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The main aim of this study is to investigate the factors governing the post-peak cyclic response of
laterally loaded reinforced concrete cantilever columns. A series of experiments are conducted, in
which five reinforced concrete columns are subjected to cyclic lateral displacement. Much attention
is paid to the cover concrete spalling and the large lateral displacement of the reinforcement.
Specimens are designed so that the buckling of the reinforcement and the cover concrete spalling
can be clearly observed. Finite element analyses are also performed using enhanced nonlinear fiber
models. These analyses are verified by comparing their results with those of the experiments on the
five RC columns.
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1. Introduction

Reinforced concrete (RC) columnsin civil engineering structures such as buildings and bridges are
subjected to substantial axial compression from the combined weights of the overlying mass and
the columns. Seismic design codes permit a wide range of longitudinal reinforcement ratios as well
as cover concrete thicknesses for such columns. The seismic performance of such columns,
especialy in the post-peak range, also varies according to the number and arrangement of the
longitudinal reinforcing bars and the axial load that is superimposed upon them. Hence, the post-
peak behavior of RC columns is difficult to generalize, and a proper understanding of the
interrel ationships between the overall response and these parameters is needed.

This study focuses mainly on the cyclic response and energy dissipation capacity of RC columnsin
the post-peak range that accompanies spalling of the cover concrete and large latera displacement
of the longitudinal reinforcing bars (i.e., buckling). For this purpose, the authors intentionally
selected details that induce large geometrical and material nonlinearity. Large covers and high axial
compression are deliberately used to trigger spalling and buckling in order to investigate and
clearly understand the influence of these inelastic material mechanisms on the post-peak cyclic
response of RC columns. The above factors make less sense with actual large-scale RC columns
because the thickness of the cover concrete and the size of the reinforcing bars are both relatively
small and the axial force is not very high. These factors, however, are very influential on small-
scale models in the laboratory, and prove the effect of size on the cyclic energy dissipation capacity
that is associated with the buckling of longitudinal reinforcing bars and spalling of cover concrete.
It isimportant to recognize this aspect, especially when trying to understand the response of actual
RC columns based on the small-scale laboratory models. The authors have tried to address this
point with special consideration of the details of the experiments, which are not usually seen in
actua structures but are meaningful for investigating the specific problems concerned.

Energy dissipation capacity, defined as the capacity of structures to dissipate externally applied
energy, is an important parameter for judging the seismic performance of RC structures. The usual
intention of the designer is to create a structure with higher energy dissipation capacity as this
reduces the possibility of a brittle and explosive failure that might be fatal during earthquakes.
Nevertheless, it is hot easy to precisely determine in advance the post-peak response and the energy
dissipation capacity of the designed structure as these are influenced by many factors, including
spalling of the cover concrete, and geometrically large local deformation of the reinforcement.

However, the energy dissipation capacity can be determined from the area enclosed by the load-
displacement curve during one cycle of unloading and reloading. Obviously, it is greatly influenced
by the pinching mechanism, which can be observed in the cyclic load-displacement curve of RC
structures. The main sources of this pinching mechanism are thought to be reinforcement pullout
and bond-dlip at the column-footing joint accompanying the shear dlip along the joint planes
between the column and the footing. Moreover, shear deformation of the column also contributes to
pinching behavior, as the lateral load versus shear deformation relationship shows severe pinching
with negligible residual deformation during unloading and/or reloading. It is believed that
preventing shear deformation, reinforcement pullout, bond-dlip, and joint plane slip will result in a
cyclic response with very little pinching and consisting of large hysteresis loops, indicating a high
energy dissipation capacity.

In contrast to expectations, the response of flexural columns with less bond-slip and negligible
pullout also proved capable of exhibiting pinching, which reduces the energy dissipation capacity
during cyclic response [1]. This study explores the factors causing such behavior during cyclic
response of RC columns and investigates through experiments and analyses the qualitative
interrelationship between these factors and the overall response. Here, thick covers and high axial
compression are the key points.
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2. Lateral cyclic loading tests of RC columns

2.1 Test setup and specimen details

An experiment was conducted on five RC columns to study the cyclic behaviors of laterally loaded
reinforced concrete cantilever columns. The specimens had the same dimensions but they differed
in the amount and arrangement of the longitudinal and lateral reinforcing bars, the thickness of the
cover concrete and the amount of axial compressive stress. The test setup and the layout of the
specimens are shown in Figure 1, and the geometrical and mechanical properties of al five
specimens are tabulated in Table 1. Columns 1 and 2 represent columns with normal cover
thicknesses and reinforcement ratios, but the axia stress in column 1 is 4 MPa whereas no axial
compression is applied to column 2. Similarly, columns 3 and 4 represent columns with normal
reinforcement ratios but the reinforcing bars are placed only at the center so that the thickness of
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Figure 1 Test set-up and specimen details (Unit: mm)

