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ARTICLE INFO ABSTRACT

Bamboo can be used as reinforcement for concrete, especially in simple construction, because of its high tensile
strength. Any collapse that occurs in a bamboo reinforced concrete beam is often caused by failure of the bond
between bamboo and concrete. Many researchers have suggested using adhesive coatings or roughness mod-
ifications to bamboo reinforcement, but a slip failure pattern still appears. The aim of this research is to increase
bond-stress and slip resistance by using a hose-clamp, and to obtain a relationship model of load vs. deflection
and bond-stress vs. slip between bamboo reinforcement and concrete. The experiments use 75 mm x 150 mm x
1100 mm concrete beams. Concrete beam specimens comprise 24 bamboo-reinforced beams, one beam with
8 mm diameter steel reinforcement, and one without reinforcement. Hose-clamp spacing varies by 0 cm, 15 cm,
20 cm, and 25 cm. Beam testing uses a four-point loading method. Test results show an increase in bond-stress
and flexural capacity, and reduced slip between bamboo reinforcement and concrete, when hose-clamps are
used. There are differences in the relationship of load vs. deflection and bond-stress vs. slip between bamboo
reinforced concrete beams and steel reinforced concrete beams.

Keywords:

Bond-stress

Slip resistance

Bamboo reinforced concrete
Hose-clamp

1. Introduction

Exploiting industrial building materials with an indifference to
using renewable building materials can cause permanent environ-
mental pollution. Bamboo, as a renewable building material, can
minimize energy consumption, protect non-renewable natural re-
sources, reduce pollution and maintain a healthy environment. Bamboo
is a material with an economic advantage because growth is relatively
fast, allowing it to achieve maximum mechanical resistance within a
few years. In addition, bamboo is very abundant in the tropics and
subtropics throughout the world [1].

Bamboo can be used for concrete reinforcement for modest housing
communities in areas where it is abundant, especially underdeveloped
villages. However, bamboo is considered unprofitable because of the
methods required to prepare it for such use. Researchers have tried to
simplify bamboo treatment and eliminate operational problems in using
it as the main structural component. Many of them focus on examining
whether bamboo reinforcement is really cheaper than steel reinforce-
ment, taking into account operational costs, depreciation losses, re-
quired skills, and on-the-job training needs for long-term use [2]. Other
researchers discuss the feasibility of bamboo in technical, cost, dur-
ability, and other terms [3-10].
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A frequent barrier to developing bamboo reinforced concrete is the
failure of the bond between the bamboo reinforcement and the con-
crete. This occurs because of the slippery nature of the bamboo surface,
and imperfect attempts to modify its roughness. Treatments to coun-
teract the slipperiness have included soaking, drying, waterproof
coating, and sprinkling with dry sand. Nevertheless, the collapse pat-
tern is still dominated by slip failure between bamboo reinforcement
and concrete. Tripura and Singh [11] recently proposed a column re-
inforcement technique to increase the strength and performance of
bamboo reinforcement, but the user must pay attention to humidity,
and bond properties need to be determined for better results.

The aim of this research is to increase bond-stress and slip resistance
using a hose-clamp, and to obtain a relationship model of load deflec-
tion and bond-stress and slip between the bamboo reinforcement and
the concrete. The concept of installing a hose-clamp on to bamboo re-
inforcement is similar to the concept of using deformed bar reinforce-
ment in concrete [12] as shown in Fig. 1 and Fig. 2, where there are
frictional force interaction and the bearing force between bamboo re-
inforcement and concrete. Installing hose-clamps in this way will in-
crease slip resistance and bond-stress. The frictional force of the
bamboo reinforcement surface will be distributed on the hose-clamp
that functions as a shear connector. Strengthened bamboo

Received 18 February 2019; Received in revised form 23 July 2019; Accepted 24 July 2019

Available online 25 July 2019
2352-7102/ © 2019 Elsevier Ltd. All rights reserved.



Muhtar, et al.

