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Abstract. The expediency of reinforcing precast spun concrete members of annular cross sections reinforced by high-
strength steel bars is discussed. Test materials, mechanical properties, production and testing procedures of plain and rein-
forced spun concrete specimens are presented. The quasi-ductile strength and strain features of concentrically and eccen-
trically loaded specimens are considered. The modelling of a bearing capacity of beam-columns of annular cross sections
is based on the concepts of bending with a concentrical force and compression with a bending moment. The comparison
of modelling and test data of spun concrete beam-columns is analysed.
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1. Introduction

The high-strength spun (centrifugally cast) concrete with
high microcracking and low creep parameters may be
successfully used in construction practice. The economi-
cally and structurally rational precast spun concrete
members reinforced by longitudinal steel bars uniformly
distributed throughout their annular cross sections pe-
rimeter allow engineers to design and erect columns of
contemporary sustainable office or administrative and
merchant buildings and some civil engineering works.

In some cases, it is expedient to use prestressed high-
strength reinforcing steel bars or tendons and increase a
cracking resistance and flexural stiffness of spun concrete
slender columns (Quasi 2002). However, a bearing capaci-
ty of eccentrically loaded stiff columns reinforced by nonp-
restressed high-strength steel bars may be significantly
greater and more ductile than the prestressed ones.

As it is known, yield strains of reinforcing mild steel
bars are lower than ultimate concrete compressive strains
of compression members. Contrarily, ultimate strains of
high-strength steel bars exceed concrete strains at peak
compressive stresses. Thus, high-strength steel bars inc-
rease a bearing capacity of compression members due to
a redistribution of ultimate compressive stresses between
their materials (MacGregor 1988; Kudzys et al. 1993;
Kuranovas et al. 2009; Soundararajan et al. 2008). In all
cases, longitudinal high-strength steel bars are more ef-
fective than high performance steel fibres recommended
by Kaufmann et al. (2005).

When the mild steel yields and compressive strength
of concrete are obtained at the same compressive strains of
about 0.002 the reinforcement of compression members
may be treated as balanced. However, the mild steel yiel-

ding, usually, occurs before a crushing of high-strength
spun concrete and the members is said to be under reinfor-
ced. Spun concrete members reinforced by high-strength
reinforcement may be much more ductile than these balan-
ced and under-reinforced members with mild steel bars.

The structural performance of tubular members rein-
forced by high-strength steel bars is based on a small
number of specimens. A lack of experimental and theore-
tical research results hampers the development of analysis
methods of these structures. The recommendations and
directions presented in design codes Eurocode 2 (2004)
and ACI 318-05 (2005) are not fully formulated. In some
cases, this can lead to groundless overestimation or unde-
restimation of a bearing capacity and reliability of desig-
ned and executed spun concrete tubular structures. The
analysis of the bearing capacity of eccentrically loaded
spun concrete members reinforced by high-strength steel
bars has some characteristic features. Therefore, a reliabi-
lity verification of these structures in a simple and easily
perceptible manner is desired by building engineers.

The data, presented in this paper, belong to the inves-
tigations carried out at the Vilnius Gediminas Technical
University. The mechanical properties of 181 plain spun
concrete hollow cylinders, and 38 concentrically and 31
eccentrically compressed reinforced spun concrete mem-
bers were investigated experimentally. The test programme
was designed to obtain performance data for building and
bridge columns.

The object of this paper is testing of the ductility of
concentrically and eccentrically compressed reinforced
concrete tubular members reinforced by high-strength
steel bars and giving structural engineers a possibility to
assess their resistance using unsophisticated approaches.
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2. Materials and specimens

Spun concrete specimens of annular cross sections were
manufactured using crushed granite stone of 5-20 mm
size fractions and quartz sand with 2.95-3.05 fineness
modulus of 1300-1360 kg/m® poured bulk as coarse and
fine aggregates of concrete mixtures. The compressive
strength at 28 days of Portland cement was equal to
40.2-51.6 MPa. Thus, used mixes belong to high per-
formance concrete mixtures of normal weight spun con-
crete members (Dilger & Rao 1997).

