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Abstract

The accuracy of designing the performance of concrete structures nowadays not only depends on the use of standard
materials (cement, sand, and gravel) for certain concrete strengths but also on the accuracy of using additional materials
for concrete, such as steel fiber. The use of steel fiber not only can improve the performance of concrete structures to
behave in a ductile manner but can also form plastic hinges according to design purposes. The design of the axial load of
Pa=0.121.Agy.f'c is based on the prediction of the column’s axial capacity. The columns were designed to behave in a flexural
manner. As predicted, the lengths of the plastic hinges were found not too long. Controlling the length of plastic hinges in
the design of structural concrete members is necessary to avoid excessive displacements. The control is mainly related to
the prediction of the plastic hinge length. Thus, in this case, a plastic hinge length formula is required. In the study, the
length of the plastic hinges of columns, which are confined with square stirrups and reinforced with steel fiber with V¢ =
0%, 0.5%, 1%, 1.5%, and 2%, is proposed. This plastic hinge length formula is proposed after all column test specimens
have met the displacement ductility requirement of mp>4, meaning that all test specimens are defined as very ductile.

Keywords: Buckingham Theory; Disaster Risk Reduction; Ductility; Performance; Plastic Hinge Length; Steel Fiber.

1. Introduction

Earthquakes are natural events that cannot be stopped on this earth. Therefore, they will continue to occur repeatedly.
Ironically, the impact of this earthquake is extraordinary, both on infrastructure and property and even causing loss of
life. The largest earthquake in this century occurred in Turkey, precisely on Monday, February 6, 2023. An earthquake
measuring 7.8 on the Richter scale occurred, killing more than 3,823 people; 14,500 people were injured; and 4,900
buildings were razed to the ground [1]. This large number of collapsed buildings could be due to the fact that the fact
that many of the buildings built were not earthquake-resistant. Some buildings collapsed due to earthquakes were due
to they were not designed properly to withstand the severe earthquakes [2], especially in column-beam connections,
column damage, failure to fulfill the column-to-beam strength ratio in the beam-column joint (BCJ), namely 6/5 or 1.20
[3], and the formation of plastic hinges. Retrofitting purposes can be taken to solve these existing incompliances [4, 5].
However, preventive measures starting with the selection of materials, methods, and design stage are still more
preferable.

Plastic hinges are areas defined at a distance equal to twice the depth of the component from the face of the column
or beam and also include other sections in walls, frames, and slabs where yielding of reinforcement can occur as a result
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of lateral displacement. When an earthquake occurs in certain circumstances where the earthquake shock has greatly
influenced the deformation of the structure, these plastic hinges must form so much before the building collapses. The
first plastic hinges must be formed in the beam elements first, then in the columns on the bottom floor of the building.
The formation of plastic hinges is governed by several factors influencing the length of the plastic hinge [6], such as (a)
axial load level; (b) moment gradient; (c) shear stress in the plastic hinge region; (d) amount and mechanical properties
of longitudinal and transverse reinforcement; (e) strength of concrete; and (f) confinement level provided in the potential
plastic hinge zone.

Indirectly, this factor causes bending and shear forces, which affect the shape and length of the plastic hinge.
Meanwhile, predicting the length of a plastic hinge is difficult because it depends on the characteristic parameters of the
concrete and reinforcement. This plastic hinge is an interesting topic for engineers because of plastic deformation [7].
The deformation causes rotation due to shear forces or bending moments. The formation of the rotation of the plastic
hinge is also caused by the influence of longitudinal reinforcement [8]. The results from other researchers show that the
axial load ratio, shear span depth ratio, and longitudinal reinforcement ratio greatly influence the lateral load-
displacement response and the length of the plastic hinge [9, 10].

Apart from that, the moment gradient factor, the influence of tensile shear and strain penetration, the mechanical
attributes of transverse reinforcement, the strength of concrete and steel, the level of concrete confinement, and what
cannot be avoided are the complex nonlinear properties of materials. Therefore, determining the correct length of the
plastic hinge (I,) encounters several obstacles [11]. The complex nature of the material is an obstacle in determining the
length of the plastic hinge, even though currently steel fiber is increasingly being used as an additional material in
concrete. Thus, it is logical (like it or not) that steel fiber is also a parameter in determining the length of a plastic hinge.
Research on the effect of steel fiber with a fiber volumetric ratio (V) = 1-2% has been attempted [12]. However, it has
not yet produced a formula for the length of the plastic hinge.

