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Abstract

There are many reinforced concrete structures throughout the world that have been built in the past decades
and lack appropriate seismic details and reinforced by plain bars. To study the behavior of such buildings,
seven beams have been tested under cyclic and monotonic load. The specimens include substandard beams
and beams with standard details reinforced either by plain bars or by deformed bars. The tests indicate that
the substandard specimens sustain relatively large slip of longitudinal bars, separation of specimen relative to
foundation and sliding at large deformation phase. The standard specimens reinforced by plain bars perform
almost similar to standard specimens with deformed bars, in terms of elastic stiffness and lateral displacement
ductility; but, they sustain larger slip, smaller yield strength. The damage index defined by (Park and Ang
1985) has been used and the index has been correlated to experimental results.
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Introduction

There are many buildings throughout the world that have been built in the past decades and lack appropriate
seismic details and have been reinforced by plain bars. To study the behavior of such buildings, seven beams
have been tested under cyclic and monotonic load. The specimens include substandard beams with deficient
seismic details and reinforced by plain bars, beams with standard details but reinforced by plain bars, and beams
with standard details reinforced by deformed bars. The test program has been carried out at the structural
laboratory of the University of Tehran.

There are numerous reports of experimental and theoretical studies on reinforced concrete members with
deformed bars (e.g., Jae-Yeol Cho and José A. Pincheira 2006, Marefat et al., 2006, Chien-Hung Lin and Shih-
Ping Lin, 2005, Melek and Wallace 2004, Patrick et al., 2004, Nathan and Harmon, 2002, Hindi et al., 2001,
Lehman and Moehle 1998, Filippou et al., 1999), but study of members reinforced with plain bars is limited.
Fabbrocinoa et al., (2004) reported some key aspects of structural models of smooth reinforcement for old-type
RC frame. Results of experimental tests on smooth rebars and circular hooks and anchoring devices are also used
to discuss some aspects of behavioral models of beam-to-column critical regions. Fabbrocinoa et al., (2005) did a
series of tests on smooth rebars. The tests aimed at describing in detail the force—slip relation for the bond
mechanism of straight rebars and of anchoring end details. Fabbrocinoa et al., (2007) presented an insight on the
assessment of relationships between crack width and reinforcement stress in the critical regions of existing
concrete buildings, such as column base or beam—column joints, reinforced with smooth bars. Bond strength
results from 252 plain bar pullout specimens have been presented by Lisa R. Feldman, (2005). Parameters
investigated include: concrete compressive strength, bar size, bar shape, concrete cover, and bar surface
roughness. Empirical equations based on test results are presented to predict the maximum and residual average
bond stresses for plain bars. Jianzhuang Xiao and Falkner, (2005) reported a series of thirty six pullout tests in
order to investigate the bond behavior between recycled aggregate concrete and two types of steel rebar, i.c.,
plain and deformed. According to the results, the bond strength between the recycled aggregate concrete and the
plain rebar decreases with an increase of the recycled aggregate concrete replacement percentage, whereas the
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bond strength between the recycled aggregate concrete and the deformed rebar has no obvious relation with the
recycled aggregate concrete replacement percentage. Pandey and Mutsuyoshi, (2005) have had some
experimental tests on columns which have been reinforced by six different bond conditions, varying from perfect
bond to perfect unbond. The study showed that the failure mode at the ultimate state could be changed from
shear to flexure by reducing the bond strength of the longitudinal bars. Bousias et al., (2007) carried out an
experimental study to assess the effectiveness of RC jacketing or FRP wrapping for seismic retrofitting of
rectangular columns having smooth (plain) bars with 180° hooks lap-spliced at floor level. The relatively low
deformation capacity and energy dissipation of five un-retrofitted columns is found not to depend on lap length,
if lapping is not less than 15 bar-diameters.

In this study, cyclic behavior of concrete beams reinforced by plain bars has been investigated. In total, three
types of specimens have been tested: substandard specimens, standard specimens designed in accordance to
ACI-318-99 but reinforced by plain bars, and standard specimens reinforced by deformed bars. Emphasis is
placed on mechanical characteristics of beams affected by smooth surface of bars such as lateral deformation
capacity of beams at different stages and different mechanisms contribute to failure of beams.

