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Abstract. The paper is focused on strengthening of loadbearing reinforced concrete vertical
members by composite materials. These modern materials are used more and more in the last years.
Usage of the FRP fabrics as confinement has several advantages, however there are some
uncertainties regarding the design (eg. determining the compressive strength of confined concrete
and limit strain of confined concrete). An assessment of influence of the confinement on the
elements (its load bearing capacity and ductility) is necessary for design. There is a large number of
analytical formulas, standardized approaches and regulations, which specify the resulting influence
of the confinement. The paper draws attention to the considerable dispersion between those
obtained results.

The paper presents an analysis of the influence of strengthening of reinforced concrete columns,
which are confined with FRP fabric. The obtained theoretical results were compared with a real
behaviour of several specimens. The short reinforced and confined concrete circular columns were
used as the test specimens. The height-diameter ratio of the columns was set as 2:1, therefore an
influence of slenderness to loadbearing capacity of the column can be neglected. Consequently, the
influence of confinement can be maximized and the dispersion of results according to different
methodologies can be emphasized.

Introduction

Generally, structures are exposed to a number of factors that negatively influence their reliability
(material degradation due to environmental influences, changes in the load intensity, accidental
actions - for example a vehicle impact, etc.) during lifetime.

In order the construction can be noted as reliable during its whole service life, it has to meet
conditions defined by ULS and SLS. If any of those criteria are not fulfilled, necessary steps have to
be carried out to adjust an unacceptable situation, what normally leading to maintenance or
reconstruction of damaged parts of the structure.

The type of the load-bearing element (horizontal, vertical, etc.) together with type of loading
(static or dynamic) significantly affects the scope and method of reconstruction (except for esthetic,
time-consuming and financial criteria). The type of the proposed strengthening system is usually
highly influenced by financial demands. It has to be stated, that the total costs of the reconstruction
of load-bearing system includes not only the price for construction work and applied materials, but
also financial losses due to delay in usage of the building. Expenses related to prospective usage of
the building are one of the most neglected parameters nowadays.

The paper presents an issues of strengthening of vertical load-bearing elements — primarily
columns and pillars — in detail, which are exposed to static resp. quasi-static loading. Among others
possible ways of strengthening, the use of advanced composite materials for strengthening will be
further discussed, especially confinement with FRP fabrics.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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Use of FRP materials for strengthening

The strengthening of vertical compressed members with composite FRP materials significantly
increases the possibilities of design and offers also many advantages. Some of those advantages are
for example small increase in cross-section when assuring the required load-bearing capacity,
ductility and durability, increasing the rate of application and easy manipulation with light
construction material and excellent resistance to the environmental impacts.

The range of currently available FRP (fibre reinforced materials) materials allows two basic ways
of strengthening of columns, whose choice is determined mainly by dominant loading type [4]:

- strengthening using additional reinforcement mounted to shallow grooves parallel to the axis

of the element (ie. Near Surface Mounted “NSM” reinforcement, see Fig. 1 a);

- confining by FRP fabrics/plates (see Fig. 1b) unidirectional strips, ¢) unidirectional or

bidirectional fabric).
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Fig.1 Strengthening of RC columns using FRP materials; a) NSMR; b) horizontal strips; ¢) FRP
jackets

Strengthening of members using NSM reinforcement brings an increase in load-bearing capacity
thanks to high tensile strength of FRP materials, which is especially useful for transferring effects of
the load acting on the large eccentricity [3], [4]. A necessary assumption is to ensure the sufficient
bond between reinforcement and concrete.

FRP confinement induces the triaxial state of stress [1], [7], which leads to increase of the
mechanical properties of the concrete as a base material. Hence, increase of load-bearing capacity
and ductility of the member is achieved. Apparently, this method of strengthening is advantageous
mainly for members in compression i.e. with normal force acting in the core of the section.

Based on other researches and studies (i.e. [6], [7]), it can be stated that use of FRP materials for
confining is apparent in terms of efficiency. One of its main disadvantages is low fire resistance,
leading to the necessity of using fireproofing layers [4]. It has to be stated, that the same
disadvantage also applies to other mainly used materials like steel bandages.