Table 1 Geometrical and mechanical properties of specimens

Columnl | Column2 | Column3 | Column4 | Column5
Cross section, mm 250%250 250%250 250%250 250%250 250%250
Main reinforcement 6-D13 6-D13 4-D16 4-D16 6-D10
Lateral ties, mm D10@100 | D10@100 | - - D6@100
Reinforcement ratio 1.216% 1.216% 1.271% 1.271% 0.685%
Concrete cover, mm 30 30 125 125 75
Axial stress, MPa 4.0 0 4.0 0 4.0
Shear span, mm 1200 1200 1200 1200 1200
fc', MPa 28.6 28.6 29.7 29.7 38.2
fy, MPa 365 365 365 365 370
Es, GPa 202 202 200 200 195
Shear capacity, V (kN) 131.9 127.4 44.68 29.55 80.80
Flexural capacity, Vm, (KN) 43.61 24.15 33.91 24.68 33.18
Capacity ratio, V/V 3.02 5.27 1.32 1.20 244
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the cover concrete is half the width of the corresponding columns. Moreover, the values of axial
compressive stresses in these two columns are aso different (4 MPa and 0 MPa, respectively). In
addition, column 5 has a relatively smaller reinforcement ratio and larger cover thickness whereas
the axial compressive stress is 4 MPa. It should be noted that RC columns with reinforcing bars
only at the center are highly unusual. The specimens used in this experiment were specially
designed to allow close observation of the local and geometrical nonlinearities associated with
reinforcement and concrete, which significantly influence the cyclic response of reinforced
concrete in the post-peak inelastic region.

In order to avoid shear failure, al five columns were designed so that the shear capacity would be
sufficiently higher than the flexural capacity. The columns were cast monoalithically with rigid
footings and were subjected to cyclic lateral displacement under constant axial compression. Axial
compression was applied at the top of the columns and cyclic lateral displacement was applied at a
height of 120 cm from the top face of the footing. Each displacement cycle was repeated twice to
observe the load degradation. A triaxial loading machine was used so that axial compression and
lateral displacement could be applied simultaneously. In order to make the columns function as
cantilever beams, the footings were tightly fixed to the base slab using prestressed tendons. The
strains of the reinforcing bars and extreme concrete fibers near the footing were measured using
strain gauges. Similarly, the displacements at the loading point and the opening at the column-
footing joint due to pullout of reinforcing bars from the footing were aso recorded with the help of
displacement transducers.

2.2 Post-peak cyclic response

2.2.1 Columns1 and 2

The experimenta load-displacement curve and the observed crack pattern of column 1 are shown
in Figure 2. In the experiment, uniform flexural cracks appeared gradualy and the behavior was
governed by the crack nearest to the footing. During cyclic loading, this crack alternately opened
and closed and after a few cycles the cover concrete spalled near the column-footing joint. The
spalling at the base of the column occurred when the applied displacement reached approximately
15 mm. After the experiment, the spalled cover concrete was removed, revealing dightly buckled
reinforcing bars.

However, the starting point of the buckling could not be determined. Once the cover concrete had
spalled, the post-peak |oad-displacement curve showed a gradual decrease in the lateral load, and
the ductility ratio was not very large. It can be argued that the decrease in the lateral load in the
post-peak region was caused by the P-delta effect. But the softening observed in Figure 2 (column
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Figur e 2 Load-displacement curve and crack pattern of column 1
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Figur e 3 Load-displacement curve and crack pattern of column 2

1) is not due solely to the P-delta effect. For example, the decrease in the lateral 1oad from 10 mm
to 40 mm was around 20 kN, but the contribution of the P-delta effect was only 6.25 kN (250 kN x
30 mm / 1200 mm). It was also found that because of the axial compression (14% of the axia
capacity), there was little reinforcement pullout at the base. The two cycles for the same
displacement produced nearly identical responses, and a small amount of |oad degradation could be
observed only in the high-displacement cycles. The experimental response shows a significantly
large energy dissipation capacity with slight pinching during unloading and reloading.

Figure 3 shows the experimental |oad-displacement curve and observed crack pattern on a similar
column tested without axial compression (column 2). Inclined cracks started forming at the
column-footing joint. Under cyclic loading, the inclined cracks from two sides merged as shown in
Figure 3. During further loading, these cracks opened and closed to a large extent. Although other
flexural cracks appeared above the column-footing joint, the behavior was mainly governed by
these inclined cracks. Note that columns 1 and 2 were geometrically identical yet no inclined
cracks at the column-footing joint were observed in column 1. The only difference was the absence
of axial compression in column 2. However due to no axial compression, there was pullout of the
reinforcing bars at the column-footing joint, which caused prominent inclined cracks at the base in
addition to the regularly spaced flexura cracks.

Figure 3 also shows the load-displacement curve after deducting the top displacement due to the
reinforcement pullout at the column-footing joint. It can be observed that pullout contributed
approximately 30-40% of the top displacement in the high-deformation range. As expected, cover
concrete spalling and reinforcement buckling did not occur, and there was no softening in the load-
displacement relationship even in the high-displacement range. Consequently, there was
pronounced ductility, and cyclic response showed a higher energy dissipation capacity with no
pinching. The two cycles for the same displacement produced the same response, and no load
degradation could be observed even in high-displacement cycles.

