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Abstract
Background/Objectives: Investigation the behavior of lightweight aggregate concrete beams and connection under cyclic
loading and compare it with the behavior of concrete beam with normal weight. Methods/Statistical Analysis: This study
is focused on the experimental investigation of the behavior of the beams constructed of scoria lightweight aggregate
concrete. Five samples of cantilever beams are developed; tree of which are made of lightweight aggregate concrete, while
two are made of normal weight concrete. In this paper, performance of the plastic hinge in the flexural beams made of
lightweight aggregate concrete is investigated based on the stiffness reduction parameters, pinching phenomena, strength
reduction, and ductility. Findings: The results showed that beam stiffness, independent from strength, is reduced with
increase in the displacement cycles and in the high deformation cycles, pinching phenomenon occurs randomly. Also,
strength is not reduced with increase in amplitude of the cycles until reaching displacement ductility 4 and flexural
behaviors of normal and reinforced lightweight aggregate concretes are the same value. In deformation cycles with the
amplitude of 80mm, equivalent to ductility 4, no significance decrease in the strength is observed in force–deformation
curve. With respect to ratio of the shear span to significant depth of the test specimens, the flexural behavior is dominant
and the beams endure ductility of greater than 4. It is concluded that the reinforced lightweight aggregate concrete beams
with maximum lightweight aggregate size of smaller than 5mm have ductility behavior during the bending, similar to the
reinforced normal concrete beams. Application/Improvements: The results demonstrated that in flexural beams, type of
concrete (lightweight or normal aggregate) does not have particular influence on the stiffness reduction.
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1. Introduction
In seismic areas, the force caused by earthquake has
a considerable effect on the structures and the main
force on structures is caused by the force of earthquake.
Considering the fact that each structure is affected by
force of earthquake in proportion to its weight, one
method to reduce force of earthquake is reduction in
dead load of buildings. Since size of structural elements
is relatively large in reinforced concrete structures,
reducing specific weight of the concrete can significantly
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reduce the structure’s dead load. By employing different
types of lightweight aggregate materials and providing
appropriate mix design, it is possible to manufacture
lightweight concrete with sufficient strength. This type of
concrete not only provides the advantage of having a low
weight material, but also has acceptable level of strength
and durability equal to the normal weight concrete.
Reducing the dead load will result in decreased force
of earthquake, size of beams, columns, and foundation,
minimum required rebar, and costs. It could also increase
the required space via reducing size of columns, slabs,
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and beams. Due to insulation, lightweight concrete
prevents thermal energy loss and provides relatively good
resistance to fire.
In normal weight concrete, because of higher strength
of aggregate than the concrete mortar, the failure surface
passes around the aggregates and, as a result, the failure
surface would be a ridged and rough surface which
prevents the two surfaces around the shear cracks from
slipping over each other; even after the shear crack,
resistance would be generated due to the friction between
these rough surfaces, which prevents the sudden shear
degradation of the element1. However, due to the lower
strength of the lightweight aggregate than that of the
mortar, in the lightweight aggregate concrete, the failure
surface passes through the lightweight aggregate and,
as a result, after the concrete is cracked, both sides of
the failure surface would be flat; this issue would cause
the two flat surfaces to slip on each other without any
resistance in the diagonal cracks caused by shear failure
which lack resistance to degradation. According to the
above-mentioned discussion, it is concluded that the
elements made of lightweight aggregate concrete are
brittle and have less ductility than those constructed of
normal weight concrete.
Structures should have the ductility necessary for
bearing force of earthquake. Considering the fact that,
in structures, beam failure mechanisms provide more
ductility than the column failure mechanisms and the
impact of beam ductility is more significant than that of
columns. Also, according to the fact that, in most of the
lightweight concrete structures, floors and beams are made
of lightweight concrete and columns are made of normal
weight concrete, it is necessary to examine ductility of the
beams made of the lightweight aggregate concrete.
In elements of ductile reinforced concrete, after
the elements are yielded, plastic deformation would be
concentrated in a small area of element length which
is called plastic hinge. Performance of plastic hinge
determines the behavior of elements based on load
capacity and deformation2. In most ductile beams; plastic
hinge is formed on the side of the column at the beamcolumn connection. Formation of the plastic hinge on
the side of the column is a result of yielding longitudinal
rebar in this area3.
In previous years, some investigations have been
conducted on the behavior of beam-column subassemblage under loading similar to earthquake4–7. The
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aim of the present study is to investigate the behavior
of plastic hinge at the end of a beam made of natural
lightweight aggregate concrete under cyclic loading and
to compare it with the behavior of beam constructed of
normal weight concrete. To accomplish this goal, the
element connected to the column is tested such that the
column acts as a horizontal support for the vertical beam
element. In other words, the beam is located as a vertical
element under flexural and shearing effects. Horizontal
deformation at the free end of each specimen is applied
to the beam with no external axial force. Horizontal
deformation is applied to the beam so as to obtain its
behavior in the elastic and inelastic regions.