Several parameters, including Ag, As, D, h, dy, f'c, fy, L, P, and P, are still used as determinants of the plastic hinge
length formula [13-27], where Aq = gross area, As = area of reinforcement, D = cross-sectional diameter of column, h
= cross-sectional height of beam or column, dy = longitudinal reinforcement diameter, f'c = compressive strength of
concrete, fy = yield stress of steel reinforcing bars, L = column length between point of contraflexure and the point of
maximum moment, P = column axial force, P,=0.85.f 'c.(Ag—As)+fy. As = nominal axial force. Based on this fact, it can
be seen that almost all plastic hinge length formulas do not accommodate the use of steel fiber in their formulation.
Hence, it can be said that there is still a gap in the use of concrete materials with the length of plastic hinges. For this
reason, this research was carried out to fill this gap. In this case, the strength of concrete nowadays is not only influenced
by standard concrete materials, such as cement, sand, and gravel, but also depends on the accuracy of the design
according to the performance requirements of the concrete structures, such as the inclusion of additional materials in the
concrete.

Foundations, columns, beams, walls, and roofs can still fail as a result of being struck by an earthquake. However,
the failure of a structural column will cause the failure of a structure as a whole. Therefore, the structural column must
be designed to be earthquake-resistant. The earthquake forces on the column cause the column to experience excessive
displacement, and plastic hinges occur around the column joints. The area around the column joint is critical and must
be designed carefully so that it can absorb earthquake energy [28]. The inability to absorb earthquake energy will cause
serious damage to the column structure. When a building experiences an earthquake, the shear force that occurs will be
borne as a whole by the column; this will continue until plastic hinges occur in the column. It should be noted that for a
building to be categorized [29] as an earthquake-resistant building, the building must be able to dissipate energy due to
earthquakes.

One way for a building to remain sturdy when a large earthquake occurs is through the formation of many plastic
hinges [13] before the building collapses. This is one of the philosophies of designing earthquake-resistant buildings
where the building is allowed to experience damage through the formation of plastic hinges which are quite widely
distributed in all building elements, but are expected not to collapse so that the building is ductile [30-33] at the required
earthquake load limits. The ductility of this building can be achieved if the building is designed to resist forces well,
including The building is designed according to SDC (seismic design category), adequate ratio of main reinforcement
of beams and columns, and adequacy of confinement [34]. The adequacy of confinement can affect ductility [35, 36],
both curvature ductility (ue) and displacement ductility (ua). Several researchers made criteria for ductility displacement
as follows [37]: high ductile: ua>4, moderate ductile: 2<ua<4, low ductile: 2<pa. However, a building can be categorized
as earthquake-resistant if the building can dissipate earthquake energy through the formation of many plastic hinges
before the building collapses. Observing the plastic hinges of the column also observes the location and length of the
plastic hinges. The length of the plastic hinge (lp) must be controlled to avoid excessive displacement.

The results of the curvature measurement of structural members can be used to determine the length of the plastic
hinges of structural members [38]. This means that there is a relationship between the curvature and the length of the
plastic hinges. For this reason, in this research, a set of measurement methods that use a curvature measuring device
together with a recorder unit has been designed.
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2. Material and Methods
2.1. Specimen

The column test specimens were defined by several variations, including 1). Columns are differentiated by the
spacing of the confining stirrups at (sn)=50 mm, 65 mm, and 80 mm, 2). Concrete in columns is also differentiated
between reinforced concrete columns without steel fiber (SF) and those using SF, 3). The use of SF is based on Vj,
namely Vi =0, 0.5, 1, 1.5, and 2% (see Table 1). The column reinforcement in Figure 1 has been adapted to American
Concrete Institute (ACI) 318-19, including all reinforcement used using threaded reinforcement, the first confining
stirrup from the face of the column was placed at a maximum spacing of 50 mm. In the study, the confining stirrups
were installed at 35 mm, and the test area was adjusted to the length of the plastic hinge, which is equal to 2h = 2x200
=400 mm, h is the dimension of the column, the anchorage length is made at 40D, Deris the effective diameter of steel
reinforcement, while the column longitudinal reinforcement ratio (ps) is 2.48%. All hook shapes are made at 1350 and
the column anchorage direction is adjusted to the direction of the quasi-cyclic load [39]. The horizontal load (Pn) which
is considered to represent earthquake lateral forces or quasi-cyclic forces is placed at a height of 800 mm based on the
flexural failure design with a value of flexural-to-shear strength ratio FSSR<0.6, namely FSSR1=0.31, FSSR,=0.3786,
and FSSR3=0.433. The FSSR; value corresponds to a confinement spacing of s, = 50 mm, FSSR, corresponds to a
confinement spacing of s, = 65 mm, and FSSR3 corresponds to a confinement spacing of s, = 80 mm (Table 2).

This research included three and twelve column test specimens without SF and with SF, respectively. Based on the
stirrup distance sy = 50-80 mm, a confinement value (Zn) = 20.24-40.26 were obtained. Thus, the column behaved in a
flexural manner. The FSSR value is taken<0.6. All column specimens were then tested with quasi-cyclic loads until the
column failed. Hence, based on these data, fifteen column test specimens were designed as detailed in Table 1, and
Figures 1 and 2. Tensile tests of reinforcing steels are shown in Figure 3. The flowchart of the research procedure is
given in Figure 4.

