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Abstract

Due to design errors and changes in the use of buildings, reinforced concrete (RC) columns must often be strengthened to
support additional live loads. The column must be designed to withstand both axial loads and bending moments, and an
interaction diagram is necessary to demonstrate the column failure. The most common technique for strengthening RC
columns uses a steel jacket consisting of four steel angles and battens. In this study, another strengthening technique was
proposed that uses two steel C-sections with steel battens. A new approach for constructing an axial force-bending
moment interaction diagram for RC columns strengthened with steel C-section jackets using an analytical model based
on the plastic stress distribution method was introduced. A finite element (FE) model was created using Abaqus
software, and the FE results were consistent with the experimental and analytical results. The analytical and FE results
showed that this strengthening method was effective and increased the axial load and bending moment capacities of the
strengthened columns. This increase was explained by the confining effect of the steel jacket and the ability of the steel
C-sections to withstand a large part of the applied load. This approach offers an effective and economical solution for the
reinforcement of RC columns and provides a reliable and safe option for structural engineers.
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1. Introduction

Columns are the main load-carrying structural elements in framed buildings and are vulnerable to frame aging and
design deficiencies during their construction. The structural performance of columns can be retrofitted and enhanced
by strengthening them to satisfy the latest safety requirements in terms of the required load-carrying capacity,
ductility, and stiffness. A popular method for strengthening reinforced concrete (RC) columns includes the use of steel
jackets [1]. The steel jacket technique is commonly used to strengthen and improve the deformation capacity of RC
columns in existing buildings, and presents critical conditions for seismic and gravity loads [2, 3].

The interaction diagram of a column cross-section can be used to determine its load-bearing capacity. This diagram
shows the correlation between the ultimate axial load capacity and the bending moment capacity of a given column
cross section. By referring to this curve, it is easy to determine whether a section is safe. However, it is difficult to
obtain information regarding the development of an interaction diagram for an RC rectangular column reinforced with
a steel jacket. Experimental tests were conducted to formulate an interaction diagram for RC rectangular columns
strengthened with steel angles or composite sections. The plastic stress distribution method (PSDM) is one of the
methods used to create an M-N interaction diagram for a composite RC column. The method developed is simple and
applicable in the practical design field [4-7].
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In this study, the effect of strengthening RC columns with a steel jacket on the axial load and bending moment
capacities was investigated analytically and numerically by using M-N interaction diagrams. A steel jacket comprising
two C-sections connected to different numbers of welded batten plates was investigated. Finite element (FE) analysis
was conducted using Abaqus/CAE software. The experimental data presented by Belal et al. [1] were used in this
study. All columns had a cross-section of 200 x 200 mm with a height of 1200 mm and were reinforced with four
longitudinal bars of 12 mm diameter with stirrups of 6 mm diameter every 125 mm. The first column was the
reference column, which was not strengthened, whereas the other columns were strengthened using two C-sections
with different numbers of connecting batten plates.

2. Literature Review

Belal et al. [1] investigated the behavior and failure load of strengthened RC columns using the steel jacket
technique. Steel angles, C-sections, plates, and batten plates with a specific spacing were used as the strengthening
systems. They used specimens with square cross-sections measuring 200 mm x 200 mm and a height of 1200 mm.
The specimen without strengthening was used as a control. Their test results showed that using a steel jacket
comprising four angles or two C-sections provided higher axial resistance than a steel jacket comprising four plates. In
addition, increasing the number of steel battens in the four-angle steel jacket did not increase the axial resistance,
unlike in the case of the two C-section steel jackets.

CEN 1994-1-1 Eurocode 4 [4] proposed an analytical model that enables the construction of M-N interaction
diagrams for composite columns using the PSDM. This model does not include a direct application to RC columns
reinforced with steel sections, nor does it consider the effects of confinement.

An easy hand-computation analytical model was developed by Al-Sherrawi & Salman [5] and Al-Haddad et al. [6]
to build an interaction diagram for an RC column strengthened with a cage consisting of four steel angles and battens
using the PSDM, and assuming that the strengthened RC column behaves as a compaosite column. This article provides
numerous examples illustrating the use of these diagrams, which have been demonstrated to be straightforward and
effective in both analytical and design applications.