In both specimens, cracks in the two directions were nearly symmetrical and the location and
spacing of the cracks in both cases were identical to those of lateral ties. Because the specimens
were designed to have comparatively higher shear strength, no diagonal shear cracks were seen.

2.2.2 Columns3and 4

The experimental |oad-displacement curve and observed crack pattern for column 3 are shown in
Figure 4. Flexura cracks initiated from the face of the column dlightly above the footing. Under
cyclic loading, these cracks from two sides opened and closed alternately. During further loading, a
vertical splitting crack developed in the side surfaces along the position of the longitudina
reinforcing bars. This vertical splitting crack bridged the two bending cracks as shown in Figure 4.
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Figure 5 Load-displacement curve and crack pattern of column 4

Cover concrete spalling could be partially observed when the applied displacement exceeded 20
mm. As the reinforcing bars were placed only at the center, complete cover spalling and buckling
of reinforcement did not take place and due to the large axial compressive stress, pullout of the
reinforcing bars was not observed. After the partial spalling of the cover concrete, the lateral |oad
in the post-peak load-displacement curve decreased dlightly. After the applied displacement
reached 25 mm, the column became unstable and the loading was terminated. The experimental
response shows comparatively less energy dissipation capacity because of the high pinching
behavior, and the load at zero displacement during unloading and reloading was about 20% of the
maximum load.

Figure 5 shows the experimental 1oad-displacement curve and observed crack pattern for a similar
column that was not subjected to axial compression (column 4). Flexural cracks initiated from the
column-footing joint. Under cyclic loading, the cracks from the two sides merged and alternately
opened and closed. Later, another pair of bending cracks emerged from a height of about 30 cm
from the top of the footing. A vertical splitting crack developed aong the position of the
longitudinal reinforcing bars and bridged the two bending cracks as shown in Figure 5. As the
reinforcing bars were placed only at the center and no axial compression was applied, cover
spalling and reinforcement buckling did not occur. After high displacement, which exceeded 40
mm, was applied, the concrete on the compression side crushed and the column lost its capacity to
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Figure 6 Load-displacement curve and crack pattern of column 5

carry further load, as suggested by the sudden drop in the load in the later stage of the load-
displacement relationship. The load-displacement curve passed through the origin and the load at
zero displacement during unloading and rel oading was found to be very close to zero.

In both cases, the bending cracks were localized and the spacing between the two bending cracksin
both specimens was greater than the section size. This was due to the absence of reinforcement in
the vicinity of the column faces, from where these discrete cracks were generated. Near the
reinforcing bars around the center, however, smeared cracks could be seen in the side surfaces.
Moreover, the crack pattern was nearly symmetrical, and because the specimens were designed to
have comparatively higher shear strength, no diagonal shear cracks could be seen.

2.2.3 Column 5

Figure 6 shows the experimental |oad-displacement relationship and observed crack pattern for
column 5 (with a thick cover, smaler reinforcement ratio and significant axia stress). As the
applied displacement was small, only two pairs of bending cracks were observed. The applied
displacement could cause yielding of the reinforcement but it was not sufficient to cause cover
spalling and reinforcement buckling. The figure shows that, unlike the response of normal
structures, the load-displacement curve has smaller residua displacement during unloading and
reloading and the energy dissipation capacity is smaller due to substantial pinching.

3. Factorsinfluencing the post-peak cyclic response

The extent of the pinching and the energy dissipation capacity can be explained in terms of the load
at zero displacement during unloading or reloading from the peak displacements in both extremes.
For example, a small energy dissipation capacity implies that the load at zero displacement is
smaller than is in the case of a higher energy dissipation capacity. The load at zero displacement
depends on the cyclic behavior of the constituent materials; i.e., concrete and reinforcing bars. It is
well known that the cyclic response of reinforcing bars shows wider cyclic loops with higher
energy dissipation capacities due to yielding. In contrast, the cyclic loops of concrete response
exhibit high pinching, and the load at zero displacement during unloading and reloading is close to
zero. Consequently, the energy dissipation capacity of RC structures depends on the relative
contributions of the longitudinal reinforcing bars and the concrete to the overall response.

Figure 7 shows the general features of a laterally loaded reinforced concrete column under axial

compression. A cantilever reinforced concrete column with a rectangular cross-section (width b
and depth d) under constant axial compression P is subjected to lateral displacement ¢ at aheight H

- 189 -



4__
c Compression 7 A | ¢
! e 5 ‘A ’
d J»P’
—>
C ens A
ension
SN —
L oading Section Strain Force

Figure 7 Section analysis for RC response

above the fixed support. By calculating the moment M induced by externally applied loads at the
base of the column, equation (1) can be obtained, where Q is the lateral load corresponding to the
applied displacement. Geometrical nonlinearity can be incorporated by considering the P-delta
moment in equation (1).

