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1 ADVANCED STRESS-STRAIN MODEL FOR FRP-CONFINED
2 CONCRETE IN SQUARE COLUMNS

3

4 G. Lin' and J.G. Teng?*

5
6 ABSTRACT
7
8

Extensive research has been conducted on the behavior of fiber reinforced polymer (FRP)-
9  confined concrete in both circular and rectangular concrete columns. In the former columns,
10  the stress-strain behavior of FRP-confined concrete is now well understood and can be closely
11 predicted, but the same cannot be said about rectangular columns. This paper presents a new
12 attempt at understanding and modeling the confinement mechanism in square columns as a
13 special case of rectangular columns, leading to a new stress-strain model. The salient features
14  of the new model include a more rigorous definition of the effective confinement area and a
15  corner hoop strain-axial strain relationship based on advanced finite element results as well as
16  a more reliable definition of the ultimate condition. The proposed model is analogous in
17  approach to analysis-oriented stress-strain models for FRP-confined concrete in circular
18  columns and represents a more advanced and robust method for modeling the stress-strain
19  behavior of FRP-confined concrete in square columns than the existing empirically-based
20  stress-strain models. The approach is also easily extendable to FRP-confined concrete in
21  rectangular columns. The proposed model is shown to be accurate and perform better than the
22 existing stress-strain models of the same type in predicting existing test results.

24  KEYWORDS

26  Fiber reinforced polymer (FRP); square columns; stress-strain models; stress distributions;
27  finite element (FE) analysis.

29 1. INTRODUCTION

30  Strengthening of existing reinforced concrete (RC) columns using fiber reinforced polymer
31  (FRP) confining jackets has now become a widely accepted technique in practice [1-5]. The
32 behavior of FRP-confined concrete in RC columns has been extensively studied over the past
33 two decades, leading to a significant number of stress-strain models. In particular, the response
34  of FRP-confined concrete in circular columns is now well understood and can be closely
35  predicted by some of the existing stress-strain models (e.g. [3, 6-10]). By contrast, much less
36  is known about the behavior of FRP-confined concrete in square or rectangular columns even
37  though these columns are more commonly found in practice [5, 11-23].

38

39  In an FRP-confined circular concrete column subjected to axial compression, the concrete is
40  (nominally) uniformly confined by the FRP jacket. However, in an FRP-confined rectangular
41  column, the confinement is non-uniform over the cross-section and only part of the section is
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effectively confined [11, 18, 24-29]. The FRP confinement effectiveness is much reduced due
to the flat sides and the sharp corners of the rectangular section, even after the rounding of the
corners as is generally recommended. Corner rounding is needed both to enhance the
confinement effectiveness and to reduce the detrimental effect of stress concentration at the
corners. Because of the small flexural rigidity of the FRP jacket, the concrete in contact the flat
sides of the column section receives the smallest confinement, while the concrete at the four
corners receives the largest confinement [18, 25, 30-34]. Despite the much larger confining
pressures acting on the corner concrete, the hoop tensile strains of the FRP jacket around the
corners are lower than those along the flat sides; nevertheless, FRP rupture typically occurs
near one of the rounded corners [5, 14, 33, 35].

Many researchers have employed a “shape factor” to reflect the difference in confinement
between a circular column and a rectangular column. Existing stress-strain models for FRP-
confined concrete in square columns, including both design-oriented stress-strain models (e.g.
[11, 19, 24, 36-38]) and analysis-oriented stress-strain models (e.g. [31, 39]) have generally
adopted this concept. This “shape factor” concept was originally proposed by Mander et al.
[40] for confined concrete in rectangular RC columns with transverse steel reinforcement. The
“shape factor” is usually defined as a function of the ratio of the effective-confinement area
and the total cross-sectional area of concrete. The form of the effective-confinement area,
however, has never been theoretically investigated, and its relationship to the actual stress
distribution over the section is not at all clear. Moreover, as revealed in some finite element
(FE) analyses, even within this effective-confinement area, the confining pressure and the axial
stress distribution are rather non-uniform [18, 30, 32, 33, 41, 42]. The FRP confinement to the
concrete near the flat sides of the rectangular section will be mobilized to be significant when
the dilation of concrete is large enough [32]. Some researchers (e.g. [31, 39]) assumed that only
the concrete within the effective-confinement area receives confinement from the FRP while
the rest of the concrete (i.e., concrete near the flat sides) is unconfined, which obviously over-
simplifies the complicated stress distribution of an FRP-confined rectangular section.