An experimental program was presented by Abdelraheem et al. [8] which involved the use of ten rectangular RC
columns strengthened with four steel angles and steel battens under an axial load. The primary research variables
included the effect of the aspect ratio (from the long to the short side of the cross section), and the size and spacing of
the steel battens. The columns were 200 x 200 mm, 160 x 250 mm, and 140 x 286 mm, with aspect ratios of 1, 1.56,
and 2.04, and heights of 1200 mm, 960 mm, and 840 mm, respectively. Based on the results, the strengthening method
was highly effective in enhancing the axial load capacity of the reinforced columns. This increase was attributed to the
confining effect of the steel jacket and the ability of the steel angle to withstand a significant portion of the applied
axial load. Buckling of the steel angles was the primary reason for failure in most of the strengthened samples.

Discrete steel plates can be welded horizontally (known as battens) or in an inclined direction (known as lacing).
The use of battens and lacing significantly enhances the strength of RC columns. According to the numerical analysis
conducted by Shhatha et al. [9], lacing with battens is the most effective pattern for using the same number of steel
jackets with different cross-sectional areas. The study observed that, compared to battens alone the load-carrying
capacity of the column increased by approximately 1.8% and 1.15% when the lacing angles were 60.832° and 74.407°,
respectively, with the vertical axis of the column.

Erange et al. [10] proposed the use of steel jackets as a strengthening technique for RC columns. FE models of the
strengthened columns were developed and validated using previous experimental data. Six groups of steel jacket
sections with different batten spacings, batten thicknesses, batten widths, angle thicknesses, and steel jacket heights
were tested under axial and lateral loads. An un-strengthened RC column was also analysed as a control specimen to
compare its performance with that of the strengthened specimens. The study found that strengthening RC columns
with steel jackets was effective in enhancing the lateral performance and resulted in a more stable load-displacement
curve with lower strength degradation compared to the control specimen. The most effective method for increasing
lateral strength and ductility is to increase the steel angle thickness. However, increasing the steel jacket height by up
to 1/3rd of the RC column height also improved the lateral performance.

A new method to strengthen steel columns has been proposed by Shan et al. [11]. This method involves connecting
steel plates using high-strength fasteners to form a steel-jacketed column. This new connection method was designed
for quick and stable connections between two steel components. The procedure included five main steps: determining
the lateral load capacity of the damaged RC columns, determining the spacing of the steel jacket connections,
estimating the lateral load capacity of the strengthened RC columns, determining the axial load ratio of the
strengthened RC columns, and determining the effective stiffness of the strengthened RC columns.

By assuming an equivalent stress block for concrete, Al-Sherrawi & Salman [12] and Fernandesa et al. [13]
introduced two analytical models to create interaction diagrams for RC columns strengthened with steel jackets. The
proposed model was consistent with the literature and showed good precision in estimating the ultimate moment
values.

1975



Civil Engineering Journal Vol. 10, No. 06, June, 2024

A nonlinear FE model has been proposed to simulate and study the behavior of a preloaded and non-damaged RC
column after being strengthened with a steel jacket [14-16].

Shehab Eldeen et al. [17] presented a review that provided a thorough analysis of the techniques used to
strengthen RC columns with steel jackets. This study included both experimental and analytical investigations to
determine the impact on the load-carrying capacity, ductility, lateral strength, and flexural strength of parameters
such as strip thickness, size and spacing, concrete strength, angle size, and thickness. The results of the
experimental investigations were compared with analytical equations proposed by different researchers and design
codes. The overall increase in axial strength ranged from 18.65% to 109%, and lateral strength from 63% to 6 8%.
Reinforcing RC columns with steel jackets is an effective and reliable technique for improving their load-carrying
capacities and overall strengths.

Villar-Salinas et al. [18] presented a study on the seismic performance of a six-storey RC building in Cartagena de
Indias, Colombia. The building was retrofitted with steel jacketing to improve its ability to withstand seismic activity.
This study investigated the influences of different material properties and load scenarios on the behavior of a building.
The proposed steel jacketing increased the compressive and flexural capacities of the columns and improved the
overall ductility of the building.

Based on plasticity rules and the non-linear behavior of materials, a proper constitutive law has been proposed by
Minafo [19, 20] for modelling the interface between the concrete column surface and the steel jacket.

Abd-EI-Nabil et al. [21] conducted a numerical study to investigate the effect of RC columns with steel jackets on
their axial load capacity. The steel jacket comprised two C-sections connected to different numbers of welded batten
plates. FE analysis was conducted using Abaqus/CAE software. The results of this study showed that using two C-
sections as a steel jacket is highly effective because a relatively rigid jacket can increase the failure load of the
columns by a minimum value of 21.46%. Additionally, the more batten plates connected to the two C-section steel
jackets, the greater the confinement of the column, and hence, the greater the column failure load. Furthermore,
connecting the two C-section steel jackets with a single large plate to form a complete box around the column
provided the best confinement and could increase the failure of the column by 75.92%.