M - Ps)

_ |
Q=" (1)

Figure 7 aso includes the strain distribution across the cross-section as well as the sectional forces
carried by concrete and reinforcing bars. Here, the contribution of the concrete to the tension is
neglected and linear strain distribution is considered across the cross-section. This assumes that the
plane section remains plane after bending. As shown in equation (2), the sectional moment at the
base of the column can be calculated by accumulating the moments about the centerline due to all
of the sectional forces. Similarly, equation (3) is derived from the equilibrium between the axial
load and the sectional forces carried by the concrete and reinforcing bars.

M =A§05(%—CJ+A$0'SC(%—CJ+C'X' )

C =P+Ay0q - Ayog 3)

In equations (2) and (3), the areas of reinforcing bars in tension and compression sides are denoted
respectively by Ag¢ and A, and the stresses in the corresponding reinforcement are symbolized by
oy and o «, respectively. The distance to the center of the reinforcing bars from the edge (slightly
larger than the clear cover thickness) is denoted by ¢, and C' is the resultant of the sectional
compressive forces carried by the concrete. Similarly, X' represents the distance from this resultant
to the center of the section, where the axial load is supposed to act. The first two terms on the right
hand side of equation (2) represent the contribution of the reinforcement to the overall response,
whereas the last term, along with equation (3), represents the contribution of the concrete. As
suggested by equation (2), the relative contribution of the reinforcement to the overall response
depends upon the location and number of longitudinal reinforcing bars. Similarly, equation (3)
shows that the contribution of the concrete to the overall response depends upon the axial load as
well as the reinforcement ratio.

Equation (2) also explains the effect of the material models in the post-peak response envelope for
RC columns. The stresses carried by the reinforcing bars and concrete increase up to the point of
peak loading because the reinforcing bars are in the elastic or hardening phase and the concrete has
not reached the compression-softening phase. But in the post-peak region, the compressive strains
in the reinforcing bars and concrete are sufficiently high to cause spalling of the cover concrete and
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alarge lateral displacement (i.e., buckling) of the reinforcement. The average compressive stress
carried by the reinforcement in the post-buckling phase significantly decreases, and the cover
concrete completely loses its load-carrying capacity after spalling [2]. Because of these inelastic
material mechanisms, the post-peak response of RC columns might show softening, depending
upon the level of the compressive strains in the concrete and the reinforcing bars. These strains are
greatly influenced by the level of axial compression and the thickness of the cover concrete. This
means that material models must take into account spalling and buckling before the models can
reliably predict post-peak response.

According to equation (2), the thicker the cover concrete, the smaller the contribution of the
reinforcement would be. The position of the reinforcing bars also influences the reversal of the
stress in the reinforcing bars and concrete, which significantly influences the cyclic response of RC
columns. The closer the reinforcing bars to the centerling, the smaller the induced maximum
compressive stress would be, resulting in incomplete reversal of the stress. This produces
comparatively smaller values for the reinforcement stresses ¢’ and ¢’ ¢, both of which tend to be
tensile in nature, further reducing the moment carried by the reinforcing bars. As suggested by
equation (3), this tendency again increases the sectional force carried by the concrete, thus
rendering the overall cyclic response closer to the cyclic behavior of concrete. In extreme cases,
when the cover thicknessis equal to half the column depth, equation (2) shows that the contribution
of the reinforcement is zero and the overall response is completely governed by the concrete,
regardless of the reinforcement ratio and corresponding stresses. Similarly, if the reinforcement
ratio is reduced, the sectional forces carried by the reinforcing bars are reduced and their
contribution to sectional moment also becomes smaller. As aresult, the concrete contribution to the
overal response increases and the cyclic behavior shows greater pinching and a smaller energy
dissipation capacity.

If there is no axial compression, the resultant C' of compressive forces, carried by the concrete
fibers at zero displacement during unloading and reloading, is nearly zero and is located very close
to the centerline. In other words, X' is small. Since equation (3) should aways be satisfied, the
stresses in the reinforcing bars on the tensile and compressive side (o'y and o’ «) are opposite in
nature because the axial load P is zero and the resultant of concrete compression C' at zero
displacement is aso small. This tendency increases the contribution of reinforcement to the section
moment, and the overall cyclic response of such columns becomes very close to the cyclic behavior
of the reinforcing bars, showing larger loops with a higher energy dissipation capacity. On the
other hand, if a high axial load is applied, there is significant compressive strain with a very small
strain gradient throughout the cross-section even at zero displacement. The high axial load induces
compressive stresses in the reinforcing bars on both sides, which reduces the contribution of
reinforcement to the section moment. As a result, the sectional force carried by the concrete
becomes greater, and concrete contribution to the overall response increases. Hence, the overall
cyclic response of such columns is closer to the cyclic behavior of concrete, showing greater
pinching and a smaller energy dissipation capacity.