Experimental Investigation

Test Specimens

In total seven beams have been tested, five beams have been reinforced by plain bars (SPM-5, SPC-6, SPC-7,
SSPC-1, and SSPC-2) and two beams have been reinforced by deformed bars (SDC-3, SDC-4). Specimens
SSPC-1 and SSPC-2 represent substandard concrete beams of an aging building, i.e., reinforced by plain bars,
with too widely spaced stirrups, and relatively small amount of both longitudinal and transverse reinforcement in
comparison to minimum detailing requirements of ACI-318-99. Specimens SPM-5, SPC-6, SPC-7, SDC-3, and
SDC-4 are designed according to seismic provisions of ACI-318-99 for intermediate moment frame. Specimens
SPM-5, SPC-6, and SPC-7 represent standard beams with plain bar reinforcement.

The naming scheme used for different specimens reads, for example SSPC-1, the first S means substandard, the
second S means specimen, P means plain bar, and C means cyclic loading. For standard specimens the first S is
eliminated so we have SPM-5, SPC-6, and SPC-7. The letter M in SPM-5 means monotonic loading. And for
standard deformed bar specimens SDC-3, SDC-4, the letter D means deformed bar.

Properties and dimensions of the substandard specimens are similar to those of a reference building that has been
built about 70 years ago and represents many old public concrete constructions in Iran. The modern specimens
represent average characteristics of common five story residential buildings in Iran. The latter have been tested
not only to examine the effect of plain bar on cyclic behavior relative to deformed bar but also to compare old
type constructions with modern types. The scale of specimens is 1:2 in dimension, except for beam SSPC-1 with
a scale of 3:8. Table 1, Figure 1, show details of different specimens. Structural members of old buildings are
usually characterized by relatively large sections with relatively small amount of reinforcement ratio in both
longitudinal and transverse directions. Modern buildings usually use smaller sectional area and larger
reinforcement ratio relative to old buildings. All of those characteristics are seen in the test specimens.

Table 1. Type of details and properties of materials of different specimens

Longitudinal bars
Detail of Type of fc Yield Ultimate
Specimen Yield Ultimate
reinforcement bar (MPa) | stress stress
strain strain
(MPa) (MPa)
SSPC-1 23 356 .0017 490 0.18
Substandard Plain SSPC-2 27.8 356 .0017 490 0.18
SPM-5 29 356 .0017 490 0.18
. SPC-6 25 356 .0017 490 0.18
Standard Plain SPC-7 25 356 | 0017 | 490 0.18
SDC-3 23 412 .0018 510 0.18
Standard Deformed SDC-4 14 412 .0018 510 0.18




([

The 4™ National Conference on Civil Engineering- May 2008, University of Tehran

,._ZD_O_.| ,_&.' ,_&.‘
o 4012 Q 3812+1610 o 4512
N 1610+2812 T6TOFT812 & 1810+2812
p8@45mm
28@45mm B@45mm
SPM—-5 & SPC-6 SPC-7 SDC-3
150 150
200
288+1610 N7 | 408
3 | £6@200mm o | #60200mm G 3812+1810
M 208 M [ 408 Ny 1610+1812
28@45mm

SSPC-1 SSpPC-2 SDC—4

Fig. 1. Cross section of different specimens (dimensions in mm).

Load Pattern and Test Setup

A horizontal hydraulic actuator, with a capacity of 100 KN, applies load to the free end of the specimen in two
opposite directions. Deflection at the top of specimens is measured by the horizontal actuator as well as by an
additional horizontal LVDT. Loads are measured by load cells which are built in the actuators, and horizontal
and vertical displacements at critical sections are recorded by several LVDTs. Several strain gauges are attached
to longitudinal and transverse bars, to measure the magnitude of strains before yielding of specimen. The strain
gauges did not work over large deformation range. The test setup is shown in Figure 2. Horizontal loading has
been applied in stroke control mode, in a quasi-static manner, and follows a pattern given in Figure 3.
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Fig. 2. Test setup for beams with standard details (dimensions in parentheses relate to substandard
specimens), all dimensions are in mm.

