
THE ROLE OF THE SUSTAINED LOADS ON THE BEARING 
CAPACITY OF REINFORCED CONCRETE COLUMNS 

RETROFITTED BY STEEL JACKETS 

Marco Filippo Ferrotto, Bharat Pradhan and Liborio Cavaleri

University of Palermo 
Viale delle Scienze, Palermo, Italy 

{marcofilippo.ferrotto, bharat.pradhan, liborio.cavaleri}@unipa.it 

Abstract 

Strengthening of reinforced concrete structures by steel jackets is a common retrofitting tech-
nique widely used in engineering practice. In most cases, reinforced concrete columns are 
strengthened under service loads while the columns are subjected to a certain amount of 
compressive stress caused by gravitational loads. In such cases, the bearing capacity for
strengthened columns can be different from that obtained without existing stresses. In this pa-
per, the effect of sustained loads in the prediction of the bearing capacity for strengthened 
columns is assessed by experimental, numerical, and analytical approaches. The results of the 
investigation revealed that the level of sustained loads at the moment of strengthening reduc-
es the bearing capacity of columns, influencing the overall performances of retrofitted struc-
tures.
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1 INTRODUCTION

Retrofitting of existing RC frame structures by strengthening members such as beams and 
columns is among the commonly adopted strategies to improve the seismic capacity of exist-
ing buildings subjected to seismic actions [1-3]. Different approaches are available nowadays 
and each method provides different capacity improvement depending on the mechanical be-
havior of the confining device [3]. For example, Fiber Reinforced Polymers (FRP) sheets 
provide to the columns passive confining mechanism [4-9], and steel jackets provide semi-
active or active confinement [8-15]. Other techniques can be used to increase the cross-
section of the existing columns i.e. reinforced concrete jackets [18,19].

Most of the available analytical and mechanical models are provided without considering 
the effect of existing sustained loads on the members during the strengthening, that is a com-
mon situation for reinforced concrete structures. The consequence is that, when these formu-
lations are used for the assessment of buildings, it is not possible to consider whether the 
elements are already in a stressed/strained state able to change the effectiveness of the adding
reinforcement [8,17].

In the last years, few studies dealt with the modification of the capacity of strengthened 
members while loaded. In the case of FRP jacketing, the findings do not always lead to the 
same conclusions. Some authors state that there is no significant capacity modification [7], 
other authors state that there is a capacity reduction depending on the level of stress/strain act-
ing on the columns at the moment of strengthening [20]. In the case of steel jackets, it was 
demonstrated that there is a reduction of the capacity depending on the level of sustained 
loads in the columns when the reinforcement is applied [17]. An important role belongs also 
to the time-dependent effects to consider the modification of the compressive strength of the 
concrete.

This paper focuses on the evaluation of the compressive behavior of columns strengthened 
by means of external steel cages considering the effect of the presence of service loads, and 
how this effect can change the compressive capacity with respect to the commonly known 
compressive behavior of confined members without preload.

A numerical model is assessed by the finite element software Abaqus CAE to realistically 
reproduce the physical process. Results by a recent experimental investigation are used for the 
calibration and the validation of the FE model, demonstrating the reliability of the proposed 
procedure.

2 THEORETICAL FRAMEWORK

Retrofitting by strengthening on existing structures is usually performed under serviceabil-
ity loads (gravitational loads from beams and slabs with no live loads): the consequence is
that the concrete columns are subjected to a certain stress-strain level when become strength-
ened. The ratio between the acting stress and the compressive concrete strength 0cf can 
identify the preloading level as follows [6,17]:

max 0
p

c

Pn
P f

for   0 1pn (1)

After the strengthening, the column became confined only if further increasing of loads are 
applied, changing the behavior from plain concrete to confined concrete. This differs from the 
case of columns strengthened without preload and different results in terms of load-carrying 
capacity were found to be depending on the preloading level acting while the columns are
strengthened.
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In the following sections, the physical problem is faced by means of the finite element 
modeling software package Simulia Abaqus CAE, reproducing the pre-loading, the confine-
ment, and the failure compressive tests. The plasticity parameters for the concrete as well as 
the constitutive material modeling of steel and concrete are discussed also considering the in-
fluence of the time-dependent effects due to the concrete subjected to sustained stresses. The 
finite element model was calibrated on the basis of a previous experimental investigation car-
ried out by the authors. A further validation has been made with further new experimental 
tests presented in the second part of the paper, demonstrating the reliability of the findings 
and the suitability of the realistic prediction of the process carried out by numerical approach.