The basic principles of FRP confined RC cross-section. The fundamental of strengthening
technique is the inducing of the triaxial stress state. When considering the fundamental mechanical
principles it is clear that axial load of the elements leads to longitudinal and also lateral
deformation, which is proportional to the Poisson coefficient of the base material. In case of
uniaxially loaded element, vertical cracks are gradually formed, which leads to division of the cross-
section into several independent parts characterized by very high slenderness ratio and failure of the
element is inevitable. The confinement delays formation and subsequent development of these
cracks. Furthermore, load-bearing capacity of the column is increased as a result of lateral
compression induced by restricted lateral deformations (the whole cross-section is under so-called
multiaxial stress). Thanks to linear behaviour of used strengthening material, the amount of induced
compression is always proportional to the strain of fabric and inversely proportional to the diameter
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of the strengthened element. It is also evident, that sufficient rigidity and strength of the confining
layers are essential to maximize the effect of the confinement.

Lateral stress (o)) for a circular cross-section can be expressed as (for derivation see eg. [6], [7]):
01=2.E¢f. g.t/ Dy, (1)

where particular symbols denote properties of strengthening material (Eg, € tr — modulus of
elasticity, strain and thickness of FRP fabric) resp. diameter of the strengthened RC column (Dy))
(see Fig. 2).

It has to be stated, that certain amount of the lateral deformation is consumed for straightening of
fibers, which is known as strengthening activation. Due to this phenomenon, interaction diagrams of
confined and unconfined concrete are identical for low values of lateral strain. Hence, actual
efficiency of the strengthening system is noticeable only from a certain value of the strain.

tension stress
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Fig. 2 Principle of strengthening by confinement — lateral stress

Factors influencing effect of confinement. As it is generally known, the resulting effect of the
confinement is mainly affected by the shape and dimensions of the cross-section (effect of the
confinement decreases as diameter of the cross-section increases), slenderness ratio and surface of
the element. The most convenient shape of the cross-section is circular, where lateral compression is
uniformly distributed along circumference of the column without causing the uneven stress
concentration (see Eq. 1). For other shapes of the cross-section, lateral stress is concentrated at the
corners, which results in reduction of effect of confining (see Fig. 3). It is therefore necessary to
establish the efficiency of strengthening system, depending on the configuration of the cross-
section. The resulting effect of confinement is further influenced by vertical arrangement of
reinforcing strips of fabric (see Fig. 3), normal stiffness of reinforcing layers, orientation of fibers
and also by quality of the application.

For more details about the aspects influencing resultant load-bearing capacity see for example
[10].
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Fig. 3 Dependence of the strengthening efficiency on the cross-sectional shape of the
strengthened element and strengthening system

Determination of the confinement effects. As mentioned above, elements strengthened by
confinement exhibits an increase of compressive strength of confined concrete and its relative strain
[1], [3], [5], [9]. Mentioned characteristics can be determined using a variety of computational
models, which were derive by approximation from the conducted analytical studies and
experimental work. The numerous relations were published in scientific literature, which predicted
the behaviour of confined concrete, with varying degrees of accuracy. Its accuracy (and therefore
usability) is primarily affected by the range of performed work and in particular by the type and
configuration of specimens. According to the method of deriving, relations which were published in
the scientific literature can be divided into two groups (taken from [6], [8]):

e design oriented (empirical) relations were approximated from the results of experiments so that
fixed load curve obtained on its basis was as accurately as possible consistent with the results
obtained from tests (accuracy of the solution depends on a number of specimens and test settings);

e analytically oriented relationships were derived from a series of analytical and numerical studies
(using nonlinear analysis based on the finite element method). The correctness of the proposed
relations could be verified by experiments (accuracy of the solution is determined mainly by the
creation of a reliable physical model of the confined element, including the characteristics of each
material and the behaviour of the entire system - e.g. the effects of the gradual activation of the
fabric).

