7,20 | 7,52 | 7,83 | 815 | 7,40 | 7,71 | 8,02 | 8,33 | 8,64

007 ] 704 | 735 | 766 | 796 | 827 | 754 | 784 | 814 | 844 | 874 | 803 | 833 | 862 | 892 | 9,22
0081 770 | 799 | 829 | 858 | 887 | 817 | 846 | 875 | 9,03 | 932 | 864 | 892 | 921 | 9,49 | 9,77
009 ] 834 | 862 | 890 | 918 [ 9,46 | 879 | 907 | 934 | 962 | 989 | 924 | 951 | 9,78 | 10,0 | 10,3

0,10 | 897 | 9,24 | 950 | 9,77 [ 10,0 | 9,40 | 966 | 9,92 | 101 | 10,4 | 982 | 100 | 103 | 10,6 [ 10,8

Factor a, S 235 European buckling curves, S 235

1,00 1,0
0,95 1 e — 0,9
I I i
0,90 — 08 Ne
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0,85 1
Y // 1 0.7 <
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Figure 11. Simplified Design of Composite Columns (Eggemann 2003b, p.85)
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PROSPECTS

Beyond the given example of composite columns, Construction History could play a more
important role in the education of both architects and engineers. Former design methods could be
studied in all materials, e.g. wood, steel and concrete construction, as they are more graphical to
students of architecture. Furthermore, elder methods and procedures to determine the inner forces of
statical systems could be studied, to gain the capacity of simple control of computer calculations.

A concept for historic and genetic education of the Theory of Structures was presented by Kurrer
(2002, p.455). According to his concept, the presented study represents a historical-logical
longitudinal section. Other ways are the historical-logical cross section and the historical-logical
comparison of construction.
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