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Abstract. This paper presents the development of some numerical models based on the results of
laboratory tests performed on axially loaded RC columns strengthened with steel angles and strips.
These numerical models consider the nonlinearity of the building materials and the effects of the contact
interfaces between different materials. The results of the finite element models accurately describe the
general behaviour of the strengthened columns. This study allows engineers to assess the relative
importance of the mechanisms acting on the strengthened RC columns. Constructive recommendations are
also provided in this paper.
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1. Introduction

Structural retrofitting is becoming more and more frequent to maintain, repair or improve the load-
bearing capacity of a structure. Columns are the elements that support building structures; thus failures
in column behaviour may lead to collapse of the whole structure. Column strengthening is therefore a
very important aspect in a building structure.

There are different strengthening techniques for reinforced concrete (RC) columns; the more widely used
being concrete jacketing, composite-based strengthening systems (FRP) and the use of steel jacketing.

Steel jacketing is one of the most common strengthening techniques (Tamai et al. 2000, Wu ef al.
2006). In Europe, one of the most common strengthening techniques is based on the use of steel angles
and strips (Cirtek, 2001a, Ramirez 1996, Adam et al. 2005, Giménez et al. 2006, Adam et al. 2006). In
this kind of strengthening technique it is essential to guarantee the correct load transmission from the
beam to the strengthened column. There are two ways of designing the column-beam connection. One
of them consists of welding steel capitals to the ends of the strengthening angles attached to the lower
part of the beam, so that the beam load is transferred to the strengthened column through the strengthening
element. The other way of designing the column-beam connection is without these steel capitals.

The usual method for designing this kind of strengthening consists of using steel capitals, although
some literature on the topic does not recommend their use in the following situations (Regalado 1999):

1. When beam resistance is insufficient to absorb the loads transmitted by the steel capitals

2. When columns are individually strengthened with no continuity between floors

3. In seismic areas.

In these cases, the column ends are banded using steel strips of adequate dimensions and spacing.

Despite the research works on strengthened RC columns using steel angles and strips (Cirtek 2001a,
Cirtek 2001b, Ramirez 1996, Ramirez and Barcena 1975, Ramirez et al. 1977), the effects of the
mechanisms that act on the strengthened column are still unknown.

With the purpose of characterising the behaviour of axially loaded RC columns strengthened by steel
angles and strips, full-size specimens were tested at the laboratory of the Institute of Concrete Science
and Technology (ICITECH) of the Technical University of Valencia (Giménez et al. 2004, Calderén et
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Fig. 1 Geometry of specimens A and B (dimensions in mm)
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al. 2006). This paper presents also the numerical analysis of the specimens used to determine the
influence of the following factors on the strengthened structural element:
1. Presence or absence of steel capitals at the column ends for direct load transmission.
2. Effect of confinement by the steel strips.
3. Effect of the interface material between the steel of the strengthening element and the concrete
mixture of the column on shear stress transmission.

2. Experimental study
2.1 Specimen layout

Full-size 2500 mm long and 300 x 300 mm cross section columns were tested. Reinforced concrete
heads, of dimensions 300 x 300 x 600 mm, were placed at the top and bottom of the column, simulating
beam-column connection, as shown in Fig. 1.

The column heads and the column were built using two different types of concrete. The concrete
mixture used in the column heads had a compressive strength of 90 MPa, and the concrete used in the
column had variable compressive strength ranging between 10.6 and 15.5 MPa, depending on the
sample specimen. The reason for using high strength concrete (HSC) for the column heads was to avoid
either crushing or cracking by stress concentration in the areas near the load-bearing points. The
reinforcement consisted of four 12 mm diameter longitudinal rods with 6 mm diameter cross ties every
0.20 mm. It should be emphasized that the reinforcement used was the minimum permitted under
Spanish regulations (Ministerio de Fomento 1998) for RC columns and is very close to most international
codes (CEB-FIB 1991, Eurocode No. 2 1991). The columns were strengthened by angles 1.80.8 and
rectangular strips 270 x 160 x 8 mm, of steel type Fe430 (Eurocode No. 3 1993). The strips were welded
to the angles.

Three types of specimens, called Test, A and B, were used in the experiments, and two specimens of
each type were tested at the laboratory. The specimen Test consisted of a non-strengthened column, and
specimens A and B differed in the type of joint between the steel strengthening and the concrete heads.