This paper presents a new attempt at understanding and modeling the stress-strain behavior of
FRP-confined concrete in square columns as a special case of rectangular columns. Reliable
and advanced FE simulations were conducted to gain an in-depth understanding of the
confinement mechanism and to produce results that are then combined with experimental data
to formulate a new stress-strain model. This stress-strain model is analogous to an analysis-
oriented stress-strain model for FRP-confined concrete in circular columns (e.g. [6]). While the
present study is limited to FRP-confined concrete in square columns, the same methodology
can be readily extended to rectangular columns or perhaps other non-circular columns. The
proposed model is shown to be accurate and perform better than the existing stress-strain
models of the same type in predicting existing test results.

2. FINITE ELEMENT SIMULATIONS

A three-dimensional (3D) FE approach was employed to simulate the behavior of FRP-
confined concrete in square columns under axial compression. In the FE simulation, only a thin
slice of a quarter of an FRP-confined square section consisting of a single layer of elements
was modeled (Figure 1). The concrete and the FRP jacket were represented using 8-node solid
elements (C3D8R) and 4-node membrane elements (M3D4R), respectively, in ABAQUS
(2011) [43]. Due to the small flexural rigidity of the FRP jacket, the two approaches of
modelling the FRP jacket, using membrane elements (M3D4R) and shell elements (S4R)
respectively, were found to provide almost identical predictions for the axial stress-axial strain
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response of confined concrete; however, the former elements allow the convergence of analysis
to be achieved much more easily. Perfect bonding (i.e., no slips) between the FRP jacket and
the concrete was assumed, which was achieved by means of the “Tie Option” in ABAQUS.
Loading was applied by imposing axial displacements uniformly to the top nodes of the section.

The plastic-damage model developed by Yu et al. [44] and later modified slightly by Teng et
al. [45] was employed to depict the three-dimensional constitutive behavior of FRP-confined
concrete in square columns. Yu et al.’s model [44] was the first reliable constitutive model for
FRP-confined concrete under both uniform confinement (e.g., FRP-confined concrete in
circular columns) and non-uniform confinement (e.g., FRP-confined concrete in rectangular
columns). The success of Yu et al.’s model [44] lies in relating the damage parameter, the
hardening/softening rule, and the flow rule to the confinement state and relating the yield
criterion to the third deviatoric stress invariant. This constitutive model has been successfully
employed to predict responses of FRP-confined circular and square concrete columns under
axial compression, hybrid FRP-concrete-steel double-skin tubular columns [44], as well as
FRP-confined RC columns under eccentric axial compression [8, 46]. Yu et al.’s model [44]
has also been used by many other researchers (e.g. [33, 47]). The reader is referred to Yu et al.
[44, 48] for more details of the constitutive model. Note that Yu et al. [44] proposed two
methods (i.e., Method I and Method II) to evaluate the confinement stiffness ratio (i.e., the ratio
between the effective confining pressure and the lateral strain) for non-uniformly confined
concrete. Compared to Method I, Method II is more reasonable as it takes into account the non-
uniformity of flow rule over a non-circular section [44] and thus was adopted in the FE
modeling of the present study.

The FRP jacket had fibers only in the column hoop direction (i.e., around the perimeter of the
column section) to provide confinement to the concrete. Therefore, an orthotropic linear-
elastic-brittle material was assumed for the FRP jacket and a very small value (0.001 GPa) was
adopted for the elastic modulus of the FRP jacket in the axial direction. A mesh convergence
study was carried out, leading to an element size of around 5.0 mm for both the concrete and
the FRP jacket. A more refined mesh (e.g., 2.5 mm) produced an average axial stress-axial
strain curve of the confined concrete that is almost identical to the one with an element size of
5.0 mm [8, 46].