The spun concrete specimens were reinforced by
ribbed high-strength steel bars of 10, 12 and 14 mm in
diameter. They were uniformly distributed throughout
their cross-sectional perimeter. The mean values of 0.2%
proof-stress points, fp,, and ultimate tensile strength,

fy, of steel bars were 872, 890, 862 and 1060, 1052,

1138 MPa. The steel bars satisfied minimum ductility
requirements. The deformed steel wire of 5 mm in diame-
ter and 630-670 MPa in ultimate tensile strength was
used as an outer ring and transverse reinforcement with a
pitch equal to 100 mm.

Tubular members were moulded by one-layer spin-
ning. Belt-driven and integrated roller and belt-driven type
(Fig. 1) centrifugal machines were used for the production
of specimens. Their external diameter d (Fig.2) was
equal to 500 and 260 mm. The moulds consisted of two

semimoulds 5.000 and 4.800 mm in length. The rotation
speed of moulds during distribution/compacting processes
of the concrete mixtures was 115/390 rom and 250/
720 rpm for belt-driven and integrated type centrifugal
machines, respectively. For the specimens 500 and
260 mm in diameter the concrete compacting pressures
were equal to 0.11-0.2 and 0.015-0.02 MPa. Due to the
centrifugation process, a part of the water and cement addi-
tives were removed from concrete mixtures. Therefore,
their initial water-cement ratio w;, /c = 0.44-0.50 decrea-

sed to the residual water-cement clinker ratio
Wyes /C.C =~ 0.38.

Two groups of plain concrete hollow cylinders con-
sisting of 18 and 28 specimens were produced as addi-
tional elements. Their outer diameter and height, d/h,

were equal to 500/400 and 260/300. They were thermally
treated under mild conditions and tested at an age of 30—
40 days. The other plain concrete specimens were pro-
duced together with reinforced concrete members. These
specimens were demoulded 3-4 days after production and
placed in a room at 19-21 °C temperature and 70-80%
relative humidity. The reinforced members were tested at
an age of 100 days. The plain concrete specimens were
tested almost together with reinforced members produced
in common batch moulds.

—Oo— concrete
—e— reinforcement

€
b)

Fig. 2. Spreading of gauges G1, G2, G3 (a), longitudinal strains of concrete and steel bars of eccentrically

compressed specimens (b)
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The mechanical properties of the specimens as short
tubular columns under compressive loading were deter-
mined by the hydraulic jack with a capacity of 500 tons.
Bonded steel covers with collars around the specimen
ends ensured a normal distribution of compressive
stresses. For eccentrically compressed members, the ver-
tical compressive forces were applied through knife-edge
supports located at upper and lower plates of a testing
machine.

The plain concrete specimens were tested under mo-
notonously increased loads. The test load of reinforced con-
crete specimens was applied at 7-10% of its ultimate value
N obs at 3-minute intervals. Thus, the test duration of the

members was between 30 and 40 minutes.

The longitudinal and transverse strains of the com-
pressive concrete were measured by indicator and electri-
cal-resistance (G1, G2) gauges. The longitudinal strains
of reinforcing bars and spirals were measured only by
electric-resistance strain gauges G3 (Fig. 2 a). The exact-
ness of measured strains was equal to + 0.5 x 107°. The
reading of indicator gauges was fixed by a cinemagraph.

3. Mechanical properties of plain concrete specimens

According to Gonzélez et al. (1974), a strength ratio of
plain concrete prisms and cylinders fpr/fC =0.69-0.93,

the average is equal to 0.85. According to Eurocode 2
(2004) and ACI Committee 318-05 (2005) directions, the
factor 0.85 accounts for strength differences for the con-
crete in structures and in control cylinders. However, the
cylinder strength, f., shall be the only reference strength
of spun concrete. It helps engineers use implicitly the rec-
ommendations of design codes of concrete structures. An
actual strength of plain spun concrete is its strength in hol-
low cylinders fc; witch is closed to a prism strength f,, .