Some of the computational models are listed in Table 1, which describes historical development
in analysis of behaviour of confined columns. Given relations were deliberately selected from both
groups mentioned above, towards easier mutual comparison. In order to achieve completeness,
computational model based on the valid normative regulation EC 1992-1-1 [1] was included. Initial
relations were derived mainly for cross-sections reinforced resp. strengthened with steel
reinforcement, but they are generally valid if different mechanical properties of strengthening
materials are taken into account. Effectivity rate of strengthening in those relations is dependent
primarily on the value of lateral strain. The similar approach is also chosen in the recently published
relations, which are directly derived for the applications of composite materials (for example [6]). In
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these studies, amount of the confinement effect is also conditioned by the type of used confined

material.
Table 1 Overview of the selected computational models of confined concrete
Author Compressive strength of confined concrete  Ultimate strain of confined concrete
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Symbols used in Table 1:

fok.e» fok — characteristic cylinder compressive strength of confined resp. unconfined concrete
(according to CSN EN 1992-1-1 [1]);

f'ee, f'co  — specific cylinder compressive strength of confined resp. unconfined concrete
(according to other regulations);

€ou2.cr €c2c — Ultimate compressive strain in the concrete corresponding to fe ¢, resp. fu;

€ce, Eco — compressive strain in the concrete corresponding to ', resp. fco;

C1 — effective lateral compression stress due to confinement.
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Model example — comparison of computational relationships

In order to compare values obtained from aforementioned relationship with values determined
experimentally simple model case of vertically compressed member was considered. Reinforced
concrete element of circular cross-section with a diameter of 200 mm and a height of 400 mm was
taken into account. The dimensions of the element were deliberately chosen to eliminate the
influence of slenderness and to maximize the developed differences in the obtained values. The test
specimens (cube, beams), which were made simultaneously with samples of short columns, the
mean compressive strength was determined f.,, = 33.62 MPa in accordance with the procedure
described in literature [2], [12]. Measured concrete strength was subsequently used for calculation.
The specimens of tested elements (short column) was reinforced by the longitudinal bars with a
diameter of 8 mm and by the transverse reinforcement with diameter of 6 mm in spiral form (steel
class B 500, fy, = 574.06 MPa, Eg,, = 199.07 GPa — these values were specified by tests; see Fig. 4).
The confinement is considered in one layer over the entire area of the element by unidirectional
carbon fiber wrap SikaWrap 600 C / 120 [11]. The properties of laminate layers have been
determined experimentally, wherein the thickness tr = 1.24 mm, the modulus of elasticity Ef = 86.42
GPa, the limit tensile strength fr = 702.289 MPa and the ultimate strain & = 0.813%. Compared to
the values given by manufacturer (thickness of laminated layer of 1,3 mm, the limit tensile strength
of approximately 580 MPa, modulus of elasticity of 50 GPa and ultimate strain of 0.60% - taken
from the manufacturer Sika, Ltd.), there was an increase in the parameters of the laminate.
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Fig. 4 Geometry and reinforcement of test specimen

The resulting values determined on the basis of the relationships shown in Table 1 are presented
in Table 2. Several simplifying assumptions were accepted in the model to maximize the differences
of individual approaches: zero initial load acting on the strengthened element before applying the
fabric (ie. full utilization of deformability of the element until its failure without the initial
restrictions) and neglecting the gradual activation of fabric (part of strain of the reinforced element
is consumed on straightening of fiber in fabric).

Table 2 Overview of the results from selected computational models of confined concrete

Design approaches | f.. | e,. | Design approaches | f. | e..
Richart (1928) 69,32 0,0221 Lam & Teng (2003) 62,36 0,0134
Mander (1988) 72.91 0,0137 Bisby (2005) -for CFRP 54,74 0,0097 |
EC 1992-1-1 59,59 0,0327 - for GFRP 55,39 10,0070 |
Cusson & Paultre (1995) 61,05 0,0246 - for AFRP 72.39 0,0174
Kono (1998) 50,37 0,0120 Youssef (2007) 47,60 0,0094
Lam & Teng (2002) 51,04 0,0206 | ACI440.2R (2008) 62,36 0,0125

Yu & Teng (2011) 57.88 0,0122
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The dispersion of mean value of compressive strength of confined concrete (f.) is in the range
from 47.60 MPa to 72.91 MPa, based on the above simplifying assumptions, which represents an
increase of strength in the range of 41.58 % - 116.87 % in comparison with the referential
(unconfined) element. As highlighted in Table 2, the difference between the highest and the lowest
values of compressive strength of confined concrete is very significant.

Interaction diagrams (ID) of the above described element of short columns were completed on
the basis of relation from Table 1 and they are presented in Fig. 8. When calculating the points of ID
the limit strain of confined concrete (e..) should be also taken into account. The value of ultimate
strain suffers from significant dispersion as well as compressive strength (see Table 2) and becomes
one of the reasons which causes an increase in differences between introduced relationships.
Resistance of cross-section determined according to [1] lies approximately in the middle of the
resultant dispersion of values.