4. Nonlinear analysis of RC columns

4.1 Material modelsfor FEM analysis

A three-dimensional and nonlinear finite-element analysis program called COM3 (Concrete Model
in 3D) is used to analytically predict cyclic behavior of RC columns. In COM3, the columns are
represented by frame elements, which are analyzed using fiber technique [3][4]. In fiber technique,
each element is represented by a single line coinciding with the centerline of the member. The
member cross-section is divided into many cells or sub-elements. The strain of each cell is
calculated using Euler-Kirchoff’s hypothesis, which states that a plane section remains plane after
bending. The stress carried by each fiber is calculated from the axia strain in that fiber using the
material models that represent the average stress-strain relationship. As is well known, the overall
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Figure 8 Fiber technique and material models

response of each element is the integrated response of these fibers and the overall response of the
member comprises all of the element responses.

In fiber technique, the stress field is reduced to one dimension along the axis of afinite element or
member. The shear force is then computed so that it is in equilibrium with the flexural moment
field. The out-of-plane shear failure is not inherently captured due to degenerated formulation of
the stress field adopted for the sake of simplicity. In-plane shear deformation is considered,
however, using Timoshenko's beam theory. Conclusively, if the shear strength of the concerned
structure is high enough to ensure flexure failure, the performance of the fiber technique is
sufficiently reliable to analytically predict flexural behavior.

Figure 8 shows the schematic representations of fiber technique as well as the material models used
for concrete and reinforcement in each fiber. The models for concrete consist of the elasto-plastic
and fracture model [5] combined with the cover concrete spalling criteria for concrete in
compression and the tension softening model for concrete in tension, which includes the effects of
RC and PL zones [6]. Similarly, the models for reinforcing bars incorporate the average stress-
strain relationship, including the effect of buckling during compression and the effect of bond
during tension [7]. For the cyclic behavior of reinforcing bars, the equations proposed by Giuffre-
Menegotto-Pinto [8] are used to represent the Bauschinger effect. For concrete, path-dependent
cyclic curves [7] are used in the analysis. All of these models are path-dependent and include
loading, unloading and reloading conditions. They have been satisfactorily verified at the element
and member levels, and have been incorporated into COM3 to permit analysis of reinforced
concrete under monotonic, cyclic and seismic loading.

4.2 Mesh size independent average models

In FEM analysis of RC structures, the members are discretized into several elements that are
analyzed using constitutive models representing an average stress-average strain relationship.
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These smeared material models calculate the average stress in each element corresponding to the
spatialy averaged strain throughout the element domain. The tri-linear relationships (Figure 9)

between the average compressive stress and the average compressive strain within the buckling
length of areinforcing bar are described by equation (4).

o O'* &E—&
_21_(1__*}{ * y} forg<e< e
o) o) & —5y

o=0 —002E,(s—¢);

(4)

for e> &
0'20.2fy;

In equation (4), i and o are the local stresses corresponding to ¢ (current strain) and ¢ (strain at
the intermediate point), respectively. Similarly, & and Es are the yielding strain and Young's
modulus of the reinforcing bar. The coordinates of the intermediate point (&*,0*) can be calculated
as shown in eguations (5) and (6). In these equations, L/D is the slenderness ratio, f, is the yield
strength of the reinforcing bar in MPa, and « is a constant.
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Equation (7) calculates the plastic compressive strain in longitudinal reinforcing bars that causes
spalling of the surrounding cover concrete. Here, L is the buckling length determined by stability
analysis [9] and a, = (4+K) G/ f; is the splitting crack width, where k, G; and f; are the fracture
parameter in the elasto-plastic and fracture model [5], the fracture energy, and tensile strength of
the concrete, respectively. Note that the average strains in the buckling and spalling models
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represent the spatially averaged values of local strains within the buckling length of longitudinal
reinforcing bars. Hence, if the element size is equal to the buckling length, these models can be
directly applied with perfect consistency. Nevertheless, the size of the element in the FEM mesh of
RC members is not necessarily always equa to the buckling length. One can expect larger or
smaller elements depending on the overall size of the structure and the nature of the problem. In
such cases, the spalling and buckling models need slight modifications if they are to be consistently
applied to finite element analysis.

Figure 9 is a schematic representation of the influence of relative element size on the average
compressive strain. Two cases are cited in the figure: one case with a buckling length greater than
the element size, and one case with a buckling length smaller than the element size. The loca strain
profile is highly irregular within the buckling length, while the other parts of the reinforcing bar,
which do not undergo lateral deformation, have equal and uniform strain. When the element sizeis
greater than the buckling length, the average strain of the straight part is smaller than the average
strain of the buckled part. Hence, the average strain in an element will be smaller than the average
strain within the buckling length. In other words, even a smaller average strain in large elementsis
sufficient to cause large local strain resulting in earlier spalling and buckling. In contrast, the
average stress becomes closer to the local stress as the element size becomes smaller compared
with the buckling length. Conseguently, the average element strain is larger than the average strain
within the buckling length. It means that a larger average strain is required in small elements to
cause local buckling of the reinforcement and spalling of the cover concrete. The effect of the
relative size of the element and the buckling length in an average compression stress-strain
relationship is also shown in Figure 9.