2. Experimental Procedure
To investigate the behavior of the beam and connection
under cyclic loading, five elements of reinforced beamcolumn sub-assemblage with the scale of 1:2 were
prepared from a building frame according to Figure 1 for
the tests. Size of the sample cross-sections was 20cm ×
20cm and length of the beam was 150cm. The main rebars included 4 re-bars with the diameter of 12mm and
the shear re-bar was a rebar with the diameter of 8mm and
interval of 10cm (Figure 1). Three specimens were made
of lightweight aggregate concrete, while two remaining
were made of concrete with normal weight. The scoria
aggregate with the maximum grain size of 5mm was used
to prepare concrete; also, cylinder strength of lightweight
aggregate concrete and its specific weight were obtained
respectively as 27MPa and 1800kgf/m3. The normal
weight concrete was prepared as a mixture of natural
aggregate with the grade of 300kg cement per m3, which
presented the strength of 21MPa.

Figure 1. Scheme of the tested specimen.
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Using the test results, shear force-displacement curve
was plotted for the free end of the beam and the overall
performance of the structure was investigated.
As shown in Figure 1, the action point of the force was
at 135cm distance from the column. As a result, length of
the shear span was 135cm and ratio of shear span length
to depth of the beam was 6.75. To transmit the force to
the beam, a sheet with the thickness of 2cm was used at
the end of beam and a hinge was used at the force point of
action. The column was connected to the rigid floor with
bolts as a support and force was applied to the specimens
using a jack that was connected to a load cell (Figure 2).

repeated for 3 times and the displacement amplitudes of
the cycles were gradually increased in elastic and inelastic
modes to the cumulative ductility of greater than 32.
Therefore, it was expected that the present displacement
scenario would test the specimen behavior under the
semi-seismic loading with severe cracking and failure.

Figure 3. Displacement scheme applied for
beams.

4. Hysteresis Analysis

Figure 2. Connection of jack to the beam.

3. Selecting the Applied
Displacement
The real effect of earthquake in nature is dynamic; but,
the hysteretic test simulated in this study had a semistatic effect. However, the difference between shape
of the hysteresis loops obtained from the semi-static
test and dynamic test was not significant. To create a
performance criterion for a ductile reinforced concrete
element, it is required for the element to experience
at least four full cycles of displacement history with
displacement amplitude in any direction corresponding
to a displacement ductility of 48. In such a scenario, it is
better to apply a gradual increasing cycle to the specimen
in elastic and inelastic modes. Hysteresis results in the
cumulative ductility equal to 32 could produce the same
results. A cumulative displacement ductility of 10 has
been recommended as a lower bound for a satisfactory
behavior under moderate or severe earthquake loadings5.
Displacement scenario used in this study is shown in
Figure 3, in which each displacement amplitude was
Vol 8 (28) | October 2015 | www.indjst.org

Figure 4. Hysteretic diagrams for lightweight
aggregate beams.
Hysteresis behavior is expressed by equations of shear force
against horizontal displacement. Hysteretic diagrams for
the specimens made of lightweight concrete and normal
weight concretes is shown in Figures 4 and 5, respectively.
Hysteresis analysis investigates the parameters that affect
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the overall form of the load-deformation equations
including stiffness degradation, pinching phenomenon,
and strength reduction.

lightweight concrete and normal weight concretes is
shown in Figures 7 and 8, respectively. As can be seen in
these figures, stiffness degradation was highly correlated
with the applied displacement ductility. Displacement
ductility µ has been defined as the ratio of maximum
displacement ∆ divided by the yield displacement ∆y
In order to find the best relationship between them,
regression analysis was conducted and Equations 1 and 2
were obtained for the element of lightweight concrete and
normal weight concrete, respectively.
k
= 0.951- 0.513Ln(m) 				
ky
k
= 0.967 - 0.48Ln(m) 				
ky

(1)
(2)

Figure 5. Hysteretic diagrams for normal
weight aggregate beams.