The value of ultimate strain g, determined according to [1] (see Table 2) is considerably
overestimated in comparison with other values, which is probably due to the derivation of
relationship for the confinement of the column with steel reinforcement or jackets. This assumption
is reflected in the stress-strain diagram of confined concrete according to [1], when after reaching
the ultimate strain plasticization of the element occurs (typical for steel reinforcement). For FRP
materials with linear stress-strain diagram until failure, it is necessary to modify the diagram of
confined concrete and restrict the value of ultimate strain.

Figure 5 shows a comparison of the parabolic-rectangular stress-strain diagram of unconfined
and confined concrete determined according to [1], which was considered in the calculation of the
interaction diagram (see Fig. 8, curve labeled EC2). For comparison the stress-strain diagram of
confined concrete according to Lam & Teng (2003) [6] is also illustrated, since it is quite used
design procedure of strengthening by FRP materials. From two mentioned design diagrams the
increase in strength of confined concrete is evident as well as apparent increase in its ductility. The
stress-strain diagram of confined concrete according to EC2 was limited by strain ecc2 (denoted
according to [1]) for the above reasons. The ultimate strength of strengthening material is achieved
right at mentioned strain.

70 + + +

o [MPa]
at | ~ plastic branch - invalid for FRP i

- S
50 -+ . ; .-
<o e
40 + B L
{ ="
ol Iy '
I/ — confined concrete EC2
20 1 | - - confined concrete according to Lam& Teng (2003)
- | | —unconfined concrete EC2
LT L a i , &M

0 0,0025 0,005 0,0075 0,01 0,0125 0,015 0,0175 0,02
Fig. 5 The working diagram of unconfined/confined concrete

From the above results of model studies it is evident that the choice of the applied approach (and
the related stress-strain diagram of confined concrete) significantly influences the obtained results,
which should be taken into account when designing this type of strengthening. The resulting
difference of obtained values is in the order of tens of percent.
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The experimental verification of the theoretical assumptions

Above mentioned results were compared with experimentally obtained values. Test series
included 4 pieces of test samples, three of which were strengthened as described above.
Applications of FRP fabrics required surface treatment of concrete specimens by sandblasting which
ensures sufficient bond between the concrete and the bonded layer of fabric. The fourth specimen
was considered as the referential, and therefore it was not confined. Together with the test
specimens, concrete beams and cubes were manufactured in order to determine required properties
of concrete - concrete compressive strength and modulus of elasticity.

During the load test the individual elements were continuously loaded by compressive force until
to its failure at a test facility — only the axial compression force on the element was applied, without
any effects of bending. This allowed to directly compare the results of real behaviour with obtained
theoretical calculation. This theoretical case of loading (corresponds to the point "0" in ID) is
justified for the test specimen (short column), since the influence of eccentricities can be neglected.

4

a) preparation of referential specimen | b) failure mode of referential specimen

Fig. 6 The loading test of the referential specimen

During the test values of force and corresponding deformation were continuously measured.
These deformations were measured by displacement transducers on two opposite sides of the
specimen (see Fig. 6). Furthermore strain gauges were installed on the fabric perpendicular to the
axis of the specimen, allowing the analysis of behaviour of FRP fabric during the testing and mainly
they allow to determine lateral strain important for activation of confinement. Test configuration
and failure mode of specimen are shown on Fig. 7.

It can be said, that chosen method of strengthening is accurate, based on the results presented in
Fig. 8, resp. Fig. 9. There is a noticeable difference in the behaviour of unstrengthened (referential)
and strengthened (confined) specimen, that confirms the assumption presented in the literature.
Expected failure can be observed on all specimens. Due to the confinement ultimate resistance was
increased of 103 %, i.e. in this case from 1258 kN (measured on the referential specimen) to 2556
kN (strengthened specimen). The ultimate resistance without the effect of confining by transversal
reinforcement was increased of 56.3 % (from 36.525 MPa to 57.091 MPa).
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Fig. 7 The loading test of confined specimen

Increase in ductility is also confirmed, since the ultimate strain for confined specimen was larger
twice (2.25 %o for unconfined resp. 4.82%o0 for confined specimen, see Fig. 9). Nevertheless, the
measured values of strain of confined specimen did not reach the expected values, predicted by
relations. Failure of test specimens was reached for lower values of lateral strain when compared the
theoretical predictions (see Fig. 9 and Table 2).
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Fig. 8 Dispersion of unconfined/confined tests specimens

