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Abstract. The global damage of the high-strength reinforced concrete columns is investigated experimentally. Two 
identical specimens with annular cross-section and spiral containment were designed and two tests up to failure for the 
both specimens were carried out at the LNEC shaking table facilities. The columns worked as plane cantilever beams 
under the action of the constant vertical concentrated force and time-dependent concentrated horizontal force. The 
global damage concept is based on stiffness degradation. A variation of the observed horizontal displacements and 
forces during experiments as well as evolution of damage are presented and considered in details. The results show that 
increase of loading values is dominating factor of the global damage. 
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1. Introduction 

The design of reliable high-quality engineering struc­
tures requires understanding the mechanical behaviour of 
smaller members and the accumulation of damage up to 
failure. The high-strength concrete specimens of hollow 
circular cross-section with longitudinal and spiral rein­
forcement investigated here may be considered as mem­
bers of complex structures used in many fields of engi­
neering. 

The accumulation of damage in reinforced concrete 
structures is a process lasting during the whole period of 
operation until the critical state (failure) of the structure 
is reached. During the evolution of damage the macro­
scopic properties of the material, or the entire structure, 
change because of the nucleation and the growth of 
cracks. Therefore geometry, reinforcement, manufactur­
ing and other factors may be of major importance con­
cerning irreversible changes. 

In spite of the above complexity, the existing vari­
ety of damage models is essentially of a phenomeno­
logical nature. The concept of damage was probably first 
introduced by Kachanov [1]. Nowadays, even the defini­
tion of damage variables is non-unique. Damage, gener­
ally speaking, can be interpreted as a decay of mechani­
cal properties with increasing stress and/or strain [2]. 
Many of the models proposed to describe the static or 
cyclic behaviour of concrete are based on damage me­
chanics also coupled with plasticity [3-4] but the dam-

age of high-strength concrete usually remains linear and 
elastic [5]. Most of the quoted models are capable to 
describe the behaviour of concrete under loading histo­
ries involving multiaxial loads by macroscale models. The 
elastic nature character of high-strength concrete damage 
is observed by investigation of material properties [6]. 

In spite of the existence of damage models to evaluate 
the actual behaviour of high-strength concrete structures, 
experimental testing still remains the most powerful and 
reliable research tool. The main reason for large scale test­
ing is that the actual behaviour of materials depends on the 
specimens scale. It must be stated, however, that experi­
mental research is progressing at a much lower rate than the 
theoretical one. The lack of experimental data is a serious 
drawback in the reliability evaluation of the proposed theo­
retical models, when applied to structural members. 

Many investigations concerning experimental research 
on the high-strength concrete as material and high-strength 
concrete columns with annular section may be found in ref­
erences [6-12]. 

The tests of structural members submitted to com­
bined longitudinal and transverse loading, especially un­
der cyclic loading, belong to the category of the most 
complicated experiments. The advanced and innovative 
shaking table testing techniques used in the present in­
vestigation started its development in the early fifties. It 
remains as an essential tool in dynamic experimentation 
and provides a base for realistic simulation as it allows 
the study of true inertia forces acting on the specimens. 
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Several shaking tables throughout the European Union 
[I3] as well as in the USA [I4] and Japan [I5] are be­
ing used to develop research activities concerning the 
dynamic effects on civil engineering structures. An ad­
vanced triaxial shaking table was also designed and built 
in the Portuguese National Laboratory for Civil Engi­
neering (LNEC) [ I6-I8]. It consists of a large rectangu­
lar platform (or table) that can be driven in up to six 
degrees of freedom, where test specimens are fixed to 
the platform and subjected to a well defined dynamic 
input. 

The current experimental investigation of high­
strength reinforced concrete columns under horizontal and 
vertical loading was carried out by the LNEC shaking 
table facilities. The column works as a plane cantilever 
beam under the action of a constant vertical and time­
dependent concentrated horizontal force. The technical 
data of the experiments may be found in [ I9], while the 
global idea of the testing procedure and some of the 
measured and processed results are already presented in 
[20-22]. 

The present paper is mainly focussed on the pre­
sentation of results describing the global behaviour and 
the damage evolution of the specimens. A variation of 
the observed horizontal displacements and forces during 
the tests, as well as force-displacement diagrams, are 
presented. Finally, evolution of damage based on a stiff­
ness degradation concept is considered in detail. 