It is understood that the average strain is the same as the local strain in the elastic range,
irrespective of the element size. The average strain in the post-buckling region, however, is
sensitive to the mesh size. To qualitatively incorporate this mesh size sensitivity, the element-based
average plastic strain of the reinforcement is obtained as the product of the average plastic strain
within the buckling length and the square of the ratio of the buckling length to the element size.
Thus the calculated average strain in the element domain is used in the buckling and spalling
models. Moreover, the softening stiffness in the buckling model is also multiplied by the square of
the ratio of the element size to the buckling length. This mesh size consistency in terms of the
buckling of reinforcing bar is performed on the same line of tension based fracture model [7]. The
second power (of the L/H ratio) is not exact but has been found to provide better consistency as
shown by the verification in the next chapter. If the deformation is completely confined to within
the buckling length or element length, whichever is smaller, and no deformation occurs in the other
parts, then L/H gives an exact transformation. As strain exists throughout the reinforcement axis,
this multiplication factor is not necessarily equal to L/H. Due to the nonlinear nature of the strain
distribution, the exact determination of this coefficient is rather complex and presents a challenging
problem to be addressed in the future.

To check the performance of the aforementioned method of eliminating size sensitivity in finite
element computation, fiber analysisis performed with

and without considering size sensitivity.  The # 4 MPa
geometrical details of the laterally loaded cantilever —ppf A A
column used for this purpose are shown in Figure 10.
The yield strength and Young modulus of D19 steel
bars are assumed to be 300 MPa and 200 GPa,
respectively. The compressive strength of the concrete
is assumed to be just 2 MPa. The small strength value
is intentionally assumed so that the reinforcement v
model in compression governs the flexural behavior 55 om
of the column, and the proposed mesh size _ _ T
independent compression model of reinforcement can  Figure 10 Specimen for verification
be directly verified. The concrete material model is of mesh-size sensitivity
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Figure 11 Verification of mesh-size consistent computation

also affected by the element size. However, due to the small value for the strength of the concrete,
the result is unaffected by the size effect of the concrete. This fictitious column was chosen just for
computational verification and does not represent the standard RC columns used in real structures.
In order to study element size sensitivity in norma RC columns, the size effect in the concrete
model should also be properly addressed.

A constant axial compressive stress equal to 4 MPawas applied to thisfictitious RC column, which
was again subjected to monotonic lateral displacement at the top. The column was discretized into
small finite elements that were analyzed using fiber technique. The size of the bottommost element,
which governs the overall flexural behavior, was varied in order to investigate size dependency.
Two sets of analyses were conducted, one for a buckling length of 15 cm and one for a buckling
length of 75 cm, so that the element size would be respectively larger and smaller than the buckling
length. The results of these analyses are shown in Figure 11.

As expected, compression yielding and buckling occurred before cracking and tension yielding,
and the overall behavior closely followed the compression model for the reinforcement used in the
analysis. It can be observed that in the case where the ratio of element size to buckling length was
small, the post-peak load showed rapid degradation when the average stress-strain relationship
based on buckling length was directly applied. This is because the smaller the element size, the
larger the effect of strain localization on the average strain in the element domain would be. Once
the average compression model is adjusted to rationally represent the average behavior within the
element domain, the computed post-peak responses are nearly unique. It verifies that the proposed
modifications successfully make the average compression model independent of the finite element
size.
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Figure 12 Member level verification of analytical results of tested columns

However, a small difference in the yielding load can be seen in the computed responses for
different element sizes. This difference is rooted in the basic principle of finite element
formulation; i.e., the element response is calculated based on some referential gauss points, the
positions of which vary proportionaly to the element size. Consequently, the bottommost gauss
point shifts upward if a larger element is used at the bottom and the yielding load is dightly
overestimated. Although size dependency at the element level can be avoided by using models
independent of mesh size, some effect of element size till remains at the structural level. It is
therefore recommended that very large element sizes not be used in the sensitive region, where the
maximum moment occurs.

4.3 Analvytical results and verification

Using fiber technique and the af orementioned material models, the five RC columns were analyzed
and the analytical results compared with the experimenta results for verification at the member
level. Each column was represented by five frame elements, each 30 cm long, and the cross section
was divided into more than 200 cells. In other words, one element consisted of more than 200
fibers. Asthe footing and the connections were sufficiently rigid during the experiment, the footing
was not explicitly considered in the analysis, and a fixed support was provided at the base of the
column. In case of axially loaded columns, a constant level of compression was applied at the top
of the topmost element and the total Lagrangian geometrical nonlinearity included the P-delta
effect. Pullout of the reinforcing bars at the column-footing joint was taken into account by using a
link element between the fixed support and the bottommost frame element, which was analyzed
using the exact bond pullout model [10].