The compressive strength of spun concrete f,; of
tested specimens was equal to 33-53 MPa. This strength
and respective strain e, of hollow spun concrete cylin-
ders differed from the values f; and ¢ of control vibra-

ted cylinders made of the mix with a decreased water-
cement ratio residual after centrifugation processes. The
ratio f./f. may be also assumed as a constant value

and equal to 0.85 irrespective to the spun concrete class.

0.06 L L
20 40 60 80

}Lr‘ . MPa

Fig. 3. The coefficient of variation of concrete 8f; versus its
characteristic compressive strength f

According to the experimental data (Fig. 3), the
coefficient of variation of concrete compressive strength,
8f, , may be expressed by the equation:

8f, =0.088+3(70— f,y 7107, (1)

where fy =20-70 MPa is the characteristic cylinder
strength.

The mean value of the modulus of elasticity of nor-
mally cured and thermally treated concrete is:

Eem = 20%(0.1f¢p )2, )

where f, is the mean value of its cylinder concrete
strength.

Sustained compressive forces may have a conside-
rable effect on the long-term resistance of eccentrically
loaded columns. Spun concrete belongs to high-elasticity
concretes in which residual microcracks appear when
compressive stresses, o, , are more than 0.8 f, . Besides,
due to marked cement hydration, spun concrete strength
increases significantly. After 26 years, its compressive
strength increases by 60-70% (Vadluga et al. 1996).
Therefore, sustained loading may insignificantly reduce a
bearing capacity of compression members. This reduction
may be evaluated by the factor o, defined as the func-

tion:

Otcc:l_h 1_h ﬂzl—o.lﬂ, (3)
fa ) Ne Ne

where f'.=(0.86-0.91)fy is the resistance of spun
concrete to residual microcracks as its sustained strength;
Ng and Ngo are an applied force and its quasi-
permanent component, respectively. Thus, the factor o,

may be treated as a linear function the values of which
are between 0.9 and 1.0. A low speed loading of test
specimens before their compression failure reduced an
ultimate strength to 5% that corresponds to the factor
o =0.95.

The microcracking resistance, f';, of vibrated conc-
rete with the prism strength f . =30-50 MPa is close to

(0.7-0.76)f, . Therefore, the factor of quasi-permanent
load effect by (3) is equal to k, ~1-0.2Ngp/Ng . It
corresponds to the data given by Diniz (2002, 2005).

4. Mechanical properties of reinforced concrete
specimens

An ultimate load of reinforced concrete members was
achieved when their concrete cover started to spall. All
the failures of tested specimens occurred away from their
end zones. The general view of cracking configuration at
compressive failure of specimens is shown in Fig. 4. Test
relations of the relative compressive forces in speci-
mens (N/N, ), concrete (N/Ng,), steel bars (Ng/Ng,)

and compressive strains are presented in Fig. 5.
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a) b) c)

Fig. 4. The characteristic view of concentrically (a) and
eccentrically (b) compressed members and concentrically
loaded hollow concrete cylinders (c)

The loss of load-carrying capacity of members re-
sulted from concrete cover spalling, longitudinal bar
buckling and spiral wire fracture. Spiral fracture occurred
from the excessive lateral deformations of longitudinal
bars. Their buckling happened after portions of the crac-
ked concrete cover spalled off. Thus, the failure of comp-
ressed spun concrete members reinforced by high-
strength steel bars may be treated as a plastic one. A rela-
tively brittle failure of specimens occurred when the ge-
ometrical reinforcement ratio, p, was less than 3%. The-

refore, its value of 3-6% may be considered as a rational
reinforcement ratio of spun concrete members reinforced
by high-strength steel bars.

a)

Ni/Ng

R a
/2N

(=Y

(=Y

0,2
p=3%
f. =47-48 MPa
01 : : : :
0 100 200 300 400 £x10°

A spiral pitch in 100 mm did not restrain a lateral
expansion of compressive concrete. However, the tested
specimens behaved in a relatively ductile manner. Due to
an elastic behaviour of high-strength reinforcing bars and
a redistribution of stresses, the ultimate compressive
strains €, and g, of concrete adjacent with steel bars
of respectively concentrically and eccentrically loaded
reinforced concrete specimens considerably exceeded the
strain €, of plain concrete specimens (Fig. 6).