3. TYPICAL FE RESULTS
3.1. Axial Stress Distribution

It is well known that the concrete in a rectangular column is non-uniformly confined by the
FRP jacket. The two lateral stress components acting on the concrete along the two axes of
symmetry of the section vary significantly over the section, and one of the components may be
much larger than the other depending on the location. Some researchers attempted to establish
approximate distributions of the lateral confining stresses over the column section. On the basis
of these distributions of lateral stresses, as well as a failure criterion for confined concrete, the
axial stress distribution can be evaluated (e.g. [41]). However, it has been found that the
complication in trying to predict accurately the confining stress distributions can be hardly
justified by the accuracy of the method to evaluate the axial response of the column. In Nistico
and Monti’s method [41], regression analysis of test results still needs to be carried out in order
to achieve accurate predictions for the axial response. As a result, in the present study, the
distribution of axial stress instead of that of either of the lateral confining stress components
over the square section is treated in detail.
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Figure 2 shows the axial stress distributions over a typical FRP-confined square section
(referred to as the reference section hereafter) at three different loading levels (or deformation
states) predicted by the FE model. The reference section had a sectional width of 150 mm with
a corner radius of 25 mm confined by a two-ply carbon FRP (CFRP) jacket (hoop elastic
modulus E; = 250 GPa, thickness #r = 0.33 mm). The compressive strength of unconfined
concrete (£ ) was 45 MPa. State C corresponds to an FRP hoop strain of 1.0% (which may be

taken as a typical CFRP rupture strain in a rectangular column) at the centers of the rounded
corners (i.e., the mid-arc points of the circular corners). This hoop strain at the corner centers
(referred to as the corner center hoop strain g, hereafter) is taken as the key reference value

as laboratory tests have shown that FRP-confined rectangular concrete columns generally fail
by sudden rupture of the FRP jacket at or near one of the corners (often at one of the curvature
change points between the rounded corners and their adjacent flat sides) [4, 35, 49, 50]. Figure
2 shows that, at an early deformation state (State A), the axial stress is uniformly distributed
over the section; as the axial deformation increases, the axial stress distribution becomes
increasingly more non-uniform (States B and C). More specifically, the axial stresses in the
four corner regions become much larger than those away from the corners; that is, the FRP
jacket provides much more effective confinement to the concrete in the corner regions than
elsewhere. Along the flat sides of the section, the axial stresses are the lowest indicating that
the confinement provided by the FRP jacket is the weakest here because of the small flexural
stiffness of the FRP jacket.

In the contour plots of axial stress distribution at the three deformation states in Figure 3, the
thick red curves represent an axial stress of 45 MPa, which is equal to the unconfined concrete
strength. The concrete enclosed by the red curves has an axial stress larger than 45 MPa, so the
enclosed region(s) may be taken as the region(s) with effective FRP confinement. It can be
seen that the size and shape of the region(s) vary as the axial deformation increases; more
specifically, the total area of effective confinement increases with the axial deformation. The
definition of a constant effective-confinement area for the full range of stress-strain behavior
as adopted in most of the existing stress-strain models thus needs some careful considerations.
Figure 4 shows the lateral deformation (i.e., dilation) of FRP-confined concrete in the square
section at State C. It is obvious that the dilation is the largest at the centers (mid-width locations)
of flat sides and smallest at the centers of corners in the diagonal direction, indicating the
smallest and the largest levels of FRP confinement at the two locations, respectively. Figures
5(a) and 5(b) show the magnitudes and directions of the two lateral principal stresses (Gyax and
omid) over the square section at Stage C, and Figure 5(c) shows the distribution of the 6,,,/Omid
ratio over the entire square section. It is evident that the two lateral principal stresses are not
equal due to the non-uniform FRP confinement over the section and the ratio between them
varies over the section. It can be seen from Figure 5(c) that the concrete near the center of the
square section is under relatively uniform confinement (with G,,,x/0miq ratios being close to
1.0). The two lateral principal stresses of the concrete at the centers of the four corners differ
significantly with the maximum ratio being around 0.5, although the concrete there has the
largest axial stress (see Figure 2). The concrete near the mid-width locations of flat sides has
the lowest G,,.x/Omig Tatios (close to 0), indicating that the concrete there is subjected to the
highest non-uniformity of confinement.