Table 1. Details of specimens

No. spelclijmen (?n:mh) (mLm) reinf'\cflraci:ment d, (msr:)r ru’::(mm) foi;?: I fy (MPa) fy, (MPa) iz;\ﬂa‘;raage p(\liltj\r{nAZ;I ?ﬁr:?nAZ? Azr;-r?;?lvzi;w
1 Col.la 200 800 8D13 8 50 0 405.87 546.83 27 46.17 36.06 93.33
2 Col.1.b 200 800 8D13 8 50 0.5% 317.01 344.30 27 73.45 57.37 86.67
3 Col.l.c 200 800 8D13 8 50 1% 405.87 546.83 27 46.17 36.06 93.33
4 Col.1.d 200 800 8D13 8 50 1.5% 317.01 344.30 27 73.45 57.37 86.67
5 Col.le 200 800 8D13 8 50 2% 405.87 546.83 27 46.17 36.06 93.33
6 Col.2.a 200 800 8D13 8 65 0 405.87 546.83 27 60.02 46.88 93.33
7 Col.2.b 200 800 8D13 8 65 0.5% 317.01 344.30 27 95.48 74.58 86.67
8 Col.2.c 200 800 8D13 8 65 1% 405.87 546.83 27 60.02 46.88 93.33
9 Col.2.d 200 800 8D13 8 65 1.5% 317.01 344.30 27 95.48 74.58 86.67
10 Col.2.e 200 800 8D13 8 65 2% 405.87 546.83 27 60.02 46.88 93.33
11  Col3a 200 800 8D13 8 80 0 405.87 546.83 27 73.87 57.69 93.33
12 Col.3.b 200 800 8D13 8 80 0.5% 317.01 34430 27 117.52 91.79 86.67
13 Col3.c 200 800 8D13 8 80 1% 405.87 546.83 27 73.87 57.69 93.33
14 Col.3.d 200 800 8D13 8 80 1.5% 317.01 34430 27 117.52 91.79 86.67
15 Col.3e 200 800 8D13 8 80 2% 405.87 546.83 27 73.87 57.69 93.33

Note Col.1= sy 50 mm, Col.2= sy 65 mm, Col.3= sy 80 mm, a=V¢ 0%, b=V¢ 0.5%, c=Vr 1%, d=V: 1.5%, e=V 2%, b=h= cross section of column, ds=diameter of strirups,
Asn=area of stirrups, fyn = yield strength of stirrups.

Table 2. Classification of failure mechanisms [40]

Transverse reinforcement details

ACI conforming details Closed hoops Other
with 135° hooks with 90° hooks (including lap-spliced transverse reinforcement)
FSSR<0.6 Flexure Flexure-shear Flexure-shear
0.6 <FSSR<1.0 Flexure-shear Flexure-shear Shear
FSSR>1.0 Shear Shear Shear

1388



Civil Engineering Journal Vol. 10, No. 05, May, 2024

Material properties

Tensile strength: R____: 1.225 N/mm?

'm.nom”

Tolerances: + 7,5% Avg
Young’s Modulus: + 210.000 N/mm?

Geometry
Fibre family 3 @i

Length (1) 0mm

; 1"“"“““\\

ir\‘lmu.w.\"'iu

Diameter (d) 0,75 mm =//=rv’_f

80
85 55
Aspect ratio (I/d) 80

(a) Steel fiber used was a manufacturer’s product (b) Reinforcement of column specimen

Figure 1. Photograph of steel fiber with aspect ratio I/d = 80 and specimen reinforcement of column
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Figure 2. Details of specimen reinforcement

Figure 3. Tensile tests of reinforcing steels
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Figure 4. Flowchart of research procedure

2.2. Tensile Test Results of Reinforcing Steels

The tensile steel test is applied to all types of column reinforcing steel, namely D8, D13, and D16 reinforcement.
The gage length is 200 mm according to the Indonesian National Standard (SNI) 2052:2017 [41]. A Micro Computer
Universal Testing Machines (MC-UTM) with a capacity of 200 tons was used for tensile tests. The tensile test results
are shown in Tables 3 to 6. These results indicate that the reinforcing steel bars for stirrups have satisfied the
requirements of the Indonesian National Standard [41] in this case, including the elongation value of D8 and D13
reinforcement > 11%, while the yield strength of the stirrups (fyn) of D8 reinforcement is < 700 MPa and the yield
strength (fy) of D13 reinforcement is < 420 MPa. Thus, all of the steel bars are suitable for use as reinforcement of the
test specimens. Specifically, for the tensile test of D16 reinforcing steel, the results are not displayed even though the
data is available.