Salman & Al-Sherrawi [22] presented a method for constructing axial force-bending moment interaction diagrams
for an RC and steel jacket columns. The focus was on an RC column strengthened with a steel jacket comprising
vertical steel angles and horizontal steel battens. Two analytical methods have been used to construct the interaction
diagrams: the strain compatibility method (SCM) and the PSDM. The SCM considers the position of the neutral axis
on the stress of the concrete, reinforcing bars, and steel sections. In the PSDM, the position of the neutral axis did not
affect the stress of the three components or the maximum value of the stress used for each component. The analytical
results were compared with the experimental results for selected specimens and showed good agreement.

3. Analytical Model

This section introduces the process of constructing an M-N interaction diagram for an RC column strengthened
with a steel jacket. The steel jacket consists of two vertical C-sections connected by horizontal battens. The placement
of the C-section in (Figure 1) plays a significant role in determining the position of point D (see below). When an
applied eccentric force causes a uniaxial bending moment about the major axis of a C-section, the four main points are
as follows:

steel plates (battens
(a) (b) (c)

Figure 1. Types of steel jacket used
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e Point A:
N, zfcbh'i'fya Ach +fyr Asr+n1fyr Ay, My =0 (1)
e Point C:
h
Ne = feob )
bh? h
Mc = f; [T] +Zep fya +fyr Agy [d_;] (3)
h hy?
Zon = 4[4 = 00 (2)] + 2] @

¢ Point D was established as the flexural resistance of the composite section (Mp), whereas the axial resistance (Np)
was equal to zero. The location of the neutral axis (c) was assumed and verified. ¢ was determined by applying
> F = Nj and using N, = 0. Possible assumptions may be studied to determine c, depending on the relationship
between the bending and the major axis of the C-sections (see Table 1 to 3).

Table 1. Possible assumptions for the position of c at point D when the bending is about the major axis of the C-sections
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Table 2. Possible assumptions for the position of c at point D for case | when the bending is about the minor axis of the C-

sections
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Table 3. Possible assumptions for the position of ¢ at point D for case 11 when the bending is about the minor axis of the C-

sections
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¢ Point B matches the plastic neutral axis position which produces the same flexural resistance as point D, with twice
the axial resistance of point C.

NB = ZNC
MB = MD

When the applied eccentric force causes a uniaxial bending moment about the minor axis of the C-sections, two
possible cases can be observed depending on whether the leg length of the C-section on the compression side exceeds
the position of the compression reinforcement and changes in the calculation of Z;, for point C, as explained below:

Zon =4[ = 2608 (2] + [t (B4 1 = 2)| ©

Point D is the flexural resistance of the composite section (Mj), whereas the axial resistance (Np) is zero (the
eccentricity equals infinity). The location of the neutral axis ¢ must be assumed and adjusted later. ¢ can be determined
by applying ¥ F = N;, and using N, = 0, Possible assumptions may be made to determine c as listed in Tables 2 and
3. A simple flowchart is shown in (Figure 2) for simplicity and better understanding.

Figure 2. Simple flowchart for finding the points of interaction diagram

4. FE Model

The ABAQUS v.6.13 [2] software was used to model the FE model. The material nonlinearity of the concrete,
reinforcement, and steel jacket, second-order geometric effects, and the existence of the column-steel jacket interface
were considered to accurately simulate the behavior of the strengthened RC column [15, 16, 23].

The two experimental specimens shown in (Figure 3) tested by Belal et al. [1] were analysed to validate the
analytical and FE models. The details of the specimens are listed in Table 4. The analytical and FE results are
discussed in this section. These results were compared with the experimental results.

Table 4. Details of specimens used

Specimen Cross-section  Length Longitudinal Tie Steel section Steel strip Clear strip fe yr Fyan  Fyst
P (mm) (mm)  bars (mm) (mm) dimensions (mm)  dimensions (mm) spacing (mm) (MPa) (MPa) (MPa) (MPa)

Col.03.C.3P 200 x 200 1200 4912 O6@125mm 2 C 206 x50 x 3.1 150 x 100 x 5 440 27.2 360 360 360

Col.04.C.6P 200 x 200 1200 4912 O6@125mm 2 C 206 x50 x 3.1 150 x 50 x 5 190 27.2 360 360 360
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4 @312 (mm 4 @12 (mm

-

6 (mm) @125 (mm)\

6 (mm) @125 (mm

steel C-section
of 206 x 50 x 3.1 (mm)

2 steel C-section.
of 206 x 50 x 3.1 (mm)

4 steel plates @ two sides
f 150x50x5 (mm)

3 gteel plates @ two sides
of 150x100x5 (mm)

Figure 3. Specimen dimensions and steel jacket configuration [1]

To validate the FE model used in this study, the FE results were compared with the experimental results presented
by Belal et al. [1] and the FE results of a strengthened RC column tested by Abd-El-Nabil et al. [21]. The load-
displacement curves were plotted for the experimental and FE models and compared, as shown in Figure 4, and
showed good agreement between the experimental and modelled columns.