Lose-clamp
- [

=i =
Bearing toree at hosc-clamp

e Iy

Journal of Building Engineering 26 (2019) 100896

Bamboo reinforcement ceated with sikadur®-752 and sand

l: i
o e
| Adhesion and

friction force

Fig. 1. Bamboo reinforcement with a hose-clamp.
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Fig. 2. The friction force and bearing force of a deformed bar [12].

reinforcement using a hose-clamp is then applied to concrete beams and
evaluated by flexural testing.

2. Theory

The reinforced concrete bond is formed by the mechanism of ad-
hesion, friction and mechanical interlock between the reinforcement
and the concrete. Bond strength is strongly influenced by fracture en-
ergy [13] as well as complex interactions between local deformation,
chemical adhesion, and other factors [14]. The shear forces transferred
between the bamboo reinforcement and the concrete is the dominant
factor after the adhesive bond. A good bond between concrete and re-
inforcing bamboo is essential so that the system can behave as planned,
and also to fulfill the required performance of the structure in the long
run. The bamboo reinforcement surface condition and the shearing
surface area are important factors in the shear stress value.

Roughness modification of bamboo reinforcement is carried out by
notching [15], wire and coir winding [16], the addition of hooks [17],
or installation of hose-clamps [18-20]. These methods can increase the
bearing capacity of a bamboo reinforcement concrete beam, but still
have drawbacks, such as difficult implementation, and a notching
process can weaken bamboo reinforcement. Agarwal et al. [21] con-
ducted research on a bamboo reinforced concrete beam using water-
proof coating Sikadur 32 Gel and sand. The capacity of the beam load
increased by up to 29.41% for a 1.49% bamboo reinforcement area, but
slip failure still occurred. Gisleiva C.S [22]. tested bamboo reinforced
concrete beams using a two points load method, and showed that the
beam crack occurs due to bond failure between bamboo reinforcement
and concrete, followed by sliding failure and slip.

The bamboo reinforcement adhesive should also serve as an im-
permeable layer and sand sheathing binder to the bamboo reinforce-
ment. Some types of adhesives that have been used include: Negrolin,
Sikadur 32 Gel [1]; Sikadur-31CFN [23]; Araldite, Tepecrete P-151,
Anti Corr RC, and Sikadur 32 Gel [21]; Araldite, epoxy resin, and coal
tar [24]; paint and dry sand [25]; layer asphalt and sand on bamboo
reinforcement [26]; asphalt layer and coir rope coiled [27]; Concresive
Master Inject 1315 [28]; synthetic resin and synthetic rubber [29];

water-based epoxy coating with fine sand, water based epoxy coating
with coarse sand, TrueGrip EP with coarse sand, TrueGrip BP with
coarse sand, Exaphen with coarse sand, and enamel [30]; and lime
water treated bamboo mat coated with epoxy and sand [31].

In the pull-out testing of concrete, the bond strength decreases as
the steel reinforcement diameter increases; the deeper the embedded
reinforcement steel, the higher the bond-stress value [32,33]. Javadian
et al. [30] investigated bamboo pull-out, using a type of epoxy coating,
to determine the bonding behavior between bamboo reinforcement and
concrete. The results showed that bamboo-composite reinforcement
without layers has sufficient ties with the concrete matrix, but with the
epoxy base layer and sand particles provides extra protection without
loss of bond strength. Where failure occurs, it is at the bond between
reinforcing steel with concrete, and slippage. The pull-out testing re-
sults by Muhtar et al. [19] on bamboo reinforced concrete with Si-
kadur®-752 coating and hose-clamps embedded in concrete cylinders
indicated an increase of tensile stress of up to 240% compared to un-
treated bamboo reinforced concrete. The pattern of collapse indicates
the collapse pattern of bond and concrete cone failure and Bamboo
failure of a node. This shows that using a hose-clamp on bamboo re-
inforcement works well, with the concrete remaining attached to the
bamboo reinforcement.

Installation of hose-clamps increases slip resistance along the
bamboo reinforcement. The frictional force of the bamboo reinforce-
ment surface is distributed on the hose-clamp that serves as a shear
connector. The bonding stress parameter between bamboo reinforce-
ment and concrete can be shown in flexural capacity, crack pattern, and
beam failure pattern.