Fig. 2 View of the testing position of the specimen
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Fig. 3 Instrumentation used in the tests

In specimen A there is no connection between the strengthening elements and the heads, the
strengthening elements ending with strips welded to the angles. In specimen B, the connection between
the strengthening elements and the heads consisted of capitals formed by steel L80.8 angles, with no steel
strips placed in the area of the capitals. Fig. 1 shows a detailed illustration of the ends of the strengthening
elements. The strengthening steel elements were bonded to the column with cement mortar.

2.2 Instrumentation and testing procedure

Each set of specimens was placed horizontally on a steel frame and loaded with a hydraulic jack
capable of applying a maximum force of 5000 kN. The specimens were tested when the concrete had
reached an age over 60 days. Load was applied in a displacement control mode with a constant rate of
0.5 mm/min.

Each specimen was fitted with a minimum of 14 strain gauges mounted on the steel strengthening

Fig. 4 Finite element model



Behaviour of axially loaded RC columns strengthened by steel angles and strips 409

e —
P
——

SPECIMEN A SPECIMEN

m

Fig. 5 Detail of the ends of specimens A and B

elements and with 8 linear variable differential transducers (LVDT) to measure the lateral and axial
strains in steel strengthening and in concrete. Four LVDT were used for measuring axial strain in
concrete deformations and other four LVDT for measuring the slip displacement between the column
concrete and the strengthening steel angles. Fig. 2 shows an illustration of the steel frame with the
specimen in the testing position, and Fig. 3 shows the instrumentation used in the tests.

3. Numerical study
3.1 Description of the elements used, boundary conditions and loads applied

A numerical study was carried out through the finite element method (FEM) to analyse the specimens
tested at the laboratory. The ANSYS (2005) general-purpose FE program was used in this study. Only
the top 1/8 of the specimen was modelled due to the symmetry of the loads and geometry, as shown in
Fig. 4. Fig. 5 shows a detail of the ends of specimens A and B 8-noded brick SOLID45 elements were
used to model the concrete of the specimen ends, with a 25 x 25 x 25 mm finite element (FE) mesh.
The strengthening steel and the cement mortar of the interface bond were modelled using 20-node solid
hexahedral SOLID95 elements, with a 20 x 20 x 8 mm FE mesh. Both SOLID45 and SOLID95 allow
consider of nonlinearity caused by material behaviour.

The column concrete was modelled with 8-node solid hexahedral SOLID65 elements, with a 25 x 25 x 25 mm
FE mesh. SOLID65 consider concrete cracking and crushing, as well as other nonlinearities. For
reinforcement simulation, either LINK8 elements or smeared procedures inside the elements can be
used. According to recent research works (Barbosa and Ribeiro 1998, Erduran and Yakut 2004) both
techniques yield similar results. In our analysis, the smeared procedure was adopted due to its numerical
simplicity.

The contact between the strengthening steel and the cement mortar was simulated by contact elements
TARGET170 and CONTACT174. These elements allow the development of a Coulomb friction law,
enabling the separation of the elements in the interface under tensile stress. On the other hand, the
contact between the cement mortar of the interface bond and the concrete column was considered as a
fixed contact. This supposition is based on the results obtained at the laboratory, in which mortar and
concrete remained bonded.

Loading was applied in a displacement control mode to simulate the axial loads at the ends of the
specimens, recording the loading level for each offset increment. Due to the nonlinear nature of the
models used, the iterative Newton-Raphson model was used in this study.
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3.2 Properties of the materials and constitutive models

3.2.1 Concrete elements
Concrete used at the specimen heads was considered to be a linear elastic material with Poisson ratio
v=0.2 and with the elastic modulus recommended in ACHE (2004), defined in Eq. (1).

E,, = 11000(f.)" (1)

Column concrete was considered to be a nonlinear material based on Drucker and Prager (1952) yield
criterion. Unlike other yield criterion such as Von Mises, the yield criterion adopted in this study
considers the influence of triaxial compressive stresses. The Poisson ratio used for this concrete was
v=0.2, whereas for the elastic modulus the coefficient recommended in CEB-FIB (1991) are used:

Eci = Eco(f;'/f;'mo)l/3 (2)

For the Drucker Prager yield criterion is necessary to know the values of ¢, @ and &,. There are
different expressions to determine the values of ¢ and &; in this study are used Egs. (3) and (4)

_ 2c cos¢

Jeo = 1 —sing ®)
_ 1l +sing
k= 1 —sing @

Factor k; is used to calculate compressive strength for concrete under lateral confinement pressure.
There are other expressions to estimate the values of ¢ and @, like those reported in Rochette and
Labossiere (1996) or Adam et al. (2007), which do not consider the influence of factor £;. As mentioned
above, in this study are used expressions (3) and (4) because these expressions showed a better
approximation to the real behaviour of the specimens tested at the laboratory.