2. Description of experiment and basic data 

Two identical reinforced concrete specimens VI and 
V2 with annular cross-section and spiral containment 
were designed and two tests up to failure, separated into 
six stages denoted as SI until S6 for the both specimens, 
were carried out. The entire specimens were produced 
as monolithic units consisting of a massive footing and a 
specified column. The columns have been erected using 
high-strength concrete with about fc = 80 MPa. They have 
a wall thickness of 6 em. Longitudinal reinforcement 
consisted of 8 bars of I 0 mm diameter and transverse 
reinforcement was a spiral made up with 6 mm diameter 
bars spaced 5 em at the critical section. The mechanical 
properties of the concrete used for the columns as well 
as for the lower strength footing were evaluated by stan­
dard compression tests, performed by a series of cubic 
and cylindrical probes. 

The tested columns were considered as vertical can­
tilever beams loaded by combined vertical and horizon­
tal actions (Fig I). A vertical load of N = I87,5 kN, 
producing the axial force, was applied before the tests 
and remained constant during the entire testing period. 
It was implemented by prestressing a cable positioned 
inside the column, at its centre line, and connected from 
the top of the column to a hollow zone under the foot­
ing. The presence of vertical load reduces the effect of 
damage in handling and increase the correspondence 

between experiment and service. 
The horizontal time-dependent loading was produced 

by the motion of the shaking table and by an inertia mass 
involving a set of external additional masses and a con­
necting rod. The total value of this mass was m = I2 t. 
The motion of the shaking table was prescribed as a func­
tion of the transverse horizontal time-dependent displace­
ment. For these experiments, sine type signals, controlled 
in amplitude and frequency, were used. 

N 
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Fig 1. Schematic illustration of testing 

During these tests the movement of the shaking table 
was imposed along its transverse direction and 2I chan­
nels were acquired. Optical transducers were used to 
measure the displacements at preselected points of the 
specimens. The positions of these displacement transduc­
ers, measuring the transverse displacements used in the 
current presentation, are shown in Fig 2. Transducer dii 
was used to measure the transverse (in plane) displace­
ment of the column top, while transducer dl3 has mea­
sured the imposed transverse displacements of the shak­
ing table itself. 

Any eventual sliding of the footings on the shaking 
table was measured by the inductive transducer dl. The 
horizontal force H(t), generated at the top of the col­
umn, was measured by a loading cell, inserted as part of 
the connecting rod between the specimens and the iner­
tial mass. 

Shaking 
table 

Fig 2. Location of the displacement transducers 
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Bairrao et al [19-22] have already described the 
details of the specimen and testing procedure. 

3. IUustration of experimental results 

The main goal of these tests was to investigate the 
global behaviour of the specimen during the cyclic load­
ing. The experimentally obtained maximum ductility of 
the structure described by the force-displacement diagram 
was regarded as an indicator of the global damage. The 
illustration of experimental results presented below pre­
sents the relative transverse time-dependent displacement 
u(t) of the top of specimen with respect to the footing 
and the time-dependent horizontal force H(t). 

The horizontal force H(t) was measured directly 
during the experiment, while the transverse displacement 
u(t) of the specimen was obtained indirectly through dif­
ferent transverse displacements measured by transducers 
dl, dii and d13 [20]. 

In order to cover a larger range of real loading, the 
input signal u,ab(t) - controlled displacement of the shak­
ing table - was designed differently for each specimen. 
It produces adequately different displacement u(t) and 
loading H(t) histories. The variation of the global vari­
ables u(t) and H(t) during the experiment for both VI 
and V2 specimens during all of the stages S I and S6 are 
presented in Figs 3-8. 

Fig 4. Variation of displacement u ant load H in the stage S2 
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Fig 7. Variation of displacement u ant load H in the stage S5 
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Fig 8. Variation of displacement u ant load H in the stage S6 

For the specimen VI, during the whole active inter­
val (between 2,5 and 22,5 sec) the controlled displace­
ment of the shaking table - u

10
b(t) - was designed as a 

sine wave with constant amplitude and has generally re­
produced the response of the structure (global force and 
displacement) as a stable sine wave motion. This means 
that the mass of the structure m was active in the start­
ing phase. 