It is worth stating that the authors assessed this numerical procedure in the case of FRP-
confined concrete cylinders subjected to preload [6].

3 NUMERICAL MODEL

The finite element software ABAQUS CAE version 6.13 [21] was used to build a FE mod-
el of reinforced concrete columns externally confined with steel angles and plates according
to the study of Ferrotto et al. [16].

The column and the steel cage were modeled with C3D8-R elements (8-node linear brick, 
reduced integration, hourglass control). Mesh convergence studies were carried out to observe 
the influence of the aspect ratio of the C3D8-R elements on the global response and to deter-
mine optimal FE mesh that provides a relatively accurate solution with low computational ef-
forts. Elements with aspect ratio not higher than 1.5 resulted to be optimal for the numerical 
simulations.

Concrete prismatic specimen having dimensions of 200x200x750 mm and compressive 
strength of 25 MPa was used. The steel cage was composed by steel angles and strips with 
yielding stress of 275 MPa, having dimensions of 50/50/5 (mm) and 40/4 (mm) respectively.
Details of the specimen are shown in Fig. 1.

Figure 1: Geometrical configuration of the strengthened specimen.
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3.1 Boundary conditions and interactions

Two rigid bodies at the top and the bottom of the specimen with the translational degrees 
of freedom restrained for the ends except for the vertical displacement (direction of loading) 
were defined. “Tie-constrain” interactions were used to define the contact properties between 
the steel battens and the steel angles to simulate the welding of the steel so that there was no 
relative motion between them. The same interactions were defined also between the concrete 
column and the steel angles. The latter assumption allows to define a perfect contact between 
steel angles and concrete (avoiding potential convergence problems due to other types of con-
tact modeling) provided that an adequate material constitutive law is defined for the steel an-
gles.

3.2 Material modeling of steel

According to Ferrotto et al. [16], during compression tests, RC Steel Jacketed columns can 
be loaded in two different ways, that are applying the load both to the steel angles and the 
concrete (angles fully-loaded) or to the concrete column only (angles indirectly-loaded). 
Buckling or frictional effects need to be considered in the constitutive modeling of the steel if 
tie-constrain interaction is used.

To take into account tangential stresses along the contact surfaces between steel angles and 
concrete (in the case of angles indirectly-loaded), Mohr-Coulomb criterion was adopted ac-
cording to Campione et al. [15] and Ferrotto et. al. [16, 17]. If 0.5 is used as a friction coeffi-
cient , the equivalent normal stress in the angles (fictitious yielding stress corresponding to 
the concrete-angles sliding) can be expressed as follows: 

1 0 max* 1 0 max

1 1 1 1 1 1

2
y

na l l fl l l flf
na t L t t L t

(2)

in which na is the number of the angles, L1 and l1 are the external and the internal sides of the 
angles in contact with the concrete column respectively, l0 is the overall vertical length along 
the columns and t1 is the thickness of the angles. For more details, please refer to the original 
treatment of the authors.

In the case of angles fully loaded, the model allows the evaluation of the critical stress tak-
ing into account possible buckling by the following equations:

22 2

2

1 1 2 2
4 16 42

ut yb b
c le t

b t ybs s

Nl t f sf l
s l t f t

(3)

* 2 2u s t s t ybN l t E l t f (4)

with sb being the spacing of the horizontal steel battens, lt the transversal width of the angles, t
the thickness of the angles, and εs the axial strain in the angle.

3.3 Material modeling of concrete

Material modeling of concrete has been performed according to Ferrotto et. al. [16] by us-
ing Concrete Damaged Plasticity (CDP) model available in the software package, by consid-
ering modifications for the plasticity parameters to overcome problems related to the triaxial 
stress state of concrete under high confining stresses. In detail, modification to the yield crite-
rion, the hardening/softening rule and the flow rule are provided by adequate laws for:

- the dilation angle ψ that defines the plastic flow potential;
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- the ratio between the compressive strength under biaxial loading and uni-axial com-
pressive strength fb0/fc0;

- the ratio Kc between the second stress invariant on the tensile meridian and that on the 
compressive meridian for the yield function.