Most of the confinement models propose a compressive strength for confined concrete as:

f— = 1+k1L}
f(‘,’O co

Eq. (5) was first proposed by Richart ef al. (1928) with k; = 4.1, whereas Miyauchi et al. (1999)
proposed k; = 2.98 for FRP strengthened RC columns. In our FE model is used &; = 3, similar to the
value employed by Mirmirian et al. (2000) and Johansson and Akesson (2001). Once the values of k;
and 1/, for each of the sample specimens were known, are obtained the values of ¢ and @ presented in
Table 1. In all models is adopted &,=0.

The steel of the reinforcement had an elastic modulus £, = 210000 MPa, a Poisson ratio v = 0.3 and
an elastic limit f, = 400 MPa, using Von Mises yield criterion.

®)

3.2.2 Cement mortar

The cement mortar used to bond the concrete material and the steel strengthening elements was
considered to have a linear elastic behaviour, with an elastic modulus E,, = 25000 MPa and a Poisson
ratio v = 0.2. When is analyzed the behaviour of cement mortar during the laboratory tests, is observed
that it never failed, presenting negligible deformation. Therefore, it is reasonable to consider that it is a
linear elastic material.
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Table 1 Concrete material properties used in the FE analysis

) Drucker Prager parameters Elastic parameters
Specimen . (MPa) S S
P ’ cMP) 4O 4O E.GP) v
A 15.5 4.47 30 0 24.88 0.2
B 10.6 3.06 30 0 21.92 0.2

3.2.3 Strengthening steel

A rate-independent plasticity material model has been used for the strengthening steel, with no
hardening rule and elastic-perfectly plastic behaviour. The material response is bilinear, using the Von
Mises yield criterion. The elastic modulus adopted was E; = 210000 MPa, Poisson ratio v = 0.3, and
elastic limit £, =275 MPa.

3.3 Interaction between steel and cement mortar

To simulate the contact between the strengthening steel and the cement mortar, Coulomb’s frictional
law was used. This model allows simulating the transmission of shear stresses between the connecting
elements. According to the Coulomb frictional law, the maximum shear stress to be transmitted through
the bonding interface is:

T=a+up (6)

The friction coefficient between concrete and strengthening steel ranges between 0.2 and 0.6 (Baltay
and Gjelsvik 1990). In our study is developed an iterative procedure for model calibration, obtaining
good results with a value 2= 0.20, similar to Ellobody and Young (2006), Ellobody et al. (2006), Hu et
al. (2005), Gupta et al. (2007) and Lu et al. (2006). Adhesion was considered zero as it only occurs at
the first loading levels, that is, when the relative displacements are small with a maximum value close
to 0.1 MPa.

4. Experimental results and calibration of the numerical model

For the development of the numerical model, the parameters that a priori present the highest degree of
uncertainty are k; from which @ is obtained, and £, which may range between 0.2 and 0.6. These two
parameters, k; and g, are the independent variables in the fitting of the numerical model to the
experimental results.

The following experimental relations have been used for model calibration:

+Relation between load applied by the hydraulic jack and column shortening

Relation between load applied by the hydraulic jack and deformation or stress of the angle’s core

fibre in the nearest section to the column heads (deformation measured by strain gauges g7, g8, g13
and g14). In this way, load transmission from the RC column to steel angles can be analyzed.

Relation between load applied by the hydraulic jack and deformation or stress of the steel strips

close to the column heads (deformation measured by strain gauges gl, g2, g5 and g6). In this way,
confinement provided by the strips can be analyzed in detail.

Figs. 6, 7 and 8 show the results of the experimental tests and the results of the numerical model for
different values of k; and x. As can be observed, the best fitting is obtained for values k; =3 and
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1=0.20. As we can see in Figs. 6, 7 and 8, the numerical model accurately characterises the overall
behaviour of the columns, the load transmission between the RC column and the steel strengthening,
and the effect of strips confinement.