For the specimen V2 the controlled displacement of 
the shaking table - u

10
b(t) - was designed as a sine wave 

having a progressively increasing amplitude during the 
first phase (interval between 2,5 and 12,5 sec) and con­
stant amplitude during the second phase (interval between 
12,5 and 22,5 sec). During the first 9 seconds the exter­
nal mass m acted actually as a dead mass and the top 
displacement u(t) remained almost zero while during the 
second phase of motion it has produced increasing am­
plitudes. 

In order to observe a failure at the final stage S6, 
the experiment was then performed in another manner. 
Here, the controlled displacement of the shaking table -
u,ab(t) - was designed, for both specimens, as a sine­
sweep signal having a progressively decreasing frequency. 
After 16 seconds of loading inertia effect produces in­
creasing displacement amplitudes. During the first 70 
seconds of loading, the inertia effect produced increas­
ing load and displacement amplitudes while the column 
was still able to resist the external load. After a critical 
accumulation of local damages, the total crushing was 
observed with corresponding decreases of the load and 
displacement amplitudes. 

The force-displacement diagrams H-u, presented for 
all loading stages in Fig 9 finally illustrate the global 
behaviour of the specimen. Here, all diagrams are drawn 
in a unique scale in order to allow the reader to follow 
easily the changing of the column stiffness caused by 
the damage progression during the entire loading history. 

In spite of a different character of loading, damage of 
both specimens has occurred in a similar way. 

4. Investigation of evolution of the global damage 

The current shaking table testing of high-strength 
reinforced concrete columns under horizontal and verti­
cal loading covers a wide range of column behaviour 
including evolution of damage and failure phase. The 
accumulation of damage in reinforced concrete structures 
is a process developing during the whole period of op­
eration until a critical state (failure) of the structure is 
reached. The failure phase is characterised by the devel­
opment of large through-cracks and a final crushing of 
the concrete at the base of the columns, near the footing 
connection. An exact evaluation of the interaction be­
tween both phases is a rather complicated task. Actually, 
it was verified that failure already started at stage S5, 
but, for sake of simplicity, it was assumed that the fail­
ure phase covered only the loading stage S6. Finally, the 
investigation of evolution of damage was focused between 
the loading stages S 1 and S5. 

The quantitative investigation of damage is mainly 
associated with the local approach used in continuum 
damage mechanics assuming that it is possible to estab­
lish an evolution law of a set of damage parameters at 
each point of the structure. This approach is feasible for 
homogeneous materials but it has serious drawbacks when 
in the presence of non-homogeneous materials or for in­
vestigation of the macroscopic behaviour of reinforced 
concrete structures. When evaluating the damage of an 
entire structure, especially in the case of experimental 
investigations, the global approach may be used. The 
global damage may be caused not only by the material 
properties but also by the geometry and construction of 
the entire structure, non-homogeneity of materials, load­
ing history, different manufacturing imperfections, etc. 
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Therefore due to complex nature investigation the glo­
bal damage is more important for structural engineering 
as the local one. 

Considering the column as a structure with a single 

Fig 9. The global force-displacement diagrams 

degree of freedom, its global non-linear time-dependent 
behaviour may described in terms of the horizontal top 
displacement u(t) and force H(t) diagrams as it is pre­
sented in Fig 9. 
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Fig 10. Variation of damage index 

By applying the definitions used in continuum dam­
age mechanics, the global bending stiffness K(u,t) may 
be considered as an effective stiffness, which decreasing 
results basically from the increasing of a global damage 
index d(t): 

K(t)= K0 (1-d(t)). (I) 

Here, the scalar variable d(t) (0 ::;; d(t) ::;; I) represents 
the reduction of the global stiffness K(t) (K

0 
~ K(t) ~ Kmin) 

compared to the stiffness value K
0 

at the virgin state of 
the structure. The damage index, being defined in the 
usual manner as: 

d(t)= Ko - K(t). 
Ko -Kmin 

(2) 

The effective global stiffness K(t) may be obtained 
as the tangent of the loading curve: 

(3) 
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Following the experimental results, evolution of the 
global damage until failure may be divided, condition­
ally, into three phases - a microcracking phase, a 
macrocracking phase and a failure phase. The first phase 
is limited by the development of microcracks, when the 
tension stresses in concrete are beyond the tension resis­
tance. This phase corresponds to the loading stages SI 
and S2. The macrocracking phase is characterised by the 
occurrence of macrocracks and the changes in their length 
and width. This final phase started at the end of the sec­
ond loading stage S2. 