Hysteresis Behavior of Substandard Beams with Plain Bars

Figure 5 shows hysteresis curve of beam SSPC-1. The initial response is relatively stiff, and after yield, a local
peak at a drift ratio of 0.6% is formed. At this stage, the value of ductility is as small as 1.2 in the pull side of
curve. At this stage, relatively large slip of longitudinal bars from foundation begins, and this is evident from
local drop in the curve which is followed by a stable response with a relatively horizontal form that continues to
final stages of test. In-cycle strength deterioration in Specimen SSPC-1 is 18% while out-cycle strength and
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stiffness deterioration up to drift ratio of 3% is not significant. At large deformation phase, the specimen has
completely separated from the base (Figure 4) and lateral deformation is mainly caused by rigid body sliding of
specimen relative to the base, in addition to opening of transverse cracks. Since the specimen is separated from
the base, most of lateral resistance is provided by dowel action of longitudinal bars.
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Fig. 4. Complete separation of Specimen SSPC-1 Fig. 3. Pattern of lateral loading
from the base.

For beam SSPC-2, the curve shows a symmetric shape with a relatively stiff initial response. The non-linear
branch reaches a maximum at a drift ratio of 0.5%, ductility of 1.9, where the curve loses almost 16% of the
maximum strength at this stage. At this stage, relatively large slip of longitudinal bars from foundation begins,
and after local drop, a stable response emerges and continues until buckling of longitudinal reinforcement. In-
cycle strength deterioration in Specimen SSPC-2 is 23% while out-cycle strength and stiffness deterioration up
to drift ratio of 1.5% is not significant. At large deformation phase, the specimen has completely separated from
the base (Figure 4) and lateral deformation is mainly caused by rigid body sliding of specimen relative to the
base, in addition to opening of transverse cracks. Since the specimen is separated from the base, most of lateral
resistance is provided by dowel action of longitudinal bars.

Hysteresis Curves of Standard Beams with Plain Bars

Figure 5 shows the cyclic response of SPC-6, the monotonic response of SPM-5 and the hysteresis curve of
Specimen SPC-7. These specimens are detailed according to the current seismic codes, ACI-318-99, with the
exception of using plain bars. The curves demonstrate an initially relatively stiff and linear response before
appearance of large displacement stage. The cyclic curves experience local maximum of strength which is
followed by a stable resistance and a relatively ductile response.

The local decline of strength is not seen in the monotonic behavior but the curve shows a relatively good envelop
for the cyclic response. After yield, the specimens do not show any significant hardening behavior and slope of
the curve is less than 2% of initial slope.

In-cycle and out-cycle strength deterioration and stiffness degradation are ignorable up to drift ratios of 3% and
4% for specimens SPC-6 and SPC-7, respectively. At those drifts, relatively large slip in longitudinal bars
begins, and relatively sudden drop of in-cycle strength of about 13% and 42% in SPC-6 and SPC-7, respectively,
in the positive side is observed. The main cause of loss of strength may be explained by slip of bars into
foundation. There are not any hardening effects in behavior of both sides of specimens.

Hysteresis Curves of Standard Beams with Deform Bars

According to the figure 5, for cyclic response of SDC-4, and hysteresis curve of Specimen SDC-3 it is seen that
the initial response of the specimens is almost similar to the response of standard plain bar specimens. With
increase of displacement, pinching effect appears gradually, especially, over relatively large deformation range.
But, pinching is much less relative to standard plain bar specimens. In addition, the rate of stiffness degradation
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and in-cycle and out-cycle strength deterioration are negligible relative to plain bar specimens. This is
anticipated because of larger slip of smooth bars relative to deformed bars.
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Fig. 5. Hysteresis curve of different specimens

Damage Assessment of Members at Different Levels

An index of damage may be used to quantify energy dissipation capacity of structural members. A damage index
is usually defined such that basic characters such as strength, displacement, stiffness, and energy dissipation are
taken into account. Various damage indexes are reported in the literature, e.g., (Park and Ang 1985); (Meyer et
al. 1988); (Powell and Allahabadi 1988); (Fajfar 1992); (Cosenza et al. 1993); (Williams and Sexsmith 1995);
(Ghobarah et al. 1999). A damage index is usually normalized between 0 and 1. No damage is expected when
the index is 0 and full collapse anticipated when the index is 1.