3000 - 3000 -
Experimental strengthened 6 plates Experimental strengthened 3 plates
2500 || =——FEM strengthened 6 plates 2500 1 ——— FEM strengthened 3 plates
FEM from Abd-EI-Nabi et al. 2024 [21]
2000 - 2000 -
£ g
T 1500 A g 1500 1
(=] (=]
- -
1000 - 1000 -
500 - 500 -
0 T T T T T 1 0 T T T T T 1
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
Displacement (mm) Displacement (mm)

Figure 4. The load-displacement curve of the experimental results: (a) Col.03.C.3P, (b) Col.04.C.6P

Table 5 summarises the increase of the failure load for the strengthened column for the analytical and FE models.
For Col.03.C.3P the increase percentages of the failure load were 292.6% and 133.3% while for Col.04.C.6P the steel
cage is more effective due to adding more batten plates to connect the two C-sections, which provides more
confinement to the column hence increasing the failure load significantly. The analytical model predicts more
improvement than the FE model due to the assumption of yielding of all reinforcing bars and the steel jacket without
considering the position of the neutral axis.
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Table 5. The improvement in axial and flexural resistance

Analytical model FE model

Specimen Major axis Minor axis Major axis Minor axis

%M %N %M %N %M %N %M %N
Col.03.C.3P 4726 76.47 41111 7647 2926 36 1333 36
Col.04.C.6P 4726 7647 41111 7647 3088 68 2637 68

As the load increased, cracks started to appear in the upper and lower thirds of the column and increased until total
collapse. In addition, local failure in the two C-sections began to appear in the upper and lower thirds when the load
approached the failure load. The confinement provided by the steel cage increased the column failure load to 1828 kN
and 1480 kN, with a corresponding displacement of 2.5 mm and 1.8 mm for the sixth and third connecting batten
plates, respectively. The steel cage was more effective, and the failure load increased significantly. Different failure
modes of the strengthened RC columns were observed owing to the effects of eccentricity, as shown in Figures 5 to 9.

ViR AAEaRRRA RS

awal Col.04.C.6P -
ODB: Job-agial.odh  Abagus/Standard 6.13-1  Fn ;| 28} 0DB: Jobl.odb Abagus/Standard 6:13-1  Fri Mar

1

Figure 5. Strengthened RC model under concentric axial force

= 40 mm minor
40.0db  Abagus/Standard 6.13-1  Wed' Feb 18 03:21) B: Job-A40.0db  Abagus/Standard 6.13-1  Thu Feb

Step: loading | nading

g
L
3
i
=
u
¥
+
&
+
i
i
z
U

40 mm major i ¥ 40 mm minor
ODB: Job-401.0db  Abagus/Standard 6.13-1  Fri far 15 05:21: i ODB: Job-40.0db  Abagus/Standard 6.13-1  Fri i

Step: Inading . . Step: Inading

Figure 7. Col.04.C.6P under axial force with eccentricity of 40 mm about the major and the minor axis
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bending about major axis & banding about minoe axis
QDB: Job-bending2, Abaqus/Standard 6,131  Fri Mar 1 21:26:0 Pacific Daylight Tim| o ending.odb  Abagus/Standard 6.13-1  Fri Mar 15 21:13:21 Pacific Daylight Tire 2019
loading foading .
& nt 2 2 P

Figure 8. Col.04.C.6P under pure bending moment about the major and the minor axis

bending about major axs.
ODB: Job-AZbending.odb  Abagus/Standard 6.13-1  FriFeb 15 08:10:28 Pacific Standard Time 2015

bending about mingr s
OD&: Job-Abending.odb  Abaqus/Standard 6.13-1  Fri Feb 15 0313124 Pacific Standard Tims 2019

Figure 9. Col.03.C.3P under pure bending moment about the major and the minor axis

When the strengthened RC column model was subjected to an axial force with a specified eccentricity, cracks
began to initiate on the tension side of the strengthened column. The steel (reinforcing bars and steel section) on that
side is in tension, and the stress depends on the eccentricity. For a small amount of eccentricity, the stresses were
observed to be below the yield value, whereas for a further increase in eccentricity as shown in Figures 6 and 7, the
steel on the tensile side reaches its yield stress before concrete crushing. The strengthened RC column behaves as a
beam until it reaches an eccentricity of infinity (pure bending), as shown in Figures 8 and 9.