The variation of the damage index d, presented in 
Fig I 0, clearly illustrates the behaviour of the specimens 
observed during testing. At the stage S I, both specimens 
VI and V2 were subjected to low values of horizontal 
force amplitude (Hmax = 8 kN) and their behaviour was 
purely elastic with no evidence of macrocracking. At this 
loading level it was expected to test just the virgin state 
of the specimens but it has been observed the occur­
rence of damage. The global damage was caused by lo­
cal damage effects of different origin (due to disregard 
of the technological requirements of manufacture and 
testing set-up, local microcracking, crushing, etc) and the 
damage index reached the value d = 0,3. This kind of 
damage has resulted in a slightly different ratio of dam­
age for each of the specimens and a final non-symmetric 
behaviour. The specimen V 1 was mainly affected by a 
one-sided local damage and has provided a difference 
M = 0,3 when comparing both sides bending. The same 
loading level has been achieved for the specimen V2 at 
stage S2 and a similar status of damage was reached. 

At the stage S2, the occurrence of two microcracks 
was observed in both specimens. At the stages S3 and 
S4 a dominant macrocracking was responsible for the 
progression of damage and its index has reached the criti­
cal value d = 0,8. The accumulation of damage, in the 
case of the specimen VI, under a strongly impulsive load­
ing was related to higher load values at the beginning of 
each loading phase during a short period between 3 and 
5 seconds. For the specimen V2, with a permanent in­
crease of the loading amplitude, the damage accumula­
tion period lasted between seconds 3 and 12. The dam­
age diagrams illustrate the opening of macrocracks be­
tween the seconds 11 and 12, at stage S3, and between 
seconds 6 and 10, at stage S4. The damage became stable 
during stage S5. At the final stage S5 both sides of both 
specimens were damaged almost symmetrically. 

In spite of their similarities the differences in 
behaviour of each specimen have been pointed out. The 
almost constant loading amplitude used in the case of speci­
men V 1 has caused a damage progression directly related 
to the loading level but did not provide any evidence of 
damage accumulation during cycling. On the contrary, the 
behaviour of specimen V2 has illustrated a cyclic damage 
accumulation that was most probably caused by the per­
manently increasing of the loading amplitude. 

A view of each specimen after failure is presented 
in Fig 11. 

Fig 11. View of support zones of specimens VI and V2 
after stage S5 

5. Conclusions 

On the basis of a shaking table investigation of glo­
bal damage of high-strength reinforced concrete columns 
under horizontal and vertical loading, the following con­
clusions may be drawn: 

1) The specimens under investigation were designed 
and reinforced in a way that the evolution of damage 
was predicted by dominated deformations, cracking and 
crushing of the concrete. 

2) At the initial phase (d ~ 0,4) the global damage 
was caused by local damage effects of different origin 
(due to the disregard of technological requirements of 
manufacture, local microcracking, crushing, etc). This 
kind of damage showed a non-symmetric behaviour and 
slightly different ratios of progression for each of the 
specimens. The higher-level damage (d ~ 0,4) was caused 
by macrocracks opening in the specimens and by the 
disconnection of the specimens and their footings. 
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3) The increasing of loading values was a dominat­
ing factor of global damage. This was verified by varia­
tion observed in the damage index. Accumulation of 
damage, for specimen VI, with a strongly impulsive load­
ing, was related to higher load values at the beginning 
of each loading phase, in the short period between sec­
onds 3 and 5. For the specimen V2, with permanently 
increasing loading amplitude, the damage accumulation 
period lasted between seconds 3 and 12. A value of about 
50 % of damage was reached during the opening of 
macrocracks at the end of the loading increase phase. 
The accumulation of damage for the successive loading 
cycles has remained insignificant, most probably due to 
the relatively small number of cycles imposed. 

4) The experimental results obtained will be used 
for modelling and design of reinforced high-strength con­
crete columns as well as for a better understanding of 
the properties of this type of concrete. 
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