With respect to load transmission from the RC column to the steel angles, it can be observed in Fig.
7 that the numerical model does not fit well at the first loading levels. In the case of specimen B, the
differences found between the numerical model and the experimental results are due to the fact that
in the sample specimens, the contact between the capital and the concrete head is not perfect as a
consequence of the contraction experienced by the capital after welding. This gives lower load
values in the steel angles than expected if contact between capital and concrete heads was perfect.

5. Results analysis and discussion

In addition to the aspects afore mentioned, the numerical model accurately reproduces the
patterns of column behaviour as observed in the laboratory. Both in the experimental study and in
the numerical model failure in specimens A and B occurs at the column head concrete placed
between the two steel strips closest to the column heads. As predicted in the numerical model,
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Fig. 6 Relation between hydraulic jack load and column shortening. Comparison of the experimental results
and the numerical model for different values of k; and
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Fig. 9 Failure of the sample specimens. (a) Generalized failure of the concrete at the ends of Specimen A; (b)
Angle plasticity at the ends of specimen A; (c) Angle plasticity at the ends of specimen B; (d) Relative
displacement mortar-steel at the ends of specimen A

most of the sample specimens also presented plasticity of the steel angles due to the combination
of the axial stresses and the cross-sectional stresses generated by the column concrete when
expanding laterally by the Poisson effect, causing flexion in the direction of the main axes of the
strengthening angles.

Both the numerical and experimental models show a considerable relative displacement between the
strengthening steel and the cement mortar, this effect being more noticeable at the column heads.

Fig. 9 illustrates the failure of the sample specimens, including the aspects mentioned above. Figs. 10,
11 and 12 present a summary of the results obtained with the FE model for failure in the strengthening
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Fig. 12 View of the relative displacement between cement mortar and steel strengthening at the ends of the
specimen (mm)

element, presenting a similar behaviour to the patterns observed in the sample specimens.
Following are the most relevant details of column behaviour.

5.1 Confinement effect

The steel strips caused significant confinement in the concrete at the ends of specimen A, increasing
the compressive strength of the concrete in this part of the column and as a consequence, failure in the
part of the column with lower confinement. This effect can be seen in Fig. 10.

As mentioned above, the effect of strips confinement can also be studied by the tensile stresses of
the metal angles resulting from the cross-sectional dilation of the concrete material. These tensile
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Fig. 13. Strip stresses for specimens A and B depending on the loading level induced by the hydraulic jack
(see the numeration of the strips, as well as point for stress estimation). Results obtained with the
numerical models

stresses are higher at the end strips, particularly during the ultimate loading levels, and decrease in
the central strips (see Fig. 13(a)). It can be observed in Fig. 13(b) that for Specimen B strip tensile
stress is almost negligible; as a consequence the effect of strip confinement can also be neglected,
especially when compared to specimen A.

5.2 Effect of the cement mortar at the interface

One of the mechanisms affecting the behaviour of the strengthened columns is load transmission by
shear stresses at the interface bond between the cement mortar material and the strengthening steel.
Fig. 6 shows how an increase in the friction coefficient between the strengthening steel and the mortar
of the interface bond causes an increase in the ultimate loading level of the strengthened structure. It has
been observed that if the 4 value varies from 0.2 to 0.6, this gives an increase in strength in Specimen A
of 20 %, whereas in Specimen B this increase is only of 6 %.

Fig. 14 represents the load absorbed by the concrete material and the strengthening steel for each load
value applied to the specimen ends. The X axis shows the load fraction transferred to the concrete
material and the strengthening steel, whereas the Y axis shows the length of the analyzed cross section
with respect to the end heads. An increase in u leads to better load distribution between concrete and
strengthening steel, in particular when the strengthened column works at loads higher than 2/3P,,.
This improvement in load transmission is better observed in Specimen A, whereas changes in the value
of u scarcely affect Specimen B.
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the numerical models

5.3 Effect of the capitals

The presence of capitals allows the direct transmission of some fraction of the load to the strengthening
elements. Fig. 14 shows an improvement in Specimen B as compared to Specimen A in terms of load
transmission to steel metallic angles, in particular in the zone closest to the strip ends. Although the concrete
material of Specimen B is less stressed, failure occurs at loading values similar to those found in Specimen
A. This is due to the fact that the concrete material at the ends of Specimen B is not sufficiently confined.