In the present work, CDP model was used to perform simulation in the case of confinement 
under monotonic loads only, therefore the damage variables were not defined.

The parameter Kc is evaluated according to Ozbakkaloglu et al. [22] depending on the ratio 
fb0/fc0 as follows:

0.090
0

0

1.57b
c

c

f f
f

(5)

0.025
00.71 cKc f (6)

The dilation angle is evaluated depending on the external transverse mechanical confine-
ment ratio st.

, ,
, ,

0

ybst x st x
st st x st y

b b c

fA A
h s b s f

(7)

0.59456.3 ste (8)

In Eqs. (7) Ast,x and Ast,y are the area of the transverse steel bars along x and y direction re-
spectively, b and h are the dimensions of the concrete cross-section, sb and fyb are the spacing 
of the horizontal steel battens and the yielding stress, fc0 is the unconfined concrete strength.

A three-stage stress-strain relationship for the plain concrete is therefore used to take into 
account the modification proposal by Ferrotto et al. [16] depending on the external transverse 
mechanical confinement ratio st as well as the dilation angle.
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0 1

, , ,c c
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c c

c c

E E x xf fE E
(10)

1
st

0

0.2107 ln  + 1.6455c

c

(11)

In the above equations, 0c is the unconfined concrete peak strain, 1c is the increasing 
peak strain affected by the confinement, and cE is the modulus of elasticity of the plain con-
crete.

3.4 Simulation of the preloading

Differently to the case of strengthening of columns without preload, in the presence of 
loads (a situation that reflects several cases of reinforcement of existing buildings), the con-
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fining element gives its contribution starting from a certain stress/strain level. The external 
reinforcement should be modeled/activated as soon as the concrete reaches the state of stress 
at the moment of the application of the reinforcement.

The problem is solved by using the deactivation/reactivation elements technique identified 
in the software by the “model change interactions”. It is thus possible to define the assembled 
system in such a way to activate the wrapping contribution only when desired.

The simulation of the preload conditions is obtained by articulating the analysis into two 
steps: i) force applied to the top section of the specimen according to the fixed preload level,
ii) the external steel cage is activated and the load test continues until the failure of element.

Specifically, simulations under preload conditions require that in the first step a
force/displacement is applied to the non-confined element (with the reinforcement device de-
activated) and the stress/strain state at the end of the analysis corresponds to the tensional 
state relative to the preload level. In the second step, the confinement device becomes active 
in deformed conditions, characterized by the congruence of the nodal displacements of the 
concrete meshes, but with zero stress/strain state.

Axial stresses, lateral stresses and axial total strains corresponding to the middle section 
were recorded during the analysis.

The time analysis-stress and the stress-strain response are plotted in Fig. 2 for the case of 
compression test with no preload and with two different levels of preloading i.e. np 0.7 and 
0.9. It is possible to see that, coupled with the strain lag activation of the steel cage (and there-
fore the providing of the lateral confinement pressure), the strength decreases as the imposed 
preload level increases (Fig. 2).

In Fig. 3 the stress and strain distributions in the specimen confined with steel jackets are 
shown for three significant steps of the numerical process:

- The end of the first step (Fig. 3 a-b) in which the unconfined concrete reached the pre-
load without any contribution of the jacket;

- The beginning of the second step at increment 0 (Fig. 3 c-d) in which the concrete 
keeps the same stress/strain configuration of the previous step and the jacket becomes 
“active” in a virgin stress/strain state but having the same shape of the column;

- A certain increment of the second step (Fig. 3 e-f) in which the steel jackets contribute 
to the global response. In this phase, the strain compatibility is still given by “tie con-
strains interaction” and the strains in the jackets are lower than the cylinders because 
they are computed in the analysis before the preloading step. 