Hose-clamp installation on bamboo reinforcement serves as an-
choring friction between bamboo reinforcement with concrete. The
friction strength, 7, of the bamboo pullout test can be calculated using
Eq. (1) [30]:

P

= —
(2a + 2b)L, (@D)]

where P is the pullout force, (2a + 2 b) is the dimension of the bamboo
cross-section, and L, is the length of bamboo surface attachment.
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The bond-stress (u) of the BRC beam can be calculated by Eq. (2)
and Eq. (3) [25,34]:

v
U= -
jd. Zo 2)

id = (4~ ra) ®

where V is the shearing force of the beam, Xo is the circumference of the
nominal surface area of the bamboo reinforcement in length units, d is
the distance from the maximum press fiber to the center of the bamboo
tensile reinforcement area, and a is the height of concrete stress block
equivalent.

3. Materials and methods
3.1. Preparation of bamboo reinforcement

This research uses bamboo petung (Dendrocalamus asper) between
three and five years old [21], 6 m long from its base. Bamboo is cut and
separated according to the planned size, then soaked in water to remove
the starch content for approximately 30 days. After soaking, bamboo is
dried in free air for about 30 days [21,35]. The dried bamboo is cleaned
on the inner side and trimmed with a grinding machine to the required
shape for bamboo reinforcement measuring 7 X 10 mm?, 10 x 10 mm?
and 15 x 15 mm? The number of bamboo reinforcement nodes used
varies between two and three pieces.

3.2. The waterproof coating Sikadur®-752 and installation of hose-clamp

After the bamboo reinforcement preparation process is complete,
the next step is the waterproof coating and installation of hose-clamps.
The waterproof coating used was Sikadur®-752, and the coating was
carried out twice. Sikadur®-752 is applied to the bamboo reinforcement
to prevent water absorption; the effectiveness and durability of
Sikadur®-752 adhesive require further research. The specification of
Sikadur®-752 is shown in Table 1. Hose-clamps installation is carried
out after the first stage Sikadur®-752 waterproof coating is dry. The
second layer of waterproofing is applied with the aim of making the
first stage impermeable, and of strengthening the bond between hose-
clamps and bamboo reinforcement. The hose-clamp used is a %" dia-
meter stainless steel unit made in Taiwan specifications are not avail-
able. The distance variation of the hose-clamp setting is 0 cm, 15 cm,
20 cm, and 25 cm. To overcome bamboo node disturbance, hose-clamps
are installed in one of two ways, either by stretching the hose-clamp
bolt and inserting directly from the tip of the bamboo reinforcement, or
by opening the hose-clamp bolt first and installing the unit using a
screwdriver. Nearly one-third of the surface of bamboo reinforcement is
slippery. To increase its roughness, sand is sprinkled on [30] after the
Sikadur®-752 waterproof coating is half-dry. The sand used is fine

Table 1
The specification of Sikadur®-752.
Components Properties
Aspect Yellowish
Mix density Approx. 1.08 kg/1
Mix ratio, by weight/ 2:1
volume

Pot life 30 °C
Compressive strength

35min

620 kg/cm? at 7 days

640kg/cm? at 28 days

270kg/cm? at 28 days

> 20 kg/cm? (concrete failure, over mechanically
prepared concrete surface)

400kg/cm? at 28 days

10,600 kg/cm?

Tensile strength
Bond strength, to concrete

Flexural strength
Modulus of elasticity
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Fig. 4. Processing a waterproof coating, a sand coating, and a hose-clamp in-
stallation.

volcanic dust sand from Raung Mountain, Jember, Indonesia, which
contains particles of iron. The process of preparing bamboo, including
waterproof coating and sprinkling sand, up to hose-clamp installation,
is shown in Fig. 3 and Fig. 4.