The analytical and experimental results for columns 1-4 are shown in Figure 12. In column 1,
gpalling of the cover concrete occurred when the applied displacement reached 15 mm, which was
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very close to the value observed in the experiment. In the experiment, a gradual decrease in the
lateral load could be observed after initiation of cover spalling. On the other hand, the analysis
showed a sudden decrease in the load. This is because the spalling model abruptly ignored the
strength of the cover concrete fibers once the nearby reinforcing bars experienced the spalling
strain. In the analysis, buckling took place during the last loading cycle, as was the case in the
experiment. It was found that the analysis could predict the post-peak softening behavior as well as
the dlight pinching in the cyclic loops, and the results of the anaysis were closer to the
experimental resultsin spite of the small difference in the peak 1oad.

For column 2 also, the results of the analysis and experiment were found to be in good agreement.
Matching the facts of the experiment, spalling and buckling mechanisms did not appear in the
analysis because the compressive strain in the reinforcement fibers were not large enough.
Consequently, softening in the load-displacement relationship was not noticed even in the high-
displacement range, in both the experiment and the analysis. Moreover, in the analysis, pinching
was not observed and the higher energy dissipation capacity was prominent. However, the cyclic
loops in the load-displacement relationship were found to be dightly larger in the analysis than in
the experiment. It is noteworthy to mention here that in load reversal, buckling and spalling may
occur in spite of a small compressive strain if the reinforcement plastic strain during tension is
large. However, in the cyclic loop of the reinforcement model used in this analysis, buckling was
assumed to be independent of the tensile strain in the loading history. In other words, only isotropic
hardening was taken into account. Kinematic hardening in the cyclic model of reinforcement will
be included in the near future.

Similarly, the analytical load-displacement curve for column 3 was found to be close to that
observed in the experiment. In both the experiment and the analysis, the cyclic load-displacement
curves passed through the vicinity of the origin, causing severe pinching and a smaller load at zero
displacement, which ensured a smaller energy dissipation capacity. Agreeing with the instability
observed in the experiment, the analytical |oad-displacement curve also showed a sharp reduction
in the load after the applied displacement reached around 30 mm. As the reinforcing bars were
located only at the center and no axia load was applied in column 4, the contribution of the
reinforcement to the overall response was small and the shape of the overall cyclic loop followed
that of the concrete material model adopted in the analysis.

However, the analytical response was observed to be very close to the experimental response.
Analysis could capture the cyclic path as well as the release of the load-carrying capacity due to
high compression of the concrete when the applied displacement reached around 45 mm. This
could also be observed in the experimental response curve. Although residual displacement during
load reversal was significant, the cyclic loops asymptotically followed the horizontal axis (zero-
load line), resulting in a very small load at zero displacement. Consequently, the cyclic response
showed a pronounced pinching effect and a smaller energy dissipation capacity.

4.4 Detail analytical investigation

Figure 13 shows the load-displacement curves for column 5 in both the experiment and the analysis,
along with the stress-strain history of a reinforcing bar and the moment contributions of the
reinforcement and the concrete fibers, which were obtained from the FEM analysis. As mentioned
earlier, the experimental |oad-displacement curve passed very near the origin during unloading and
reloading, which is unlike the response of norma RC columns. In order to understand the cause of
this behavior, nonlinear finite element analysis using fiber model was carried out. Figure 13 shows
that the overall responses in both analysis and experiment are very similar, although the residua
displacement predicted by analysis is dightly smaller than that observed in the experiment. The
stress-strain history of one of the reinforcement fibers is a'so shown in Figure 13, which illustrates
that the reinforcement has already yielded.
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Figure 13 Analytical results of column 5

Despite reinforcement yielding, however, the cyclic loops of the load-displacement curve (both in
experiment and analysis) were very narrow and showed high pinching. The moment at the fixed
support was then divided into two parts: that carried by the steel fibers and that carried by the
concrete fibers. As can be seen in the figures, the moments carried by the reinforcement and the
concrete at around zero displacement during reloading and unloading are very small. It is well
known that the residual displacement and energy dissipation capacity in the load-displacement
relationship of such structures come mainly from the reinforcement. In this case, however, unlike
with standard structures, the contribution of the steel is around 1/10 that of the concrete. Thisis due
mainly to the small reinforcement ratio and the small arm length, which is the result of the large
cover. Apart from this, the steel itself exhibited a response with high pinching in the small-
displacement range due to the presence of high axial compression. Hence, the overall response was
very similar to the cyclic path of concrete fibers.

Cyclic analysis was further done for higher loadings, and one loop with applied displacement from
20 mm to —20 mm was investigated in greater detail. Figure 14 shows the average strain
distribution and force carried by the fibers along the column cross-section at three instants (at two
opposite peaks and at zero displacement). The discrete dot points shown in the force distribution
curve represent the normal forces carried by the reinforcing bars at the corresponding locations. As
expected, the strain distributions are linear, and even at zero displacement, there is compressive
strain throughout the cross-section due to axial compression. Consequently at zero displacement,
all the fibers are in compression and the force distribution (in both the concrete and the steel fibers)
is nearly symmetrical, resulting in a small moment inducing avery small load at zero displacement.