Table 3. Specifications of D8 steel bars for transverse reinforcement (stirrups) of specimens # 4-6, 10-12

No. SampleID Deg(mm) fyn(MPa)  fy.max(MPa)  Ratio (fy-mad/fyn)  Elongation (%)
1 St.81-1 7.43 324.01 431.72 1.33 22.00
2 St.81-2 7.44 319.92 421.35 1.32 19.00
3 St.81-3 7.42 307.09 406.71 1.32 20.00
Average 7.43 317.01 419.93 1.32 20.33

Table 4. Specifications of D8 steel bars for transverse reinforcement (stirrups) of specimens # 1-3, 7-9, 13-15

No. SampleID  De (mm)  fyn (MPa)  fyma (MPa)  Ratio (fymad/fyn)  Elongation (%)
1 St.82-1 7.75 543.57 673.80 1.24 24.42
2 St.82-2 7.76 525.88 657.82 1.25 27.93
3 St.82-3 7.61 571.04 711.84 1.25 22.29
Average 7.71 546.83 681.15 1.25 24.88
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Table 5. Specifications of D13 steel bars for longitudinal reinforcement of specimens # 4-6, 10-12

No. SampleID Dg(mm) f, (MPa) fyma (MPa)  Ratio (f.madfy)  Elongation (%)
1 St.13.1-1 12.69 340.56 471.26 1.38 27.00
2 St.13.1-2 12.70 344.06 465.75 1.35 25.00
3 St.13.1-3 12.71 348.29 469.47 1.35 25.00
Average 12.70 344.30 468.83 1.36 25.67

Table 6. Specifications of D13 steel bars for longitudinal reinforcement of specimens # 1-3, 7-9, 13-15

No. SampleID De(mm) fy(MPa) fymax (MPa) Ratio (fy.ma/fy)  Elongation (%)
1 St.13.2-1 12,48 418,87 659,28 1,57 23,82
2 St.13.2-2 12,64 381,64 603,52 1,58 36,68
3 St.13.2-3 12,64 417,12 670,93 1,61 20,54
Average 12,58 405,87 644,57 1,59 27,01

Vol. 10, No. 05, May, 2024

2.3. Mix Design and Concrete Compression Test Results

The design compressive strength of the concrete is 25 MPa, to maintain uniformity in achieving concrete strength.
In this study, ready-mix concrete products were used, the mix design is shown in Table 7. The size of the concrete
cylinder used is 150 mm in diameter with a height of 300 mm. Six cylinders were tested with the mix design shown in
Table 7. After casting the column and cylinder test specimens for 28 days, the compressive tests were carried out (Table

8 and Figure 5).

Table 7. Mix design of concrete f.' 25 MPa for 1 m® volume

No. Materials 1 m® SSD (kg/m®)

1 Cement, OPC type 1 322

2 Fly ash, ex. Jepara (Indonesia) 57

3 Sand, ex. Merapi (Indonesia) 823

4 Coarse Agg., ex. Merapi (Indonesia) split size 10-20 mm 962

5  Water 170

6  Admixture, Sika VZ (Indonesia) 1.22
Density 2335

Note: SSD = saturated surface dry, concrete used was a manufacturer’s product

Table 8. Compressive strength of concrete

No. Specimen Compressive strength of concrete (MPa)

1 S 26.07
2 S, 29.95
3 Ss 24.96
4 Sy 26.45
5 Ss 27.8
6 Se 26.77

Average 27.00

Figure 5. Concrete compression test setup
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Based on the diameter values of stirrup reinforcement, longitudinal reinforcement, Vs, fy, fyn, Sh, T 'c, and column
cross-section. The Zr, value can be then calculated [42], and the peak stress of steel-fiber reinforced concrete (f 'ccr) value
due to the use of steel fiber is also computed [43], while for effect of confining steel can also be obtained [44-46]. The
results from the calculations are given in Table 9.

Table 9. P ccr value due to the use of steel fiber

No. SpecimenID s,(mm) f,(MPa) fn(MPa) f’;(MPa) Zm Vi f'ect (MPa)
1 Col.la 50 405 546 27 20.51 0 3221
2 Col.1.b 50 317 344 27 20.24  0.5% 30.67
3 Col.lc 50 405 546 27 2051 1% 32.18
4 Col.1.d 50 317 344 27 2024 1.5% 29.81
5 Col.le 50 405 546 27 2051 2% 39.01
6 Col.2.a 65 405 546 27 29.98 0 30.01
7 Col.2.b 65 317 344 27 29.53 0.5% 28.89
8 Col.2.c 65 405 546 27 2998 1% 29.55
9 Col.2.d 65 317 344 27 29.53 1.5% 28.08
10 Col.2.e 65 405 546 27 2998 2% 35.82
11 Col.3.a 80 405 546 27 40.26 0 28.76
12 Col.3.b 80 317 344 27 39.60 0.5% 28.16
13 Col.3.c 80 405 546 27 4026 1% 28.47
14 Col.3.d 80 317 344 27 39.60 1.5% 27.36
15 Col.3.e 80 405 546 27 4026 2% 34.50

Note Col.1= sn 50 mm, Col.2= sy 65 mm, Col.3= s, 80 mm, a=V 0%, b=Vt 0.5%, c=Vs 1%, d=Vr 1.5%, e=V 2%.