4.1 Stiffness Degradation

At the beginning of testing each specimen, a loading is
applied which ranges from 0 to the maximum loading.
Then, the loading process is continued by unloadingreloading mode. In this study, different types of stiffness
were investigated which included: secant stiffness k,
unloading stiffness kun and reloading stiffness kr (Figure
6). Stiffness was scaled with respect to the secant
stiffness at the beginning of yielding, while its variations
with ductility were investigated. First, stiffness was
independently obtained for each loading direction and
then its average value was determined.

Figure 7. Variation of secant stiffness with the imposed
displacement ductility for lightweight concrete.

Figure 8. Variation of secant stiffness with the imposed
displacement ductility for normal weight concrete.
Figure 6. Designation used for stiffness types.

4.2 Secant Stiffness

Stiffness degradation indicates the secant stiffness
variations during loading cycles based on the deformation
applied to the element. As can be seen in Figure 6, for
each loop, the secant stiffness was defined as the ratio
of maximum load to the corresponding displacement.
Stiffness degradation for the specimens made of
4
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4.3 Unloading Stiffness

In each loop, after the maximum load, tangent stiffness
is reduced with decreasing load (unloading) and stiffness
is minimized when the load reached zero. This issue
happens because, at the points of maximum load in the
loop, the cracks have their maximum value in the tensile
region and start to close after unloading. During inelastic
cycles, the cracks could not completely close at zero-load
points due to the effect of residual tensile strain in the
re-bar, softening of the concrete stress, and the residual
Indian Journal of Science and Technology
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slip between re-bar and concrete, which causes residual
displacement. Tangent stiffness during unloading depends
on the level of displacement and the corresponding load9.
In addition, tangent stiffness during unloading is declined
with an increase in the deformation at the beginning of
unloading10. In this study, decreased stiffness during
unloading was examined using equations between
hysteresis curve and the corresponding displacement
ductility. For a half loading cycle (e.g. positive half), the
stiffness unloading was obtained as follows:
kun =

Fi +
					
+
di+ - dres

(3)

Where Fi and δі are respectively the load and
displacement at point i and δres is residual displacement
of the loop .Unloading stiffness variations have been
extensively studied based on the applied ductility in the
previous articles and some equations have been presented
as a decreasing function as follows:
-n
ædö
kun
÷
ç
÷
(4)
= mçç ÷ 					
ky
çè d y ÷ø
In these equations, ķy and δy are respectively the
stiffness and displacement at the beginning of yielding.
These equations have been used in a general form for all
the hysteresis models proposed in the past10–13. According
to the present experimental work, the unloading stiffness
of the lightweight and normal weight reinforced concrete
beams is shown in Figures 9 and 10. Using regression
analysis, Equations 5 and 6 are recommended for
lightweight and normal weight concrete, respectively.
				
(5)
kun
= 1.0866m-0.433
ky
kun
= 1.226m-0.3383
				
(6)
ky

Figure 10. Figure 10. Variation of unloading stiffness
with the imposed displacement ductility for normal
weight concrete.

4.4 Reloading Stiffness

As mentioned earlier, at the end of unloading, there is a
considerable decline in the tangent stiffness. By starting the
reloading, new cracks appear again and expand on the new
tensile side, while the previous cracks are not completely
closed due to the residual strain and longitudinal re-bar slip.
In this case, shear stresses and shear deformations have a
significant impact on tangent stiffness. When the cracks are
closed, there is a complete contact of the concrete surface
that significantly increases the tangent stiffness at points c
and c’ in Figure 410,14. Cracks are closed when compressive
re-bar is yielded under the pressure; but, its contribution
to increasing the element stiffness is possible to be reduced
due to decreased stiffness of the yielded re-bar. Since the rebar behavior is dominant in the under-reinforced beams,
increase in the tangent stiffness due to the complete contact
of crack surface under the yielding of the compressive re-bar
might not be more important than the re-bar contribution
itself. From point c’ to the completion of half of the reverse
cycle, the tangent stiffness is increased due to the increase
in bond-slip and flexural strength caused by closure of
the cracks appearing in the previous tensile area. Since
loading branch causes the re-bars of tensile direction to
become inelasticity, stiffness softening is not symmetrical
for the two directions. Because it is difficult to show the
gradual tangent stiffness, a linear change is used to show
the reloading stiffness. Bilinear models have been widely
accepted by researchers. The first stiffness in the reloading
after completion of the unloading is shown by kr 1 , while
the second change is shown by kr 2 that is greater than kr 1 .