Figure 2: FE computational process (a) and Axial stress-strain behavior and lateral pressure evolution (b).
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(a) (b)

(c) (d)

(e) (f)

Figure 3: Stresses and strains distribution in the model (case 2) during: end of first step (a and b); second step at 
increment 0 (c and d) and increment 7 (e and f)

4 EXPERIMENTAL TESTING

In the following, a brief description of an experimental investigation previously carried out 
by the authors is provided. For more details, please refer to the original paper by Ferrotto et al. 
[17]. It has to be pointed out that, in the frame of the present paper, additional tests carried out
for different concrete age specimens are presented to improve the number of data and the reli-
ability of the findings.

The experimental program consisted of compression tests on columns strengthened by 
means of steel cages under different load conditions. Tests on unreinforced, reinforced before 
any loading and reinforced after axial loading at a fixed rate of the capacity were performed
for low, medium and high level of the preload.

Fifteen compressive tests were performed. Among the total number of tests, ten columns 
were tested with an average concrete age of 146 days, while five additional columns were 
tested with an average concrete age of 530 days. The reason was to observe the effect of the 
aging of the concrete on the compressive capacity including sustained loads.

The external steel cages used for the strengthening were defined according to Fig. 1, con-
necting angles and battens by welding. For both angles and battens, no mortar was uses at the 
contact surfaces with the concrete columns.
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The steps of the tests of the preloaded specimens are listed hereinafter:
- Preloading: during this stage, the measuring of the shortening in the middle height of 

the specimens allowed to identify the stress-strain behavior of the unconfined concrete. 
Once the target preload was reached, stabilization of the load and acquisition of creep 
strains were performed;

- Strengthening: After preloading, digital transducers were removed from the concrete 
specimens and steel jackets were applied by welding;

- Unloading: specimens were unloaded and transferred to the load testing machine, 
strain gauges were applied to the steel cages and the digital transducers to the concrete 
specimens as in the case of the preload tests. Moreover, long digital transducers were 
assembled at the four corners of the specimens;

- Collapse test: the specimens were loaded up to collapse, recording axial strains of the 
columns and axial and lateral strains on the steel jackets.

Preloading was applied in a three-dimensional steel testing frame system composed by 
three rigid steel beams and four steel bars (diameter of 80 mm) fixed to the lower floor struc-
ture. Hydraulic jack and a load cell were placed between the central steel beam and the con-
crete specimen to apply the compressive force monitored by a digital data acquisition system. 

The welding of the steel cages was done while specimens were under a certain assigned 
stress/strain state. The apparatus for the preloading is shown in Fig. 4 coupled with a picture 
of a specimen reinforced under sustained loads.

(a) (b)
Figure 4: Preloading frame device (a); Strengthening of a specimen under sustained load.

Axial strains on the column specimens were measured by using two systems of digital 
transducers. Four of these had a gauge length equal to the internal length of the specimen (750 
mm) and were placed at the corners. Four other transducers were placed on the lateral faces of 
the column at the middle height, with a gauge length of 220 mm. The double system of trans-
ducers allowed the recognition of strain concentration in the middle of the specimens. Strains 
on the steel cages were also recorded by means of “linear type” strain gauges with a gauge 
length of 13 mm. Horizontal and vertical strain gauges were bonded to the steel battens in cor-
respondence of the middle height of the column and on the external surface of the steel angles 
at the top, middle and bottom respectively. This measurement layout allowed to obtain aver-
age strains and stresses of the battens (controlling, therefore, the evolution of the lateral pres-
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sure) and average strains and stresses of the angles (obtaining the axial load carried out by the 
angles). Details of the measurement setup are reported in Fig. 5.

Figure 5: Arrangement of the measurement system.

4.1 Testing under sustained loads

The target strength for the concrete was 20 MPa. Concrete mixture was composed by CEM 
I 32.5 R, water, sand and aggregate with size varying from 0 to 20 mm, having proportion in 
weight 1:1.51:0.384:0.353. Concrete cubes having size of 150 mm were made during the con-
crete casting, for testing the compression strength after 28 days. The tests were performed ac-
cording to UNI EN 12390 Standards. Test results provided for the plain concrete a cubic 
compressive strength of 19.99 MPa (and therefore, a cylinder compressive strength of 16.59 
MPa), while the target strength fc0 was considered equal to 16.75 MPa based on the average 
from cubes and two full-scale plain concrete specimens (633.94 kN and 715.27 kN with aver-
age max load and stress of 674.58 kN and 16.86 MPa respectively).