2.4. Curvature Measuring Procedure

As a result of the quasi-cyclic loading (actuator) on all test specimens, the drift occurs as per the ACI 374.1-05
loading pattern, starting from 0% drift to maximum drift where the column has collapsed. As a result of this drift, the
vertical fibers on the left and right sides of the test specimens changed their orientation following the drift, this change
must be measured properly. This measurement is useful as a basis for measuring and calculating the amount of curvature
for each phase of the tensile-compressive test. If it has gone through the push-pull phase 3 times, this is called one (1)
cycle according to ACI 374.1-05 Reapproved 2014. Good curvature measurements are of course influenced by good
measuring instruments, in this case, an LVDT (linear variable displacement transducers) measuring instrument is used
which is capable of supplying data in the thousandths of an mm. However, the accuracy of the location of the LVDT
tool also greatly determines the purpose of the measurement, for this reason, the location of the measurement device
was designed as shown in Figure 6.

Pn (actuator)

Lvs Column

Lv| Lv2| &,

Lv | &;

Pile cap

Figure 6. Location of LVDTs and calculation of column curvature based on LVDT data, value 8: = LVDT measurement
resultno. 5, 82=LVDT measurement result no. 6, 83 =LVDT measurement result no. 7 and 814 = LVDT measurement result
no. 8, while @1 and ¢z are the curvature values [47].
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2.5. Test Setup

The most important part of the column test is the assembly of all the devices to measure the test data which includes
the magnitude of the load Ph.jaeral, the 10ad Peonstant-axia=0.121.Ag.f 'c, and the magnitude of the drift ratio. This circuit
must be precise such that the measurement results are valid. Column testing used the displacement control method. This
method is in perfect accordance with ACI 374.1-05 rules (see Figure 7). However, this series also adapts to the testing
laboratory conditions. Without reducing the need for test results, a test setup was created based on the development of
Figure 6. The actual test setup is also shown in Figure 8.
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Figure 7. The setup schematic above is adapted to laboratory conditions, 1-5 = LVDT, 6 = hydraulic Jack-single acting, 7 =
load cell-single acting, 8 = load cell-double acting, 9 = hydraulic Jack-double acting, «— = quasi-cyclic load direction

Figure 8. Actual test setup and drift occurred during testing
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2.6. Test Drift

The amount drift ratio is calculated based on the ratio of the amount of drift to the height of the column and then
converted into column displacement as in Table 10 and Figure 9. This table is used as a displacement-controlled
reference.

Table 10. Drift ratio for all columns, Leolumn = 800 mm

Cycle# Driftratio (%) Displacement (mm)

1 0.20 1.60
2 0.25 2.00
3 0.35 2.80
4 0.50 4.00
5 0.75 6.00
6 1.00 8.00
7 1.40 11.20
8 1.75 14.00
9 2.20 17.60
10 2.75 22.00
11 3.50 28.00
12 4.38 35.00
13 5.47 43.75
14 6.84 54.69
15 8.54 68.36
16 10.68 85.45

5}

10.68

8.54

6.84

—547-H
— 438 -H-HHHH —

0.5 0.75
.25 035
02 022 035\ AAAAA

vvv‘vvvvvvvvvvv

, Drift ratio (%)
SobLWbdLbEbbilio~rwwaE e a® 0D

[ jtn

Figure 9. Displacement controlled loading pattern
3. Results and Discussions
3.1. Curvature measurement results

The measurement of column curvature is appropriate using the displacement control testing method, namely that the
column is treated/given displacement according to Table 10 which has been converted to displacement (mm).
Displacement is given starting from 0 and stopped until the column has reached failure, or the displacement is stopped
after reaching more than 80%Pmax. Then the relationship between the curvature and the magnitude of the moment that
occurs is described. The conditions describe quasi-cyclic loading so that the load and curvature can be seen when the
column is subjected to compressive and tensile forces, as well as the curvature conditions when it receives compressive
and tensile forces.

3.2. Plastic Hinge Length Analysis

Based on the maximum curvature (¢) of each phase at each value of o1 and ¢, the relationship between column
height and curvature was then described. In this case, the curvature in question is the maximum curvature of each quasi-
cyclic phase. The quasi-cyclic test was carried out with a push-pull controlled displacement pattern (see Table 10)
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starting from O to the maximum displacement of each test specimen. Each displacement that occurred affected the
curvature values @1 and @,. The length of the plastic hinge was obtained based on the relationship of each compression-
tension curvature vs. column height. More precisely, they were measured at the locations of the curvature measuring
instruments (see Figure 6). The midpoint positions @1 and @2 are located at the midpoint of the height of LVDT; = 100
mm, LVDT; = 100 mm, LVDT, = 300 mm, and LVDT, = 300 mm. This relationship is depicted in Figures 10 to 24.
Applying several existing theories, the plastic hinge length I» is obtained based on the relationship between curvature
and column height.