Actual values of ultimate lateral strain of FRP fabrics were also determined based on maximal
values reached before failure of the fabric. According to the manufacturer, limit values of lateral



70 Reliability Aspects in the Design and Execution of Concrete Structures

strain is 6 %o, which represents the design value and therefore should be conservative in terms of
design. Experimentally obtained values of lateral strain were in range from 4.40 %o to 5.23%o (mean
values was 4.79 %o), which is significantly lower than the value specified by manufacturer. This
difference could be caused by inaccuracy which arisen during application of laminate layer or it
could be caused by improper fabric—adhesive ratio, which is hard to achieve in practice. When
considering the results which were obtained, further experiments have to be planned to gain more
precise information about behaviour of confined columns with FRP fabric.
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Fig. 9 The working diagram of the unconfined/confined test specimens (without the effect of
confining by transversal reinforcement)

Evaluation of the effect of column diameter and number of fabric layers

Further experiments carried out at Faculty of Civil Engineering VUT are pointed to verifying the
basic factors influencing the effects of strengthening by confinement i.e. effects of column diameter
(size effect) and effects of strengthening type (number of fabrics).

Experimental specimens were made from plain concrete (excluding the impact of reinforcement

on the load-bearing capacity) with circular cross-section and height-diameter ratio 2:1. The group of
columns with diameter of 100 mm was labeled as K and second group with diameter of 185 mm
was labeled as T. Mean value of concrete compressive strength was f.,, = 36.39 MPa. The columns
were loaded by axial compression to maximize the effect of confinement. Specimens were loaded in
“soft mode” (force increment) until failure. Effects of number of fabric layers can be observed, since
specimens were confined by both, one and three layers of fabric (specimens 1K resp. 1T and 3K
resp. 37T).
Experimental results confirmed the assumptions that diameter of column and number of layers
affected efficiency of confinement, what is evident from the ratio of the confined and unconfined
column strength f../f;p (see Table 3). When the diameter of column was increased of 85% the ratio
of strength f../f;o of the confined and unconfined column decreased from 2.57 to 1.9 in case of
specimens 1K and 1T, resp. from 4.12 to 3.23 for specimens 3K and 3T. Similar trend could be
observed when regarding the number of fabric layers applied.
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Table 3 Results of resistance of short column from plain concrete

specimen Fax Omax fec/feo specimen Fonax Omax fec/fen
[kN] [MPa] [-] [kN] [MPa] [-]
REF.K 285,77 36,39 - REF.T | 1001,54 35.32 -

IK.1 733,19]  9333] 2,57 | 11 | 177297 65.96] 1,87
1K.2 742,58  9455] 2,60 | 112 | 1731.87] 6443 1,82
IK.3 800,49 101,92] 2,80 | 773 | 190220 70771 2,0
1K.4 662,69 84.38] 2,32
3.1 | 103022] 13117 3,61 | 371 | 3076.48] 10851 3,07
3Kk2 | 1123.63] 143.00] 3,93 | 372 | 3163.08] 117.67] 3,33
3K.3 | 137341 17487 481 | 373 | 3113.41] 11583] 3,28

Used symbols: Fiax — maximal force at failure of specimen
Omax — Maximal compressive strength

Conclusion

Strengthening of the column by confinement with FRP fabrics leads to development of triaxial
stress state in compressed confined element, similar to the application of lateral reinforcement
(stirrups, circular spirals). Furthermore it leads to increase of concrete compressive strength and its
ultimate deformation capacity — element exhibits more ductile behaviour and better resists the
impacts of accidental loads. Paper emphasizes the fact, that there is a considerable discrepancy
when key characteristics are determined. Therefore, it can be quite difficult for designers to choose
the appropriate relationship, which could optimally describe the behavior of strengthened element
and assess the load bearing capacity with sufficient rate of reliability.

The aim of this study is to determine some practical recommendations which, based on a work
performed and in a full accordance with valid normative regulations and standards, will facilitate the
safe design and allow the expansion of this progressive and promising way of strengthening of
vertical elements in compression. The newly discovered facts from ongoing research will be
presented to public in the future papers.
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