3.2. Effective-Confinement Area

In order to obtain a reliable definition of the effective-confinement area which is suitable for
the development of the full-range stress-strain response of FRP-confined concrete in a square
4
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column, four patterns of section division of a square section are proposed herein as shown in
Figure 6. These patterns were proposed based on the axial stress distribution identified in the
FE results of the present study (Figure 2). The first three patterns consist of two diagonal
regions as well as four triangular regions near the four flat sides (Figure 6). As high stresses
exist in the corner regions and also in the central region, the corner regions and the central
region are separated from the diagonal regions in patterns (2) and (3), respectively, as shown
in Figure 6. Pattern (4) consists of a circular central region and four corner regions to reflect
the large difference in axial stress between the central region and the corner regions (see
Figures 2b and 2c). It should be noted that, in the present study, the section is divided using
straight lines for simplicity for the first three patterns since the use of more complex division
lines at the cost of efficiency may not improve the accuracy of prediction significantly.

In addition to the definition of stress regions, two equivalent circular sections are defined
(Figure 7). The first equivalent circular section has a perimeter that circumscribes the square
section with rounded corners, while the second one has the same radius as that of the rounded
corners. The first equivalent circular section has also been used by Lee et al. [31] for the
calculation of the effective confining pressure in an FRP-confined square section; this
equivalent circular section allows a smooth transition from a square section to a circular section
(i.e., the equivalent circular section becomes the circular section itself when the corner radius
becomes equal to half the section width). A slightly different equivalent circular section has
previously been used by Lam and Teng [11] for the same purpose, which, however, does not
allow a smooth transition between a square section and a circular section. The second
equivalent circular section is proposed in the present study to reflect the state of confinement
in the corner regions.

4. STRESS RATIOS

In order to predict the full-range stress-strain response of a square section, it is proposed herein
that the stress-strain responses of the two equivalent circular sections be determined first and
these responses are then related to the responses of different regions of the square section for a
given section pattern (Figure 56). For this purpose, the average stress of each region of a given
section pattern was extracted from the FE results of the reference section and the obtained
average stress was compared with the axial stresses of the two equivalent circular sections (o,

and o,). o, and o, were calculated using the analysis-oriented stress-strain model of

Jiang and Teng [6] for a given hoop (or lateral) strain equal to the corner center hoop strain (
g, ) of the rounded square column from the FE analysis. Figure 2(c) illustrates the average axial

stresses of the two regions in section Pattern (1) (o, and o, ) compared with the actual axial
stress distribution.

The stress ratio results throughout the loading process for the four section patterns are shown
in Figure 8. For section Pattern (1), it is seen that the average stress of Region 1 (o,) is very

close to the stress of the first equivalent circular section (o, ) after ¢, exceeds approximately

0.002. For Region 2, o, decreases during the later stage of loading, indicating that the

concrete near the flat sides is not effectively confined by the FRP jacket. Nonetheless, it is
found that the non-dimensional parameter f (=o,/o,, —0o,/o,, ) remains almost constant

during the later stage, which means that the two curves of o,/o,, and o,/c., are almost

parallel to each other during the later stage [Figure 8(a)]. In section Pattern (2), the corner
regions are separated from Region 1 of section Pattern (1). It is observed that the average axial
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stress of the corner regions (o, ) in section Pattern (2) is always larger than o, but smaller
than o ,, and the ratios of o,/c, and o,/c,, do notremain constant during the full
loading process. The average axial stress of Region 1 (o) is also very close to o, although
o, becomes slightly smaller than &, during the later loading stage due to the exclusion of

the corner regions with large axial stresses [Figure 8(b)]. In section Pattern (3), the central
square region is separated from Region 1 of section Pattern (1). Figure 8(c) shows that the axial
stresses in Region 1 and Region 3 (i.e., o, and o, ) are very close to each other and both are

equal to o, during the full loading process. Figure 8(d) shows the stress ratios of section

Pattern (4). As Region 1 in this pattern consists of both the central region and the four regions
near the flat sides, its average axial stress is always smaller than &, and o, . The stress ratio

of o,/c,, remains almost constant and is slightly larger than 1.0 during the later loading

stage. This is reasonable as Region 2 in this pattern includes parts of the regions along the flat
sides with low axial stresses (Figure 6), which compensates for the high axial stresses in the
rounded corner regions. The non-dimensional parameter ' (= o, /o, — 0, /., ) in this pattern,

however, does not remain constant but increases with the corner center hoop strain during the
later loading stage [Figure 8(d)].