Figures 10 to 24 are the results of experimental analysis of the length of plastic hinges for each test column specimen
based on the quasi-cyclic test. The red line in Figures 10 to 24 represents the rotation of the first compression and tension
yield curvature, while the dotted red line represents the maximum compression and tension curvature. The two images
of the top-bottom green triangle are the result of trial and error, where the results must show two triangles that have the
same area. The height of one of the triangles represents the length of the plastic hinge (l,), both I, compression (lp-exp-
compression) @nd lp tension (lp-exp-tension). Then the average value was calculated from the two I, and the results were compared
with the Iy proposed. The Ip length obtained based on trial data for each test specimen turned out to be slightly different, and
they were still in the range of 92.80-100.25 mm (see Table 11). From further observation, the results of this research
indirectly strengthened the statement that determining the length of plastic hinges is problematic and complicated. These
obstacles and complexities are mainly due to the nonlinear behavior of the materials [11]. However, in this study, a trend
was still found (see Figures 25) due to the use of different s, and Vr. The trend shows that as a result of using sh, the
wider the I,, the longer it is, conversely, the more volumetric V¢ causes the I, to be shorter. The results of these two
different trends are what causes the plastic hinge length lp-ai.average t0 be controlled in the range of 97.03 mm (see Table
11). However, if the observed results of the I, average fOr €ach test specimen are compared t0 lp-ait.average, the results indicate
that the difference only ranges between 0.11% - 4.36% (see Table 11), meaning that there is not much difference in the
I, between the test specimens.
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Table 11. Difference between lp-proposed and lp-exp. average
| lo- Difference I, Ratio I,.
No.  Specimen ID Vs P/P, AJA;  Folf'c C heotumn (MM) (rrirfrr'rc;g expaverage  exp.average VS lp-pro  exp.average tO Ip-
(mm) (%) allaverage (%0)
1 Col.l1.a 0% 0.0901 0.0248 1.193 0.390 200 102.02 96.71 5.21 0.33
2 Col.1.b 0.5% 0.0901 0.0248 1.136 0.415 200 103.79 95.89 7.61 117
3 Col.1.c 1% 0.0901 0.0248 1.192 0.414 200 108.31 96.60 10.81 0.44
4 Col.1d 15% 0.0901 0.0248 1.104 0.389 200 94.75 96.16 1.48 0.90
5 Col.1.e 2% 0.0901 0.0248 1445 0.338 200 105.31 97.14 7.76 0.11
6 Col.2.a 0% 0.0901 0.0248 1.112 0.390 200 95.67 97.88 2.30 0.87
7 Col.2.b 0.5% 0.0901 0.0248 1.070 0.415 200 98.31 100.05 1.76 3.11
8 Col.2.c 1% 0.0901 0.0248 1.094 0.414 200 100.23 98.48 1.75 149
9 Col.2d 15% 0.0901 0.0248 1.039 0.389 200 89.76 97.60 8.73 0.59
10 Col.2.e 2% 0.0901 0.0248 1.327 0.338 200 97.33 92.80 4.65 4.36
11 Col.3.a 0% 0.0901 0.0248 1.065 0.390 200 92.04 97.40 5.82 0.39
12 Col.3.b 0.5% 0.0901 0.0248 1.043 0.415 200 96.06 96.33 0.28 0.72
13 Col.3.c 1% 0.0901 0.0248 1.054 0.414 200 96.91 100.25 3.45 3.32
14 Col.3d 15% 0.0901 0.0248 1.013 0.389 200 87.71 94.85 8.14 2.24
15 Col.3.e 2% 0.0901 0.0248 1.278 0.338 200 94.05 97.29 3.44 0.27
All-average 97.03 4.88

Note Col.1=s, 50 mm, Col.2=s;, 65 mm, Col.3= s, 80 mm, a=V; 0%, b=V} 0.5%, c=V; 1%, d=V; 1.5%, e=V; 2%.
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3.3. Proposed Plastic Hinge Length Equation

The proposed plastic hinge length (lp) applies the Buckingham Pi Theorem [48]. The Buckingham method is a
method for determining dimensionless numbers. Therefore, tracking the proposed plastic length uses this theory because
almost all plastic hinge length formulas tend to be non-dimensional, but solving the I, formula produces dimensions of
unit length. Several parameters considered to determine I, are arranged in Table 12. The preparation of the table follows
the pattern of Buckingham's theory by bringing up the units and writing the dimensions, where the dimension M is
related to mass (weight, force) in units of N (Newtons), L is related to length in units. units are mm, and T is related to
time in units of time (seconds).