The reinforcement of thin-walled structures hinders
to compact a concrete mix and in this way decreases its
compressive strength f., to the value f_, and increase

its strain €, to the value €, (Fig. 6).

When the reinforcement ratio p = A, /A, is equal to
1.5-6% and the radius r, is between 100 and 250 mm,
the basic mechanical properties of spun concrete in rein-
forced members are: f., =(0.82-0.96)f, and
£¢, =(2.3-2.4)1073. Thus, the factor characterizing a
ratio of concrete strengths in spun concrete members and
plain concrete cylinders may be expressed as:

oy =fep/f. =0.85-1.7p. 4)

This ratio may be assumed as equal to 0.85 when com-
puter controlled centrifugal machines are used.

The compressive strength of spun concrete in struc-
tures may be presented in the form:

fec =ogcon fe . )
b)
Ni/Ngr
2
1 1 7
3
|
0,8
0,6 1
2 a
1
0,4 4
1]
0,2
p=6%
f. =49-51 MPa
0 . . . .

0 100 200 300 400 gx10°

Fig. 5. Testing diagrams of the relative force-strain relation for medium (a) and strong (b) reinforced compressive

specimens (1), their concrete (11) and steel bars (I11)
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Fig. 6. Stress-strain relations for plain concrete (1) and

reinforced concrete by typical (2) and bi-linear (3) laws

Due to a redistribution of compressive stresses of
high-strength steel bars and spun concrete, the failure
strains of compression members are fairly large. Therefo-
re, the maximum values of spun concrete strains and at
the same time of resisting compressive stresses in rein-
forcing steel bars of concentrically and eccentrically loa-
ded columns may be defined, respectively, as:

ey = 2.26(1.18+ 4p)103, (6)
Do 2
O = &4y Eg =4.52(1.18 + 4p)10° MPa, @)
gy = 2.26(1.36 +4pJl0~, 8)
4.4

&~
o
T

Strains ey <103
w
()]
T

Ratio p, %

a) Concentrical loading
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Gse = &gy Es = 4.52(1.36 + 4p)10% MPa. 9)

These values are close to stresses calculated by Hus-
saini et al. (1993) recommendations. The effect of the
reinforcement ratio p = A;/A. on the ultimate compres-

sive concrete strains is shown in Fig. 7.

The test data disclosed that high-strength and high-
elastic reinforcing bars decrease the coefficient of variation
of concrete strains under the failure of reinforced compres-
sion members. Therefore, the use of these bars instead of
mild steel ones may efficiently increase the structural safe-
ty of spun concrete columns.

5. Beam-columns under bending with a concentrical
force

The modelling of stress-strain state and bearing capacity
of eccentrically loaded spun concrete beam-columns must
assess the structural features of annular cross sections and
high-strength reinforcing steel bars.

According to the peculiar recommendations, presen-
ted by R. Vadluga (1985), at large values of compressive
force eccentricity, the ultimate bending moment of annu-
lar cross sections (Fig. 8) reinforced by mild steel bars
could be calculated using the expression:

Mg =1.2r,(f A, + Ng JL— ). (10)

Strains ey <103
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b) Eccentrical loading

Fig. 7. Effect of the reinforcement ratio p = A; /A, on the ultimate compressive concrete
strains of the specimens tested by G. Aksomitas (1984) (@) and R. Kliukas (®)

Fig. 8. Modelling of stresses in the concrete and mild steel of eccentrically loaded annular

Cross sections
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Here the conventional value of the compression zone of
section is:

e :W/n:(fstAs + NR)/[fccAc +(fst + fsc)As]' (11)

where fy and fy. are the tensile and compressive
strength of longitudinal bars; A, and A, are the areas of

steel reinforcement and concrete in the column cross
section; Ny represents the concentrical force; fg. is the

compressive strength of spun concrete defined by Eq. (5).