3.3. Pull-out tests

The dimensions of bamboo reinforcement used in the pull-out tests
are 15mm X 15 mm x 400 mm, while the size of the concrete cylinder
is a diameter of 150 mm and a length of 300 mm. A bamboo re-
inforcement is inserted into the middle of a concrete cylinder with a
depth of 200 mm. Specimens are tested after 28 days; 15 test pieces
were made, with five treatments, namely (a) normal, (b) hose-clamp
with span 10 cm, (c) Sikadur®-752, (d) Sikadur®-752 and hose-clamp
with span 15cm, and (e) Sikadur®-752 and hose-clamp with span
20 cm. The purpose of the treatment on the specimen is to increase the
bond-strength between bamboo and concrete. Specimen details from
the pull-out test are shown in Fig. 5, while the manufacture of speci-
mens and pull-out test settings are shown in Fig. 6.

3.4. Testing methods

The mix design of normal concrete for this research comprised
Portland Pozzolana Cement (PPC), sand, coarse aggregate, and water
with a proportion of 1:1.8, 1:2.8, 2:0.52. Sand and gravel are from the
Malang area. The cylinder specimen measured 150 mm diameter and
300 mm height. A universal testing machine (UTM) with 2000 kN ca-
pacity was used for a compression test. The values of the concrete
compressive strength test and the bamboo tensile strength test were
used as the basis for the theoretical calculation of the beam.

The beam test specimen comprised 26 pieces with a size of
75mm X 150 mm x 1100 mm, as shown in Fig. 7, consisting of 24
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Fig. 5. Specimen details of the pull-out test.

pieces of the bamboo reinforced concrete beam (BRC), one steel re-
inforced concrete beam (SRC), and one concrete beam without re-
inforcement (PC). Bamboo reinforcement is installed as tensile re-
inforcement with a variation of reinforcement area of 140 mm?
200 mm?, and 450 mm?. The steel bars used are 8 mm in diameter with
an A, = 100.48 mm? reinforcement area. The use of 2bars of 8 mm
diameter is not equivalent to the bamboo reinforcement area used; if
equalized it must be made in non-dimensional conditions, but this is not
fully suitable because its behavior will not be the same if it has reached
post-crack. This requires further research.

The flexural beam test is carried out using a four-point technique
[36]. There are two points loads with spacing %4L from the beam sup-
port, using a WF load spreader. The strain gauge is mounted on bamboo
reinforcement 2L from the beam support. The strain gauge is connected
to the digital strain meter. The deflection that occurs in the beam is
detected using LVDT (linear variable displacement transducers) “2L
from the beam support. A hydraulic jack is used for beam loading and
200 kN load cell connected to the load indicator. Load indicator read-
ings are used as hydraulic jack controllers, deflection readings, and
strain readings, according to load control methods. After the test beam
reaches its ultimate load, readings are taken according to the deflection
control method. The pattern of collapse is observed and identified
through cracks that occur, starting from the first crack until the beam
collapses. The test equipment settings and load scheme are shown in
Fig. 8.

el . o 0

4. Results and discussion
4.1. Material test and pull-out test

The bamboo tensile test returned an average tensile stress of
126.68 N/mm? and an average strain of 0.0074. The average of the
modulus of bamboo elasticity is calculated based on formula E = o/,
and 17,235.74 MPa was obtained. Modulus of steel elasticity was
207,735.92 MPa. In bamboo tensile testing, the majority of failures of
bamboo reinforcement occur at the point of the bamboo node as shown
in Fig. 9, so that the modulus of elasticity is taken as an average test
result of bamboo reinforcement with nodes and without nodes. Fig. 10
and Fig. 11 show a graph of the stress-strain relationship of bamboo and
steel, a graph of the stress-strain relationship of bamboo tends to be
linear until fracture stress occurs, so there are difficulties in de-
termining the yielding point, especially if bamboo has been used as
concrete reinforcement. So in this study, the method for determining
the yield point of bamboo reinforcement in the concrete beam was
based on ASTM E2126-09 [37] scope 1.2, which is for specimens con-
structed from wood or metal framing, braced with solid sheathing.
Compression tests were carried out in accordance with ASTM C 39 [38]
after 28 days of concrete age. The compressive strength of the average
cylinder is 31.31 MPa and the average weight of the cylinder is
125.21N.