Figure 9. Variation of unloading stiffness with the
imposed displacement ductility for lightweight concrete.
Vol 8 (28) | October 2015 | www.indjst.org
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4.5 Reloading Stiffness kr1

For a hysteresis loop, stiffness reloading kr1 represents
the secant stiffness before the cracks are closed during
half of the loading cycle. As shown in Figure 4, kr1 can be
determined as follows:

kr-1 =

Fres- 					
+
dres

(7)

This stiffness is obtained from the hysteresis curves
separately for each direction and then the results are
k
averaged and scaled as - kr1 and are shown in Figures
y
11 and 12, respectively, for elements of lightweight and
normal concrete. As can be seen in the figures, Equations
8 and 9 are obtained for the lightweight and normal
weight concrete, respectively.
kr 1
= 0.6 - 0.388ln(m) 				
(8)
ky
kr 1
= 0.641- 0.479ln(m)				
(9)
ky

kr-2 =

Fi + - Fres+ 					 (10)
di+

Where Fі and δі indicate the load and the corresponding
displacement in the hysteresis loop, respectively. In Figures
13 and 14, kr2 is shown for the lightweight and normal
weight concrete, respectively. Regression analysis is done
for kr2 based on these figures and Equations 11 and 12 are
obtained respectively for the elements of lightweight and
normal weight concrete, respectively:
kr 2
= 0.862 - 0.51ln(m) 				
(11)
ky
kr 2
= 0.991- 0.48ln(m) 				 (12)
ky

Figure 13. Variation of reloading stiffness kr2 with the
imposed displacement ductility for lightweight concrete.
Figure 11. Variation of reloading stiffness kr1 with the
imposed displacement ductility for lightweight concrete.

Figure 14. Variation of reloading stiffness kr2 with
the imposed displacement ductility for normal weight
concrete.
Figure 12. Variation of reloading stiffness kr1 with
the imposed displacement ductility for normal weight
concrete.

4.6 Reloading Stiffness kr2

Reloading stiffness kr2 indicates the secant stiffness from
the point of crack closure to the point of maximum load
in a cycle which is shown below:
6
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Secant stiffness degradation, unloading, and
reloading based on the applied displacement ductility
determine the stiffness degradation phenomenon under
cyclic loading. Degradation function could be in three
forms: decreasing power function, reducing exponential
function, or decreasing logarithmic function. In most
of the previous works, stiffness degradation caused by
Indian Journal of Science and Technology
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repeated cycles with constant amplitude have not received
great attention and earlier descriptions have not included
the effect of repeating constant amplitudes of the cycles
on stiffness degradation. It is obvious that, by repeating a
cycle, stiffness is reduced, which is because of the reduced
concrete stiffness under pressure due to repeated opening
and closure of the cracks and the Bauschinger effect in
the steels. In addition, an increase in the residual tensile
strain increases the crack widths and reduces the bondslip in the bar, which itself decreases the effect of tensile
stiffness.
Degradation does not only depend on ductility, but
also on many other parameters such as inelastic properties
of materials, dissipated energy, number of cycles,
loading history scenario, and duration of application.
Displacement ductility used here as an effective variable
for stiffness, does not include all the variables that affect
the stiffness degradation and is only used to oversimplify
the problem. By continuing the loading, the damage is
accumulated and increased. In other words, behavior of
the materials constituting the element at any time depends
on the cumulative damage obtained during the past cycles
and the damage increases by repeating each loading15.

x + = 1-

Fres+ 				
Fid+

(13)

Figure 15. Typical pinched hysteretic loops in R/C
elements under cyclic loading.