Based on the stress ratio results discussed above, only section Pattern (1) has a nearly constant
stress ratio or non-dimensional parameter for each region during the later loading stage. For
the other section patterns, although they appear to follow more closely the actual stress
distribution, no constant stress ratios or non-dimensional parameters were identified. A
constant stress ratio or non-dimensional parameter makes it possible to evaluate the average
axial stresses of all regions in a section pattern using the axial stresses from the two equivalent
circular sections. For this reason, section Pattern (1) can be regarded as the most desirable
pattern for evaluating the axial stress of each region in a square section. Using this section
pattern, the non-dimensional parameter f (= o, /0., — o, /o., ) 1s the only parameter that needs

to be determined before the average axial stress of the entire square section can be found.

A parametric study using the FE approach was carried out and the aforementioned observations
for the stress ratios of section Pattern (1) have been found to be valid for sections covering
wide ranges of parametric values. The parameters examined in the parametric study included
the sectional width (b =150, 350, 550, 750, 950, 1100 mm), the corner radius ratio (2r/b = 0.2,
0.3, 0.4, 0.5, 0.6), the stiffness of the FRP jacket (£, = 40, 60, 80, 100, 120, 140, 160

GPa'mm) and the unconfined concrete strength ( 7/ = 30, 40, 50, 60 MPa). The extracted

axial stress ratios of these columns analyzed in the parametric study are shown in Figure 9. The
parametric study results showed that: (1) the average axial stress of Region 1 in section Pattern
(1) always equals the axial stress of the equivalent circular section 1 (o, ) during the later

loading stage regardless of the section parameters; (2) the non-dimensional parameter S
remains almost constant during the later loading stage but the value depends on the sectional
parameters.

5. PROPOSED STRESS-STRAIN MODEL

5.1. General Procedure

The full-range stress-strain curve can be established using an incremental procedure similar to
that of the analysis-oriented stress-strain model of Jiang and Teng [6] for FRP-confined
6
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concrete in circular columns. Two key assumptions are first made: (1) the analysis-oriented
stress-strain model of Jiang and Teng [6] is applicable to the two equivalent circular sections;
(2) the corner center hoop strain (g, ) is taken to be the characteristic hoop strain for both

equivalent circular sections. The process is driven by the characteristic hoop strain and needs
to follow the steps listed below (a flowchart of the generation process is shown in Figure 10):
1) for a given characteristic hoop strain (¢, ), calculate the confining pressures for the two

equivalent circular sections, and then evaluate the corresponding axial stresses (o, and
o,,) based entirely on Jiang and Teng’s model [6] (including the axial strain-hoop strain

relationship for circular columns);
2) calculate the average stresses of concrete in Regions 1 and 2 for the square section using
the stress ratio parameters discussed in the preceding section [that is, o, =ac,, and

o, =p/(/o, ~1/0.,)];

3) calculate the average stress for the entire square section from o =(o,4, + 0,4, )/ A,
where 4, 4,, 4, are the areas of Region 1, Region 2 and the entire rounded section,

respectively;
4) calculate the axial strain of the square section corresponding to the given characteristic
hoop strain (&, ) according to a new axial strain-corner (center) hoop strain relationship;

this axial strain together with the average stress from Step 3 determines a point on the
stress-strain curve;
5) repeat the above steps until g, reaches the FRP hoop rupture strain to generate the entire

stress-strain curve.

In order to complete the above procedure, there are three unknown factors that need to be
addressed: (1) the stress ratio parameters o and f; (2) the axial strain-corner hoop strain
relationship; and (3) the ultimate condition (the ultimate value of the characteristic hoop strain
at jacket rupture). These issues are discussed in the following sub-sections.