Specimens were labeled depending on the type of preload (P#), the type of reinforcement 
(S) and the number of the specimen #. For example, specimen P0S1 referred to 0 preload 
force, specimen strengthened with steel jackets (S), specimen n1, while P60S2 refers to a pre-
load force nominally equal to the 60% of the strength, specimen strengthened with steel jack-
ets, specimen n 2. Table 1 lists the details of each test.

Specimen Type of test Preload level (%) 
and force (kN)

Average concrete 
age (days)

NC1-2 Plain concrete / 146
P0S1-2 Confined / 146
P0S3 / 146
P40S1 Preloaded and confined 40 / 270 146
P60S1-2 Preloaded and confined 60 / 402 146
P60S3 530
P70S1 Preloaded and confined 70 / 483 146
P70S2 530
P80S1-2 Preloaded and confined 80 / 530 146
P80S3 530
P90S1 Preloaded and confined 90 / 603 530
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Table 1: Type of tests.

Preload tests had variable duration depending on the evolution of creep strains after the 
maximum load was reached. The time of preloading for each specimen was: specimen P40S1, 
10 hours, P60S1-3, 11, 10 and 12 hours respectively, P70S1-2 6.5 and 8 hours respectively, 
P80S1-3 7.5, 5 and 8 hours respectively, and P90S1 7 hours.

In the case of low preload levels, i.e. for preloaded specimens at 40% and 60% of the 
strength, creep strains evolution was restricted and stable. Otherwise, for high preload forces
(i.e. 70-90%), higher creep strains evolution was observed followed by smeared cracking of 
the specimens.

During the last stage of the preloading, specimens were strengthened by the steel jackets; 
then, after the unloading and the transferring to the load testing machine, specimens were 
equipped with digital transducers and strain gauges before the final collapse tests. For more 
details, please refer to the original treatment of the authors [17].

4.2 Failure compressive tests

Compressive load-strain response of the strengthened specimens was characterized by load 
increasing behavior up to the maximum load capacity, followed by a strain-softening behavior. 
Compression tests were terminated in correspondence to a reduction of 85% of the maximum 
load. In some cases, a premature failure of the confinement device occurred by the failure of 
the welding between steel angle and strip causing a high loss of load (as for specimen P0S2).
Some pictures of strengthened specimens at failure are shown in Fig. 6.

The results showed a significant increase in load and deformational capacity compared to 
the compression response of unconfined specimens. It is important to note that this increase in 
the load capacity was due to the global contribution provided by the response of the confined 
concrete and the angles.

Compression tests of preloaded specimens showed differences with respect to the non-
preloaded ones. Load-strain curves were affected by a reduction of the maximum load-bearing 
capacity and a significant reduction in the secant stiffness. This effect was caused by the 
strain-lag (lower confinement lateral pressure for a given value of axial strain with respect to 
the non-preloaded specimens) directly proportional to the applied preload level as for the load 
carried out by the angles. These reductions can be observed in Table 2 that summarizes the 
experimental results (and subsequently the comparisons with the FE predictions).

Figure 6: Strengthened specimens at failure.
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5 COMPARISONS BETWEEN EXPERIMENTAL RESULTS AND FE 
PREDICTIONS

The comparisons between experimental results and FE predictions are presented hereinaf-
ter. The plasticity parameters of the concrete for the numerical model were calculated by us-
ing Eqs. (5-9), while the steel angles equivalent yielding stress was calculated by using Eq. 
(2). An equivalent elasticity modulus has been assigned to the steel angles to consider indi-
rectly the sliding between the steel and concrete contact surfaces according to Ferrotto et al. 
[17].

The effect of the sustained loads on the compressive strength of concrete need to be con-
sidered for the modification of the compressive response of the plain concrete depending on:

i) the level of sustained load applied before strengthening (preloading): this aspect modi-
fies, according to the statements presented in section 3.4, the load-strain response 
of the confined concrete because of the strain-lag effects;

ii) the modification of the plain concrete strength due to high sustained stresses: this as-
pect was considered according to the findings of Rüsch [23] and Tasevski et al. 
[24].