Analyzing Fig. 11 with more detail, it can be observed that plasticity in the strengthening steel occurs
differently in the two types of sample specimens. In Specimen B, both in the laboratory tests and in the
numerical model, steel angles plasticity occurs in the zone near the capital as a result of the direct
transmission of the load by the concrete head. This behaviour differs from that observed in Specimen
A, in which plasticity occurs in the area between the two first steel strips.

6. Practical recommendations for the design
Based on the numerical and experimental analysis it is possible to determine a number of practical

recommendations for the design of RC columns strengthening systems using steel angles and strips.
The analysis is divided into two sections depending on whether the strengthening technique uses
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capitals at the column ends or not.
6.1 Without capitals

It has been observed in Specimen A that two effects strongly affect the behaviour of strengthened
columns without capitals at the column ends; these effects are strip confinement pressure and the influence
of the interface bonding material.

Since failure in the columns always occurs at the column ends, and since the steel strips exert
confinement pressure on concrete, it is advisable to reduce strip spacing at the ends of the column. In this
way, the confinement effect will increase, improving column performance at the column ends as it is in
this part where load transmission between the RC column and the strengthening steel structure takes place.

The numerical model showed that an increase in the friction coefficient between the strengthening
steel and the cement mortar causes a significant increase in the failure load of the strengthened column.
It is thus recommended during the constructive phase, to be particularly careful when setting the mortar
interface, avoiding the formation of air bubbles or the use of expanding mortars.

6.2 With capitals

In the tests with Specimen B, the confinement effect decreased by removing the steel strip below the
capital, which isolated the effect of load transmission through the capital. In these specimens the
confinement pressure of the strengthening structure on the column concrete material is negligible. To
optimize the use of steel in the strengthening structure it is advisable to place strips below the capital, as
this will result in a confinement effect similar to that observed in Specimen A. In this way, a small
increase in cost will lead to considerable improvement in column strength.

Since the resistance of the strengthened element is practically independent of the fictional characteristics
of the mortar used in the interface bond between the strengthening steel and the column concrete material,
the bonding mortar does not require any special properties, as opposed to the specimens without capitals.

In Fig. 14 it can be observed that most loads are directly transmitted through the capitals; thus a more
detailed study of capital stiffness is required, analyzing the most suitable capital dimensions and
welding stiffeners to join their wings.

7. Conclusions

An experimental and numerical study has been developed to study the behaviour of axially loaded
RC columns, strengthened with steel angles and strips. This study intendes to characterise the relative
importance of the different parameters acting on the strengthened RC column. The numerical model
accurately represents the behaviour of the strengthened RC column with and without capitals until it
fails. The model allowed us to analyze the influence of the main mechanisms affecting the behaviour of
the strengthening structure: confinement pressure induced by the strengthening, load transmission to
the steel angles by friction, and load transmission through the steel capitals.

It has been observed that the steel strips exert high confinement pressure on concrete at the column
ends, that the cement mortar plays an important role in load transmission between the concrete material
and the strengthening steel in columns with no capitals at the ends, and that the use of capitals greatly
improves load transmission between concrete material and strengthening steel, in particular at the ends
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of the strengthened column. Some practical recommendations for strengthening design in RC columns
are included in the paper.
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Notation

a : adhesion according to Coulomb’s frictional law

c : cohesion according to Drucker Prager yield criterion
E. : Tangencial elasticity modulus of concrete

E., : 2.15¢10* MPa according to CEB-FIB Model Code 90
E, : Elasticity modulus of cement mortar

E; : Elasticity modulus of steel

Jor foo : ultimate uniaxial compressive strength

St : ultimate triaxial compressive strength

Semo : 10 MPa according to CEB-FIB Model Code 90

fi : lateral confining pressure

5 : elastic limit of steel

h : distance from column end

k : confinement effectiveness coefficient

Nc : Load absorbed by column concrete

Ns : Load absorbed by strengthening steel

P P; : Load applied by the hydraulic jack at the specimen end
Pax : maximum load absorbed by the strengthened column

p : normal stress to the contact element

Y7 : friction coefficient at the steel-mortar interface

T : shear stress at the steel-mortar interface

v : Poisson ratio

7] : internal friction angle according to Drucker Prager yield criterion
9, : dilatancy angle according to Drucker Prager yield criterion
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