The discussion on I, is intended to develop the I, theoretical equations of Bae & Bayrak [49] and I, based on Ou et
al. [50]. The repeating parameters are taken Po, As, and Py so these parameters must be simplified, they must have
dimensions, but must not have the same dimensions. The combination of the three is the main dimension, and the three
must not form a dimensionless variable, and the repeated parameters must have complete dimensions, namely M, L, and
T. The selection of parameters in Table 12 is due to gaps in the I, formula of other researchers who have not included
steel fiber parameters and several determining parameters in quasi-cyclic testing. The steel fiber parameters have been
accommodated in the f 'ccs value [43].

Table 12. Parameters considered influence of the plastic hinge length

Variables P, ' Pi=F Pa flr b A, A h
Unit N N/mm?> Nm/dt? N Nmm?> mm mm?> mm?> mm

Dimension M ML MLTZ2 M ML L L? L? L

M 1 1 1 1 1 0 0

L 0 -2 1 0 -2 1 1

T 0 0 -2 0 0 0 0 0 0

The test column specimens were assigned with a horizontal load P as a quasi-cyclic load per ACI 374.1-05
Reapproved 2014. This Py, represents the earthquake force, while the earthquake force itself is F = m.a, where F is
the internal force due to the external force m in the form of mass (N) and a is the earthquake acceleration (m/s?), so Py
is analogous to F = m.a. From the experimental tests, it can be obtained the values of compression, tension, and
average of ly.exp. Thus, the values of lp-exp.average iN Table 11 are given by the lp.exp.average Obtained in Table 13.

Table 13. Recapitulation of lp-exp from test results

No. Specimen ID  lp.ep cOMpression (Mm)  lp.exp tension (Mm)  lp.exp.average (MM)
1 Col.l.a 97.41 96.00 96.71
2 Col.1.b 97.13 94.65 95.89
3 Col.l.c 96.65 96.55 96.60
4 Col.1.d 95.25 97.06 96.16
5 Col.le 96.92 97.35 97.14
6 Col.2.a 98.25 97.50 97.88
7 Col.2.b 100.07 100.02 100.05
8 Col.2.c 98.95 98.00 98.48
9 Col.2.d 97.55 97.65 97.60
10 Col.2.e 90.05 95.55 92.80
11 Col.3.a 98.45 96.35 97.40
12 Col.3.b 95.05 97.61 96.33
13 Col.3.c 100.00 100.50 100.25
14 Col.3.d 94.25 95.45 94.85
15 Col.3.e 97.45 97.12 97.29

The parameters mentioned above are a logical simplification based on the Buckingham P; Theorem, but the
development is based on two formulas that include column axial (Pa) in the research, including:

o Plastic hinge length I, according to Bae and Bayrak [49]:

This formula has developed a hinge length formula based on the following column axial (P,) values:

%p = [0.3 (P%) +3 (j—z) - 0.1] (%) +0.25 > 0.25 1)

1401



Civil Engineering Journal Vol. 10, No. 05, May, 2024

o Plastic hinge length I, according to Ou et al. [50];
The development of the formula is based on:

1. Main reinforcement with yield strength = 414 MPa and f 'c units in MPa:

%p =0.936 (2) +7.398 (jg) +0.06 (i) 0.003(f") )

2. Main reinforcement with yield strength = 685 MPa and f'c units in MPa

lp—0503<P)+3218 4 +0053(L)+00018 ! 3
h ) +3218(52) + 0083 ) + 000187 ®

where h=column cross-sectional depth, P=column axial force, P¢=0.85.fc.(AqAs)+fy.As= nominal axial force,
As=column reinforcement area, Ag=gross concrete cross-sectional area, L=column length.

Steps to simplifying several parameters in Table 12 above by taking the repeated parameters are P, f'ccr, F SO that
several values T up to m, values that the calculated value 7 up to m, values can be obtained as follows:

' A f'cA Po.l Py.h f'
”1:fc Sy ==,y = Y2,y = 2 y g = and?‘[ﬁ— =t 4
Po Po fecf VI'e f'c

Some of the = values mentioned above are simplified again with the aim of all = values being non-dimensional. In
this case, the simplification is also attempted to approach the formula that has been developed by Bae and Bayrak and
Ou et al. The simplification concept of the Buckingham Pi Theorem is by multiplying, dividing, adding, or subtracting
between 7, the solution and the results are given in Table 14.

Table 14. Simplification of = value

Simplified &, s/d s Note
P, ' . .