The data from the pull-out test results of bamboo reinforcement,
treated with waterproof coating Sikadur®-752, sand and hose-clamp
rings embedded in concrete cylinders, showed an increase in bond-
stress of 214% and 200% compared to bamboo without treatment, with

Fig. 6. Manufacture of specimens and pull-out test settings.
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a distance of hose-clamps of 15cm and 20 cm, respectively; with the
loading rate, respectively 39.5kN and 37.5kN. For bamboo reinforce-
ment without waterproof coating Sikadur®-752 and sand, but using
hose-clamps with a distance of 10 cm, this increased by 8%, whereas
bamboo reinforcement with waterproof coating Sikadur®-752 and sand
without hose-clamps increased by 125% compared to untreated
bamboo, as shown in Fig. 12.

Test specimens with waterproof coating Sikadur®-752, sand, and
hose-clamps showed a collapse pattern of “bond and concrete cone
failure” as shown in Fig. 13a. This shows that the waterproof coating

Sikadur®-752 and the hose-clamps on the bamboo reinforcement have
worked well, as indicated by the concrete attached to the bamboo re-
inforcement. Test specimens with waterproof coating Sikadur®-752 and
sand, but without hose-clamps, show a collapse pattern of “bond-slip
failure”, but have a fairly high bond strength, as shown in Fig. 13b.
Whereas the specimen with hose-clamps without waterproof coating
Sikadur®-752 or sand show a collapse pattern of the “bond-slip failure”
with bond-stress similar to that of untreated bamboo reinforcement.
This shows that there is an action of absorbing water between bamboo
reinforcement and concrete. When the concrete is wet, the bamboo
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Fig. 8. The setting of the flexural beam test.
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reinforcement absorbs water so that the bamboo reinforcement swells.
When the concrete is dry, the water in the bamboo reinforcement is
absorbed by the concrete, so that the bamboo reinforcement shrinks
and the hose-clamp becomes loose. This causes a slip to occur and the
hose-clamp has no effect on bond-stress. The pattern of the collapse is
shown in Fig. 13b.

The analysis of the test results and the pattern of collapse shows that
the use of waterproof coating is absolutely necessary; the installation of
hose-clamps on bamboo reinforced concrete without waterproof
coating has no significant effect.

4.2. The flexural capacity of the bamboo reinforced concrete beam

Theoretical analysis of beam flexural capacity is based on Ghavami
(2005) [1]. From the analysis of stress and strain distribution of flexural
beam elements, the balance between the concrete compressive force (C)
and the tensile force (T) must be fulfilled. The tensile strength of
bamboo reinforcement (T) was obtained by multiplying bond-stress
from the pull-out test results by the shear area of bamboo reinforce-
ment; this is because, based on the results of the study, the collapse of
bamboo reinforced concrete was caused by the loss of bond between
bamboo reinforcement and concrete. Data from theoretical calculations
and BRC beam experimental results are shown in Table 2.

The initial crack of BRC beams from theoretical calculations oc-
curred at a load of 6.87 kN, while ultimate loads occurred at 29.62 kN,
33.73 kN, and 45.27 kN respectively on BRC beams with bamboo re-
inforcement areas of 140 mm?, 200 mm?, and 450 mm?. The average
load of the initial crack of the experimental results occurs at a load of
7.35kN. Fig. 14 shows the average initial crack load and the average
ultimate load of a BRC beam from theoretical calculations and experi-
mental results. The average ultimate load of the experimental results is
90% of the ultimate load resulting from the theoretical calculations.
This is one solution to the problem of the low capacity of bamboo re-
inforced concrete beams, as reported by several previous researchers.
They concluded that the flexural capacity of bamboo reinforced con-
crete beams reached only 56% of its capacity if the tensile strength of
bamboo was full [17], only 29%-39% of the capacity of steel reinforced
concrete beams with the same reinforcement dimensions and width
[39], and only 35% of steel reinforced concrete beams at the same
strength level [40].