The first aspect was assessed by a modification of the hardening/softening function to con-
sider the reduction of the confinement effects due to the strain-lag. This causes a lower equiv-
alent compressive peak strain compared to confined concrete without preload. Besides, this 
effect resulted in much higher strain as the preload level increases. Differently from Eq. (11),
in the frame of this study, a new equation (Eq. 12) is proposed based on non-linear regression 
of the numerical results depending on the mechanical confinement ratio and the preloading 
level. The proposed equation considers the increasing of the concrete peak strain due to the 
confinement and, at the same time, the reduction of the latter due to the preloading effects by 
the parameter k(np). It is remarked that, by using Eq. (12), in the case of columns without any 
external reinforcement and no preload, the behavior of the plain concrete is obtained.

1
( ) st

0

2
( )

 (1+1.6877 )

1 0.0785 0.4695

p

p

c
n

c

n p p

k

k n n
(12)

The second aspect is assessed by a simplified analytical equation to predict the compres-
sive strength of concrete influenced by high sustained loads according to Tasevski et al. [24].
The proposed equation is selected in the present study to be used for the assessment of the 
numerical model.

0

0

1 0.75

1.6 0.8 0.75
c c p

c p c p

f np f if n

f np n f if n
(13)

As a result, in Fig. 7 a-b, the reduction parameter k(np) and the uni-axial stress-plastic strain 
laws used for the analyses are shown for the different preloading levels according to the ex-
perimental tests. The others plasticity parameters as well as the plain concrete strengths used 
for the numerical analyses are shown in Table 3. Finally, the experimental-numerical compar-
isons in terms of load-strain response are shown in Fig. 8, highlighting the suitability of the 
FE model to reproduce the compressive behavior of the strengthened columns under the dif-
ferent levels of preload.
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Specimen Pmax -Exp
(kN)

FE 
(kN)

FE/ Pmax -Exp

P0S1 1364.80
1317.88

0.97
P0S2 1402.97 0.94
P0S3 1341.60 0.98
P40S1 1297.30 1295.00 1.00
P60S1 1274.14

1271.40
1.00

P60S2 1237.31 1.03
P60S3 1214.10 1.05
P70S1 1179.80 1222.48 1.04
P70S2 1224.59 1.00
P80S1 1203.01

1182.37
0.98

P80S2 1323.13 0.89
P80S3 1141.30 1.04
P90S1 1153.24 1120.00 0.97

Table 2: Experimental and numerical results.

Figure 7: Reduction parameter k(np) (a); uni-axial stress-plastic strain laws used for the analyses (b).

Specimen Concrete 
strength (MPa)

Dilation
angle

Kc fb0/fc0 1c

P0S 16.75 42.45 0.736 1.21 0.00362
P40S 16.75 42.45 0.736 1.21 0.00350
P60S 16.75 42.45 0.736 1.21 0.00320
P70S 16.75 42.45 0.736 1.21 0.00289
P80S 16.08 41.89 0.736 1.22 0.00275
P90S 14.74 40.85 0.738 1.23 0.00257

Table 3: Plasticity parameters for the different case analyses.
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Figure 8: Experimental-numerical comparisons.

6 CONCLUSIONS 

In this paper, the evaluation of the compressive behavior of columns strengthened by 
means of external steel cages considering the effect of the preload at the moment of strength-
ening was investigated by experimental and numerical approaches. Compared to the load-
bearing capacity of columns strengthened without preload, it was observed that there is a re-
duction of the capacity because of the preload depending on:
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A reduction of the compressive strength of the concrete induced by high sustained
loading;
The strain-lag effects of the confining device due to the preload.

Moreover, the above-mentioned effects are more significant with the increasing of the levels 
of preload.

A numerical FE model was assessed and used for the experimental-numerical comparisons, 
showing its reliability on the realistic prediction of the physical process and the results. The 
FE model can be used for subsequent accurate predictive scenarios including different me-
chanical properties for the concrete and the steel cages.
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