5.2. Stress Ratio Parameters

Figure 9 indicates that apart from the initial stage of loading, both o and £ can be approximated
by a parabolic curve plus a horizontal line. During the initial stage of loading, the values of
both a and £ depend little on the values of relevant geometric or material parameters, although
the initial value of S depends slightly on these parameters. Based on these observations, both a
and S can be expressed as a piece-wise curve with three stages: a linear function of the hoop
strain for Stage 1, a parabolic function for Stage 2, and a horizontal line for Stage 3 (Figure
11). The transition hoop strain values between Stage 1 and Stage 2, namely ¢, and ¢, are

almost constant as shown in Figure 8 and both are approximately equal to 0.035%. The
transition hoop strain values between Stage 2 and Stage 3, namely, ¢,, and ¢,, areequal to

0.002 and 0.004, respectively (Figure 11). The equations for a and £ over the full range of
loading are thus as follows:

ay+¢&, (a,—a,)/e, 0<g,<g,
_ 2
a=<a,E, +be, +¢ E,<¢&,5¢,
1.0 £,>¢&,, (12)
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B, 0<e, <¢gy

_ 2
p=1a,&, +be, +c, £y <&, S Ep

Beons (1b)

&> &p

where a and S, are the initial stress ratios; a; is the value of the stress ratio a at the end of
Stage 1; Beons 18 the value of the stress ratio f during the later stage of loading; and («,,b,,c,)

and (a,,b,,c,) are constants to be determined by the condition that: (1) the parabolic curve

(Stage 2) connects to the linear line of Stage 1 and the horizontal straight line of Stage 3; and
(2) the parabolic curve connects to the horizontal straight line of Stage 3 smoothly (i.e., without
a slope change). The connections between the linear line of Stage 1 and the parabolic curve of
Stage 2, however, are not smooth. Based on the FE results, ay and ; can be taken to be 1.1 and
0.8, respectively (Figure 9).

Figure 9 shows that the value of g

const

falls in the range of 0.2 to 0.5 for a reasonably wide
range of parametric values. By analyzing the FE results, £ _ was found to be related to the

const

corner radius ratio (27/b) and the FRP confinement stiffness ratio of the second equivalent
circular section Py, =E ¢, / [( flle., ) 7’] (Figure 12). It was also found that the value of £,

mainly affects the slope of the linear second branch of the stress-strain curve of FRP-confined
concrete. A simple regression analysis of the FE results led to the following equation for g :

const *

B[ 245-3.00(27/b) |=0.02441n ( p,., ) +0.257 @)

The average value, the coefficient of variation (CoV), and the coefficient of determination
value (R?) of the ratios between the predicted values from Eq. (2) and the FE results are 1.00,
0.023, and 0.990, respectively.

Additionally, based on a regression analysis of the FE results, the initial value of £, can be

linearly related to the constant value /S

const

for the later stage of loading using the following

simple equation as shown in Figure 13:
£,=0.0758 ., +0.02 3)

It is worth noting that the above simple equations for a and f are proposed to approximate the
stress ratio variations from FE analysis, especially for an early loading stage (with a
characteristic hoop strain less than 0.004) (Figure 11). The stress-strain response of FRP-
confined concrete during the early loading stage, however, is known to be similar to that of
unconfined concrete as FRP confinement has not been fully activated at this stage [11, 24, 51].
As aresult, the proposed analytical model can be used with sufficient confidence to predict the
full-range stress-strain curve as long as S is accurately predicted by Eq. (2).

5.3. Axial Strain-Corner Hoop Strain Relationship

In the analysis-oriented stress-strain model of Teng et al. [52], the axial strain-lateral (hoop)
strain relationship for FRP-confined concrete in circular columns is described by the following
equation:

Lo / (1+8f4{j=0.85 {1+o.75(8—hﬂ' —exp{—7[iﬂ 4)
gL'O f;'o g('() gL’O
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where . is the confining pressure provided by the FRP jacket:
_2Et¢,

y D (%)
The FE results revealed that Eq. (4) fails to predict the axial strain-corner hoop strain
relationship of an FRP-confined square column which is significantly affected by the sectional
shape. Therefore, by introducing the effect of sectional shape on the effectiveness of FRP
confinement, the following new expression for the axial strain-corner hoop strain relationship
of square columns is proposed:

€, Ty _ & N —exp| -7| £
gw/|:l+8 (1.35—0.35/{5)](32/{8;} 0.85 {1-’*0.75[800 j} exp{ 7[800 J} (6)

where k, (: 4 / Ag) is the ratio between the area of Region 1 and the gross area of the square

section to reflect the effect of sectional shape (Figure 6); and f is the effective confining

pressure for a square section and can be calculated using the following equation:

ok 2E 1 ¢,
If s

D,
where D, is the diameter of the first equivalent circular section (Figure 7). Note that when £;
= 1.0, Eq. (6) reduces to Eq. (4) for circular columns proposed by Teng et al. [52]. Figure 14
shows the performance of Eq. (6) for square sections for which the FE results for the stress
ratios are presented in Figure 9.