In contrast, the force distributions at extreme displacements indicate that the forces carried by the
reinforcement fibers in the two sides have different signs. A high compressive force is carried by
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Figure 14 Strain and force distributions in fibers across the cross-section

the concrete fibers in one side while the other side carries a very small tensile force. As a resullt,
both the concrete and the reinforcement contribute to create a significant amount of moment, and
the corresponding lateral loads are also high. A similar tendency can be expected in every loop.

A similar analytical investigation was carried out for one more case. The basic geometrical and
mechanical properties of this column are the same as those of column 5, but the cover thickness is
23 mm and there is no axial load. Figure 15 shows the analytical load-displacement curve, along
with the separate responses of the steel and the concrete fibers, as well as the strain and force
distribution across the cross-section for three instants of one cyclic loop (applied displacement
equal to 25 mm, 0 mm and —25 mm). As this figure illustrates, the cyclic response of the
reinforcement shows wider loops without pinching due to the absence of axial compression, and
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Figure 15 Detail investigation of column without axial load and with small cover
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the relative contribution of the reinforcement to the section moment is significantly higher than that
of the concrete. Consequently, the load-displacement curve for this column reveaed a
comparatively higher energy dissipation capacity. The strain and force distributions across the
cross-section for extreme displacements are qualitatively the same as for column 5 except for the
larger neutral axis depth.

However at zero displacement, there was a significant amount of tensile strain across the cross-
section, and the forces carried by the concrete fibers were very small and symmetrical, ensuring a
negligible contribution from concrete to the overall response at this instant. Obvioudly, to satisfy
equilibrium conditions, the forces carried by the reinforcement fibers on the two sides are opposite
in nature since no external load is applied. These opposite forces in the reinforcement contributed
to the large section moment, producing a significant load at zero displacement.

4.5 Parametric study

The above discussion shows that the post-peak response and energy dissipation capacity of RC
columns depend on the cover thickness, the reinforcement ratio and the axial load. The qualitative
interrelationship of these parameters and the post-peak cyclic response can now be anayticaly
assessed. A rectangular column, geometrically similar to the tested columns, was considered. This
column had the following material properties. f. = 30 MPa; fy = 350 MPa; Es = 200 GPa. The
reference column had a reinforcement ratio of 1.21%, a 48 mm thick cover, and 250 kN axial
compression applied at the top of the column. For the other three columns, these parameters were
modified in order to permit comparison with the reference column. Figure 16 illustrates the load-
displacement relationships and the values of these parameters for the different columns. This figure
reveals that the response of the reference column shows significant energy dissipation capacity
with slight pinching. When the axial load is removed, the pinching disappears and the energy
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dissipation capacity increases. Moreover, it can be observed that the energy dissipation capacity
decreases and pinching becomes more severe as the reinforcement ratio decreases and also as the
cover thicknessincreases.

A comparison of these four cases also provides a clear explanation of the post-peak response
envelope. In the reference column, a sudden drop in the post-peak load due to cover spalling could
be clearly observed. The post-peak response showed softening behavior due to the inelastic
material nonlinearity (cover spalling and reinforcement buckling) and geometrical nonlinearity (P-
delta effect). If the axial compression is removed, the P-delta effect disappears, and spalling and
buckling do not occur. Consequently, the post-peak curve was stable. Reducing the amount of
reinforcement produced higher post-peak softening because compression-softening of the concrete
becomes more dominant as the contribution of the reinforcement becomes smaller. Last but not
least, increasing the cover thickness accelerated the post-peak softening. Note that if the cover
thickness is large, a comparatively higher curvature is required to induce the same strain in the
reinforcing bars, which dightly delays both cover spalling and reinforcement buckling. However,
once these phenomena occur, load degradation in the post-peak range is faster. In other words, the
response is more brittle.

5. Conclusion

Five reinforced concrete rectangular columns with different reinforcement ratios, cover thicknesses
and axial loads were subjected to cyclic lateral displacements. Analyses were also carried out and it
was found that coupled geometrical and material nonlinear finite element analysis reliably
predicted the peak load, post-peak response, and cyclic loops with sufficient accuracy. The
compression model of reinforcement, including the buckling mechanism that originally relates the
average stress and average strain within the buckling length, was enhanced so that the overall
computation would be independent of the element size in a finite element mesh. Based on fracture
energy considerations, the post-yielding stiffness of the original buckling model was adjusted to
obtain the average compression behavior of the reinforcement in the finite element domain. The
proposed mesh size independent buckling model was proven valid with the help of finite element
analyses of afictitious RC column having different element sizes. Enhanced frame analysis using
the cover spalling and reinforcement buckling models reliably captured the post-peak softening due
to material and geometrical nonlinearity. The analytical results show that the post-peak response
envelope and the cyclic loops are governed by the applied axial load, the reinforcement ratio and
the thickness of the cover concrete.
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