In this study, the damage index defined by (Park and Ang 1985) has been used and the index has been correlated
to experimental results. The damage index is described by “Eq. (1)” as follows.
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Where U,,,x is maximum displacement in member under loading, U, is maximum displacement capacity in
monotonic loading, Ey is dissipated energy and P is a constant coefficient. Based on experimental results, the
value of [] has been determined as 0.15 in this work. Variation of damage index versus inelastic drift specimens
is presented in Table 2. It is seen that the substandard specimens undergo much more severe damage relative to
modern specimens under identical drift ratios. On the other hand, both types of standard specimens, i.e., plain bar
and deformed bar specimens, show almost similar performance and sustain comparable damage under identical
drift ratios. For example, modern specimens undergo a damage index of about 0.2 at a drift ratio of about 0.5%,
while the corresponding drift ratio for modern specimens is about 1.7%. Also, for a damage index of 0.55, the
average value of drift ratio for substandard and standard specimens is 1.5% and 4.9%, respectively.
Table 2. Damage index and inelastic drift ratio of specimens

% Drift Ratio (%)
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0.02-0.06 | 0.17 | 0.17 | 0.17 | 0.17 | 046 | 047 | 0.20 | 0.19 | 0.63 - 0.45 -
0.17-0.22 | 0.53 | 0.48 - - - 1.15 1.84 | 1.84 | 2.52 1.89 134 | 1.16
0.30-0.35 | 1.06 | 0.94 | 0.67 | 0.67 | 3.07 - 230 | 2.30 | 3.78 | 3.15 | 2.23 | 3.03
0.40-0.47 - 1.60 | 0.93 - 320 | 3.07 | 3.84 | 3.84 - - 3.12 -
0.50-0.60 | 1.60 | 2.13 1.30 | 093 | 6.15 - - - 505 | 441 | 4.00 | 5.00
0.65-0.80 | 2.13 | 2.50 - 1.30 - 6.15 | 538 | 538 | 630 | 5.67 - -
0.90-1.00 | 2.66 | 333 | 2.00 | 2.00 | 7.81 692 | 7.69 | 7.69 | 7.56 | 693 | 5.80 -

Average Curvature

Internal measurement of strain distribution can be used to interpret curvature, but the accuracy is limited to the
accuracy of the strain gauge measurements and limited by the finite length of the gauges. Where bond loss
occurs, use of strain gauge reading to interpret curvature may not be realistic. Typically, the external vertical
displacement devices are used to measure curvature. Although it is reasonable to assume that these devices
provide reasonable estimates of the rotation of the segment over which they extend, extrapolation of these
rotation measurements requires making assumptions about the curvature distribution. The resulting values may
provide an estimate of the distribution of curvature over the specimen height.

Rotation of a segment is approximated using the external vertical displacement gauges. Engineering expressions
approximate the curvature of an infinitesimally small segment subjected to pure rotation as the strain divided by
the rotation arm (or natural axis depth). Experimentally, it is not possible to measure the curvature of an
individual plan. Instead, average segment curvature is approximated from the measured segment rotation. At
each plan, vertical instruments measuring the extension and compression, V, and V| of the segment were placed
a width, W, apart. The rotation of segment I is assessed using Equation

Avsi — Avni
Wi

b = ()

Assuming that the change in moment over the segment is small (i.e., an approximately uniform curvature
distribution), the average (or equivalent uniform) curvature of Segment I with depth, h;, is assessed using
Equation.

o,
¢ = . 3)

According to these Formulas the average moment-curvature response has been calculated and the recorded
moment-curvature response at different levels of specimens has been shown in Figure 6.