(7

5.4. Ultimate Condition

In many of the existing tests on FRP-confined rectangular columns, the measured FRP hoop
strains are those on the flat sides instead of those on the rounded corners; therefore, the
measured FRP rupture strains from these tests are inappropriate for the proposed method. To
overcome this problem, the values of the FRP strain efficiency factor £, , defined as the ratio

between the measured FRP rupture strain from the column test ¢, and that from the coupon

test ¢,
proposed axial strain-corner hoop strain relationship [Eq. (6)] in the present study. A test
database consisting of 51 FRP-confined square concrete columns with hardening stress-strain
behavior was extracted from a larger test database of square columns from Lin [53]. The
detailed parameters of the 51 columns are listed in Table 1. The reason for selecting only
specimens with a strongly-hardening stress-strain response lies in the fact that the ultimate
points are significantly more scattered for columns with a softening stress-strain behavior and
the measured ultimate axial strains differ greatly even for a set of specimens with identical
parameters in every aspect [54]. Figure 15 shows that the strain efficiency factor (k) greatly

were directly estimated from the experimental ultimate axial strains ¢, using the

depends on the corner radius ratio (27/b) of the square section. Similar observations have been
reported by other researchers (e.g. [14, 35, 55]). As a result, the following equation is proposed
for the prediction of the strain efficiency factor of the FRP jacket in square columns:

k,=0.727(2r/b)"*" (8)
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6. PERFORMANCE OF THE PROPOSED STRESS-STRAIN MODEL
6.1. Stress-Strain Curve

The experimental results of typical FRP-confined square concrete columns tested by Wang and
Wu [14] are used here for the verification of the proposed stress-strain model (Table 1). The
predicted results are also compared with those of four existing stress-strain models of the same
type, which are from Wang and Restrepo [39], Marques et al. [56] , Lee et al. [31] and Nistico
[41]. In addition, another 20 FRP-confined square concrete columns recently tested by Wang
et al. [4], Zeng et al. [57], and Zhu et al. [50] are used to assess the performance of the stress-
strain models (Table 2). As these test results were not used in the development of any of the
above-mentioned stress-strain models, they provide an independent assessment of the
performance of the models. For making predictions for the ultimate condition (i.e., ultimate
axial stress and ultimate axial strain) of FRP-confined concrete, Nistico [41] proposed a
predictive equation for the FRP strain efficiency factor on the basis of the experimental FRP
rupture strains of the square columns tested by Wang and Wu [14]. Lee et al. [31] specified in
their model that the experimental FRP rupture strains should be directly used in calculating the
ultimate condition. However, the experimental FRP rupture strains were not reported for some
of the columns in Tables 1 and 2, for which Eq. (8) was used instead to calculate the ultimate
condition. In Wang and Restrepo’s model [39] and Marques et al.’s model [56], the FRP
rupture strains obtained from coupon tests (&, ) were used for the calculation of ultimate

condition as specified in their models. For the proposed stress-strain model, Eq. (8) was used
for all the columns in Tables 1 and 2.

The predicted stress-strain curves are compared with the test results from Wang and Wu [14]
in Figure 16, while the comparisons for the typical test results from Wang et al. [4] and Zhu et
al. [50] are shown in Figures 17 and 18, respectively. Figures 16 to 18 show that Nistico’s
model [41] significantly underestimates the axial stress in the transition region of the stress-
strain curve; the ultimate axial strains of the test columns are also generally underestimated.
Lee et al.’s model [31] performs well in predicting the shapes of stress-strain curves, but it
generally underestimates the ultimate axial strain. Marques et al.’s model [56] underestimates
the axial stresses of the test columns from all the three sources. Wang and Restrepo’s model
[39] significantly overestimates the axial stresses for most of the columns; it also fails to
capture the ultimate axial strains with enough accuracy. The proposed model provides the most
accurate predictions for all the test specimens in terms of both the stress-strain curve and the
ultimate condition. It is worth noting that the test results from Wang et al. [4] and Zhu et al.
[50] were not used in the development of the proposed model. It is also worth noting that some
of the specimens tested by Wang et al. [4] and Zhu et al. [50] had relatively large sizes (with a
sectional width up to 400 mm) (Table 2), indicating the ability of the proposed model in
predicting FRP-confined concrete in large square columns.