An analysis of Equation (10) revealed its universali-
ty. When tubular members are reinforced by high-
strength steel bars, the conventional strengths in tension
and compression of reinforcement should be defined as:
fq =500 MPa and f,. =600 MPa (Kudzys & Kliukas

2008). However, when an eccentricity of applied forces is
small, it is more expedient to treat tubular columns as
members exposed to compression with a bending mo-
ment.

The compression of members of annular cross sec-
tions may be treated as a loading under small eccentricity
e=M¢g/Ng when the ratio e/r; <1. In this case, the

compressive force is inside of a circle of longitudinal
reinforcement.

6. Beam-columns under compression with a bending
moment

The analysis of ultimate load effects may be based on a
plane cross-section hypothesis and bi-linear concrete

R. Kliukas et al. The quasi-ductile resistance of compressed spun concrete beam-columns

stress-strain relation when the conventional concrete
strain &4 is equal to 0.5¢, (Fig. 6). This value is close

to strains e.5 recommended by Kaufmann (2005).

According to the design model presented in Fig. 9,
the resultant internal force as a resisting compressive
force and the resisting bending moment caused by this
force about the centre point of cross sections are:

NR:Ncl_N02+Nsc_Nst' (12)

I\/IR = Nclycl - chycz + Nscysc + Nstyst' (13)

Thus, the eccentricity of the ultimate compressive force
of members is:

e=Mg/Ng =eon, (14)

where e, and m are the first-order eccentricity and fac-

tor of second-order moment effect of beam-columns
(Kudzys & Kliukas 2009).

Fig. 10 shows that in design practice the response
factors characterizing an extent of the intelligent use of
the compressive strengthens of concrete and steel bars
may be calculated by the formulae:

K =1- 0.3e/r, , (15)
1+10p
ks =1-0.34e/rs . (16)

rs
A, ey 202k opfe .
A ~ 7 7T
s I3 N — N\
» o cl NC2 % , |\/|R
e \Ilﬁ Lo\ . /B %1 Yol - ? Vs —
» 0} Yst — NR
- 7\ _
» » £ >
— N
G st
! P " 8ét: Ecy(w)ly ot

Fig. 9. Modelling of strain and stress distributions in the concrete and high-strength steel

of eccentrically loaded annular cross sections
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b) Strong reinforcing

Fig. 10. Mean values of response factors of concrete by Eq. (15) and reinforcement by

Eq. (16) versus the eccentricity ratio ey/rs



Journal of Civil Engineering and Management, 2010, 16(2): 189-196

=
(3]

Concentrical force Ny, MN
N

[

o
&)l

- fom=36.7 MPa

1 ]
0.08 0.12 0.16
Bending moment Mg, MNm

1
0 0.04

a) Middle-strength concrete

195

Now W
ol ()]
T

N

=
3

Concentrical force Ny, MN

0.5 fem=58.2 MPa

0 0.04

1 l

1
0.08 0.12 0.16
Bending moment Mg, MNm

b) High-strength concrete

Fig. 11. Effect of the reinforcement ratio p and the compressive concrete strength f, on the interaction
diagram of eccentrically loaded members: 1 — Mg by Eq. (10); 2 — My by Eq. (17)

The resisting bending moment and the compressive
force of eccentrically loaded members of annular cross
sections may be expressed as:

Mg =Nge, @an
rS

Nr =Ny + Ny =(ke f +k ,
R uc us (c ccAe SGSCAS)e—H’S

(18)

where N, and N, are ultimate compressive forces in
concrete and reinforcement components, k. is given by
Eqg. (15), k, by Eq. (16), f.. by Eq. (5) o by Eq. (9).
When these members are concentrically loaded, the fac-
tors e=0, k, =k, =1, and Equation (18) is presented in
the form:

NR = fecAc O As, (19)

where o, is defined by Eq. (7).