Tg = =, = f cf non-dimensional
PO c

PO
JP lp> non-dimensional

Thus, the value =t in Table 14 can be rearranged as follows:

fccf é l_p —
AW (5)

f (s, e, 7, Tg) = f(

- =0 (6)

Py
atau — f(T[Sl Tlg, T, 7T8) = f(P_' N P
o

Meanwhile, the solution to the function equation r is:

fccf
fle

Equation 7 has a non-dimensional form and is close to the Bae and Bayrak equation [49] and the equation of Ou et
al. [50], but differs in the value of the constant C, where the value of C affects all non-dimensional parameters. After
obtaining the constant C, it is then validated based on the experimental results of the plastic hinge length and also
validated/compared with other I, equations (see Figure 26). Meanwhile, the f'.s value is used by the equation from
Sabariman et al. [43].

—C(—+—+ ).k @)
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Figure 26. Description of Ip/h ratio based on the three basic plastic hinge length formulas, C, ci, ¢z, ¢3 = constant

3.4. Coefficient C

The calculation of the C coefficient value is obtained based on the interaction between the values in Table 11 and
Equation 7. After all the C values have been obtained, they are then included in the graph of the relationship between
Vs and C to see the trend. The graphic regression trend is shown in Figure 27.
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Figure 27. C coefficient value supports the proposed Equation 7
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Based on the regression trend in Figure 27, the value of C is taken as C = -506V¢ + 7.5V + 0.39, then the proposed
Equation 7 and the value of C were validated against the I, results of the experimental analysis. The validation results
showed that the proposed I, formula only had a small difference, namely 4.88% < 5% (see Table 11). The validation
results are shown in Table 11. As a comparison of several plastic hinge length formulas such as Sahebjam [13], Herbert
& Sawyer [14], Corley [15], Mattoks [16], Park & Paulay [17], Zahn [18], Priestley and Park [19], Sheik and Khoury
[20], Lu et al. [21], Moehle [22], Paulay & Priestley [23], Panagiotakos & Fardis [24], Berry et al. [25], Gu et al. [26]
and Youssf et al. [27] is depicted in Figure 26. Figure 26 is based on three groups of plastic hinge length formulas and
shows the proposed formula I, under conservative conditions. This is per the condition of the column specimen; the
damage tends to be due to bending damage. The length of plastic hinges due to bending tends to be shorter than the
length of plastic hinges due to shear damage.

3.5. Ductility and Crack Pattern

This experiment also physically observed damage around the long area (test area), damage to all test specimens
tended to be due to bending damage, which was per previous design predictions, where FSSR < 0.6 was taken. In this
study, it was also seen that the lengths of the plastic hinges of all test specimens were not greater than 0.5h of the column
cross-section. Bae & Bayrak [49] illustrate that the influence of the magnitude of the Paia level influences the length of
the plastic hinge, the greater the Paxial, the longer the plastic hinge formed. However, in this study the average I, = 97.03
mm is not more than half of h (see Table 11), and the results are relatively short. This is also suspected to be due to Paxia
= 0.121.Ag.f'c (axial is relatively small) and corresponds to the designed FSSR value < 0.6. This small axial impact
causes all of the test specimens to be damaged due to bending. This research also found that all test specimens behaved
in a very ductile manner because all the ductility values were ua> 4 (Table 15 and Figure 28).

Table 15. Ductility of test specimens

Criteria based on the Federal Emergency

Group of Specimens Ha Management Agency (FEMA) [37]
Cs00— Cso2 5.14 - 10.60 Highly ductile
Ces0— Ces2 4.02 - 15.95 Highly ductile
Cs00— Cao2 4.00 - 13.27 Highly ductile

(c) Specimen Col.1.c

(d) Specimen Col.1.d (e) Specimen Col.1.e (f) Specimen Col.2.a
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(j) Specimen Col.2.e (I) Specimen Col.3.b

(m) Specimen Col.3.c (n) Specimen Col.3.d (0) Specimen Col.3.e
Figure 28. Damage Patterns of Column Specimens

4. Conclusion

In laboratory experiments, the ductility of reinforced concrete column structures can be analyzed based on the
displacement that occurs, namely the ultimate displacement divided by the displacement at first yield, but, apart from
measuring displacement, curvature that occurs along the vertical fibers of the column can also be measured. This
curvature measurement can be used as a guide for measuring column plastic hinges because there is a relationship
between the curvature formed and the length of the plastic hinge. However, the axial load of the column is also related
to the length of the plastic hinge, the greater the axial column, the longer the plastic hinge of the column.
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Research on steel fiber in reinforced columns can also increase column ductility, especially post-peak load ductility,
namely at the condition of 0.8Pmax. In this research, using steel fiber in reinforced concrete columns has shown high
ductile results, which were obtained pa> 4. As a result of using Paxia = 0.121.Ag.f', according to predictions, the damage
tends to be due to damage due to bending in the plastic hinge area. Even though the bending damage collects in the
plastic hinge area, it is still necessary to know the length of the plastic hinge, especially since this study used steel fiber
in its research. The proposed plastic hinge length formula in this study has considered the axial load ratio, longitudinal
reinforcement area ratio, and influence ratio of steel fiber usage.
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