The performance of the stress-strain models in predicting the stress-strain curves of FRP-
confined concrete in the above test columns was further evaluated using the integral absolute
error (IAE) of a stress-strain model. The integral absolute error (IAE) is defined by the
following equation [58, 59]:

Zil|exp[—pred,|

m
Zizl CXPp;

where m is the number of strain points evenly distributed between 0 and the smaller value of
the predicted ultimate axial strain and the test ultimate axial strain (set to 20 in the present
10
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study); and exp; and pred; are the experimental and predicted stresses at the ith strain point,
respectively. The IAE value measures the absolute error of a stress-strain model and indicates
the level of agreement between a predicted curve and a test curve. Figure 19 shows the IAE
values of the five stress-strain models in predicting the behavior of FRP-confined concrete in
the columns tested by Wang and Wu [14], Wang et al. [4] and Zhu et al. [50]. It can be seen
that the proposed model has the lowest average value and the lowest standard deviation
(stdevStd.) of the IAE values for the test columns, indicating that the proposed model performs
the best among these stress-strain models.

6.2. Ultimate Condition

The ultimate axial stresses and strains of all the test specimens in Tables 1 and 2 were predicted
using the five stress-strain models. The performance of each model is assessed herein based on
the average absolute error (AAE) calculated by the following equation:

Zn exp,—pred,
i=l exp,

AAE =

(10)
n

where 7 is the number of data points; exp; and pred; are the experimental and predicted values,
respectively.

Figure 20 shows the AAE values of the five stress-strain models in predicting the ultimate axial
stresses and strains of the test columns. It is evident that the proposed model has the lowest
AAE value among the five models for both the ultimate axial stress and ultimate axial strain,
demonstrating that the proposed model is superior to the existing models of the same type.

7. CONCLUSIONS

This paper has presented an advanced analytical stress-strain model for FRP-confined concrete
in square columns based on a new approach. In this new approach, the distribution of axial
stress and the interaction between the FRP jacket and the concrete are explicitly accounted for,
leading to a stress-strain model which is analogous to analysis-oriented stress-strain models for
FRP-confined concrete in circular columns. This new approach is based on a new
understanding of the confinement mechanism in square column sections provided by results
from a reliable 3D FE approach. Based on the information presented in the paper, the following
conclusions can be drawn:

1. The FE results show that the axial stress distribution over an FRP-confined square section
is relatively uniform at an early deformation state (before the average axial stress reaches
the unconfined concrete strength) but becomes increasingly more non-uniform as the axial
deformation further increases.

2. The axial stresses in the four corner regions are much larger than those away from the
corners and the axial stresses are the lowest near the mid-widths of the flat sides of the
section; the effective confinement area (i.e., the portion of the column cross-sectional area
with an average axial stress larger than the unconfined concrete strength) varies as the axial
deformation increases.

3. Four section stress patterns were explored to provide an approximate representation of the
axial stress distribution. Among the four section patterns, only section Pattern (1), which
consists of two diagonal regions and four triangular regions near the four flat sides

11
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respectively, allows a relatively simple representation of stresses over the section: during
the later loading stage, the average axial stresses of all regions in this section pattern can
be related to the axial stresses from the two equivalent circular sections defined for the
section.

By introducing the effect of sectional shape on the effectiveness of FRP confinement, an
expression for the axial strain-corner hoop strain relationship (Eq. 6) was formulated,
which provides accurate predictions for the FE results.

The value of FRP strain efficiency factor of the FRP jacket in square columns depends
strongly on the corner radius ratio of the square section.

The proposed stress-strain model provides accurate predictions for the stress-strain curves
of the test columns and performs better than the four existing stress-strain models of the
same type. In particular, the proposed model performs better than the other four models in
predicting the test results of large-scale columns which have not been used in the
development of the present model.
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Figure 19 Errors of stress-strain models in predicting experimental stress-strain curves
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