Figures 10 to12 show that bending about the minor axis yields higher flexural values than about the major axis
owing to the plastic section modules for the C-section. Increasing the number of battens increases the axial and
flexural strengths of the strengthened RC column owing to the increase in confinement, unlike the analytical method,
in which there is no effect of battens on the axial and flexural resistance. The experimental specimen results were
considered safe when compared to the M-N values obtained.

3000 -
—o— Analytical strengthened -major axis-3 and 6 battens
2500 + —m— Analytical strengthened -minor axis-3 and 6 battens
Analytical RC
—~ 2000 1 Experimental strengthened 3 battens
b4
X
§ —e— Experimental strengthened 6 battens
3 1500
s
X
<
1000
500
0

0 20 40 60 80 100 120

Bending Moment (kN.m)

Figure 10. Experimental and analytical results for Col.03.C.3P and Col.04.C.6P specimen
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3000 - 3000 -
Analytical strengthened -minor axis-3 and 6 battens —#&— Analytical strengthened -major axis-3 and 6 battens
2500 | === FEM strengthened -minor axis-3 battens 2500 A FEM strengthened -major axis-3 battens
k= FEM strengthened -minor axis-6 battens 4~ FEM strengthened -major axis-6 battens
~ 2000 - . 2000 4
2 Z
9 °
8 1500 :\o‘\l—ﬁ g 1500
= A |
.‘>_'<5 <& =
< 1000 ? £ 1000
500 A 500
0 A T | 0 T — A T 1
0 50 100 150 0 20 40 60 80 100
Bending Moment (kN.m) Bending Moment (kN.m)

Figure 11. Analytical and FE results for Col.03.C.3P and Col.04.C.6P specimens about the minor and major axis, respectively

3000 - 3000 -
== FEM strengthened -minor axis-6 battens - FEM strengthened -minor axis-3 battens
2500 A st FEM strengthened -major axis-6 battens 2500 A =~k FEM strengthened -major axis-3 battens
_ 2000 - = 2000 -
g (A\ =
T-%/ A\A 2 00
m o 4
§ o ) 2T A
- <
] e~ e
< 1000 - < 1000 - 1%
500 - 500 -
0 T —— T 1 0 T & T T 1
0 20 40 60 80 100 0 20 40 60 80
Bending Moment (kN.m) Bending Moment (kN.m)

Figure 12. FE results for each specimen about the major and minor axis

5. Conclusions

Based on the numerical simulation and analysis of the results, the following conclusions were drawn:

e Using two C-section steel jackets can increase the failure load of columns owing to their relatively rigid
structures.

e The use of two C-section steel jackets enhanced the ductility of the RC columns. The greater the number of
batten plates connecting the two C-section steel jackets, the greater the confinement of the column, and hence,
the greater the increase in the column failure load.

e The Abaqus/CAE software simulation of the RC strengthened columns was acceptable because the failure loads
and displacements closely matched those of the tested columns found in the literature.

e When the number of steel battens increases, the FE model provides higher axial and flexural resistances than the

PSDM, especially in the compression failure zone, owing to the increase in confinement, which is neglected in
the PSDM.

6. Nomenclature

fc Cylinder compressive strength fyr Yield strength of reinforcement
fya Yield strength of steel C-sections b Column width

h Column height d Column effective depth

bl Length of C-section leg hl Height of C-section
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t1 Thickness of C-section Ach Total area of steel C-sections

Asr Total area of corner reinforcement Al Area of central reinforcing bars

nl Number of central reinforcing bars Zch Steel C-sections plastic section modulus
dbar Diameter of longitudinal reinforcing bars d’ Upper reinforcement effective depth

hi Height of the part of central reinforcing bars under compression di Diameter of central reinforcing bars

c Position of the neutral axis Ai Area of the central reinforcing bars under compression
dtie Diameter of tie reinforcing bars N Total number of reinforcing bars

NA Axial load resistance at point A NB Axial load resistance at point B

NC Axial load resistance at point C ND Axial load resistance at point D

MA Flexural resistance at point A MB Flexural resistance at point B

MC Flexural resistance at point C MD Flexural resistance at point D
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