4.7 Pinching Analysis

Hysteresis loops resulted from the experimental works
are not fat and are similar to Figure 15, in which tangent
stiffness variations are not regular, but are affected by
opening and closure of the cracks and effect of shear
deformation. Therefore, in practice, the surface enclosed
by a hysteresis loop is less than an ideal closed loop that
is analytically obtained through nonlinear models of
the materials constituting the concrete and steel. The
contraction appearing in the real hysteresis loop is called
pinching phenomenon.
Pinching is created due to the slip along inclined cracks.
Therefore, pinching is more affected by the web cracks
than by flexural cracks. Before the yielding, pinching could
happen in closed hysteresis loops due to non-linearity
in the concrete behavior. An ideal hysteresis curve for a
symmetrical beam is presented in Figure 16. As shown in
this figure, pinching can happen around the loop; however,
it significantly happens in the vertical axis around the
origin. According to the above descriptions, the formed
contraction is only determined for the vertical axis.
Contraction of the vertical axis is determined as follows:
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Figure 16. Schematic description of pinching index.
In the above equation, Fid represents the contraction
in the vertical axis and x+represents pinching index in
the positive direction (0, x+<1). A similar index has been
used by Song16. Calculation for each direction is done
separately and then the average value is determined for
both directions. For this purpose, the residual strength
is obtained by the test data and the ideal strength is
calculated from properties of the ideal loops. The greater
the pinching index, the more unfavorable the contraction
would be. Pinching variations based on ductility are shown
in Figures 17 and 18. Residual displacement variations are
also measured for the horizontal axis based on ductility,
as shown in Figures 19 and 20. By using regression,
Equations 14 and 15 are obtained for the elements of
lightweight and normal weight concrete, respectively.
res
= 0.194m1.171 					 (14)
y
res
= 0.248m1.562 					 (15)
y
+
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In the seismic design, increase in the residual
displacement increases the hysteresis energy capacity17.

Figure 20. Residual displacement–ductility
relationship for normal weight concrete.
Figure 17. Pinching index–ductility relationship
for lightweight concrete.

Figure 18. Pinching index–ductility relationship for
normal weight concrete.

Figure 19. Residual displacement–ductility
relationship for lightweight concrete.
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5. Strength Degradation
Strength degradation is discussed for each specimen
based on the envelopes of hysteresis loops. To provide
higher accuracy for the discussion, it is necessary to
identify type of failure mechanism. For all the specimens,
small cracks start to grow on the tensile side of the beam
at beam-column connection during the initial test steps.
Increase in the tensile strain increases the crack width,
which reduces the compressive strength of the concrete.
These tensile strains weaken the concrete under pressure
such that compressive strength of the concrete specimen
becomes smaller than the compressive strength of concrete
in the standard test18. By continuing the test and obtaining
the inelastic deformation cycles, the tensile cracks do not
close under the unloading and the tensile cracks on the
new tensile side are connected to the tensile cracks in the
previous half cycle. By continuing the test, concrete of
the compressive area at the foot of the beam is gradually
crushed, the longitudinal re-bar appears in this area, and
the rest of the beam like a rigid element rotates around
this area that resembles a concave bowl. The tests do not
continue until the ultimate failure. In deformation cycles
with the amplitude of 80mm, equivalent to ductility 4, no
significance decrease in the strength is observed in force–
deformation curve. With respect to ratio of the shear span
to significant depth of the test specimens, the flexural
behavior is dominant and the beams endure ductility of
greater than 4. In other words, these ductile beams are
controlled by deformation8. The most important factor
that decreases the specimens’ strength during the high
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inelastic cycles includes re-bar cover spilt and crushing of
the beam core concrete at the beam-column connection.

6. Conclusion
Flexural reinforced beams constructed of lightweight
aggregate concrete with a low number of longitudinal rebars are ductile, like the reinforced beams made of normal
weight concrete, and were controlled by displacement.
Also, in these beams:
• Beam stiffness, independent from strength, is reduced
with increase in the displacement cycles.
• In the high deformation cycles, pinching phenomenon occurs randomly.
• Strength is not reduced with increase in amplitude of
the cycles until reaching displacement ductility 4.
• Flexural behaviors of normal and reinforced lightweight aggregate concretes are the same.
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