7. Comparison of modelling and test data

The comparison of analytical interaction diagrams of
eccentrically loaded columns the ultimate bending mo-
ments of which are calculated by Eq. (10) and Eq. (17) is
given in Fig. 11. It is considered with regard to the rein-
forcement ratio, p, equal to 0.029 and 0.058, and the

mean value concrete compressive strength, f,, , equal to

36.7 and 58.2 MPa.

The interaction diagram curves 1 and 2 in Fig. 11
were drawn up using fairly simple different analysis
models presented in Figs 8 and 9. Nevertheless, these
curves are very close. However, when an eccentricity of
compressive forces is small (e/r, <1), it is expedient to
use Eq.(18) characterizing the resisting compressive

force and in this way to simplify an analysis of tubular
columns.

8. Conclusion

The presented test and analysis data exposed an possibil-
ity to define more exactly the compressive resistance of
spun (centrifugally cast) concrete members reinforced by
high-strength steel bars uniformly distributed throughout
their annular cross sections. The pitch of spiral rein-
forcement equal to 100 mm prevents their buckling be-
fore concrete failure. It helps avoid a premature failure of
compressed tubular members. Compression spun con-
crete beam-columns reinforced by high-strength steel
bars are sufficiently ductile, when the geometrical rein-
forcement ratio of these members is equal to 3—-6%.

When the eccentricity ratio e/rg <1, it is expedient

to analyse beam-columns as structural members exposed
to bending with a concentrical force. In this case, the
bearing bending capacity of beam-columns may be calcu-
lated by unsophisticated general-purpose Eq. (10).

The loading of tubular members may be looked into
compression under small eccentricity when a resultant
compressive force is inside their reinforcement circle. In this
case, the concept of the compression with a bending moment
may be successfully used in the structural analysis of tubular
members. The bearing capacity of eccentrically and concent-
rically compressed members as their resisting compressive
force may be calculated by the unsophisticated Equations
(18) and (19). The reliability of theses Equations is corrobo-
rated by abundant experimental data.

High-strength reinforcing steel bars may effectively in-
crease a bearing capacity and ductility of compressed con-
crete structures. This virtue of high-strength reinforcement
should be legitimated in design codes and standards. The
high-strength reinforcing steel bars may be successfully used
in the design practice of any in-situ or precast reinforced
concrete columns and other compressed members of annular
Cross sections.
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TARTUM STAMANTRUS SIJINIU KOLONUY IS CENTRIFUGUOTOJO BETONO ATSPARUMAS

R. Kliukas, A. Kudzys, R. Vadlaga
Santrauka

Aptariamas didZiastipriais plieniniais strypais armuoty gamykliniy Ziedinio skerspjavio elementy i$ centrifuguotojo
betono tinkamumas. Pateiktos grynojo ir armuotojo centrifuguotojo betono bandiniu medziagos, mechaninés savybés, ga-
mybos ir bandymo tvarka. Nagrin¢jamos centriSkai ir ekscentriSkai apkrauty bandiniy tartum stamantraus stiprumo ir de-
formacijy ypatybés. Ziedinio skerspjivio sijiniy kolony laikomajai galiai modeliuoti taikomos gniuzdomojo lenkimo ir
lenkiamojo gniuzdymo sampratos. Analizuojami sijiniy kolony i§ centrifuguotojo betono modeliavimo ir bandymo

duomenys.

Reik3miniai Zodziai: centrifuguotasis betonas, didZiastipris plienas, Ziedinio skerspjtivio elementai, ekscentrinis apkrovi-

mas, gniuZzdymo bandymas.
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