Fig. 15 shows a comparison of the ultimate load of BRC beams and
SRC beams, based on reinforcement area variation and hose-clamp
distance. BRC beams with a reinforcement area of 450 mm? have the
highest ultimate load for all variations in the distance of the hose-
clamps. Whereas when viewed from the variation in the distance of the
hose-clamps, BRC beams with a distance of 20 cm hose-clamps have the
highest ultimate load, 33.25 kN. BRC beams with a ratio of 4% bamboo
reinforcement area exceed the ultimate load of steel reinforced SRC
beams by up to 38.54% with a steel reinforcement area ratio of 0.89%.

The results of the analysis of variance on all data from the flexural
test show the non-significant effect of hose-clamps on the beam capa-
city, whereas from the pull-out test results, as shown in Fig. 12, the
effect of hose-clamps is significant. This indicates that: (1) the distance
of the installation of the hose-clamps has not been optimum or is still
too tight for flexural tensile reinforcement. Installation of tight hose-
clamps will reduce the elastic properties of bamboo and bamboo re-
inforcement becomes more rigid. Bamboo has high tensile strength in
the direction of the fiber (longitudinal direction), but is weak in the
transverse direction, so that when receiving a flexural tensile force,
there will be a concentration of stress, and bamboo reinforcement
ruptures, especially at the point of the bamboo node and the position of
the hose-clamp; (2) installation of effective hose-clamps if used on pure
tensile elements, such as truss elements or as the length of distribution
(Lqg) for bamboo reinforcement; (3) waterproof coating Sikadur®-752
and sand have a significant effect on bond-stress. This is indicated by
the ultimate load of BRC-sO beam approaching the ultimate load of
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BRC-s1, BRC-s2, and BRC-s3 beams. The installation of hose-clamps
without waterproof coating treatment does not have an effect on the
bond-stress or beam capacity. The installation of hose-clamps as

Table 2
Flexural beam test results.
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Fig. 14. The ultimate load of theoretical and experimental results of the BRC
beam.

flexural tensile reinforcement needs further research, with the hose-
clamps distance larger and more effective.

4.3. The load-deflection relationship model of the bamboo reinforced
concrete beam

The pattern of the load-deflection relationship between BRC and
SRC beams is strongly influenced by the mechanical properties of
bamboo and steel reinforcement materials. The different characteristics
of stress and strain in bamboo and steel are the dominant factors in
determining the characteristics of load-deflection relationships. On the
stress-strain characteristics of bamboo, it does not have a long initial
melting point. This means the service load range point or the proof
bond strength point cannot be directly determined. The relationship
between load and deflection was carried out on BRC beams with a

No Specimens code Theoretical calculations Flexural test results
First Ultimate load Ultimate load base on  First Average first Failure Average Deflection at ~ Average
crack base on the the shear area of crack crack load load (kN) failure load failure (mm)  deflection at
load tensile strength bamboo reinforcement  load (kN) (kN) failure (mm)
(kN) of bamboo (kN)  (kN) (kN)
1 BRC-s0 Al1B1 6.87 11.39 29.61 8.50 8.25 22.00 21.75 12.10 12.40
2 As =140 mm? Al1B1 8.00 21.50 12.69
3 BRC - s1 AlB2 6.87 11.39 29.61 7.00 6.75 21.00 18.50 6.08 6.40
4 As = 140 mm? A1B2 6.50 16.00 6.72
5 BRC-s2 A1B3 6.87 11.39 29.61 6.00 6.25 22.00 22.25 9.09 9.20
6  As=140mm’ A1B3 6.50 22.50 9.31
7 BRC-s3 A1B4 6.87 11.39 29.61 8.00 7.75 19.50 20.75 10.21 11.57
8  As =140 mm? A1B4 7.50 22.00 12.92
9 BRC-s0 A2B1 6.87 15.86 33.73 6.50 6.75 26.50 27.75 10.21 11.17
10  As = 200 mm? A2B1 7.00 29.00 12.12
11 BRC-sl A2B2 6.87 15.86 33.73 6.50 7.00 33.00 30.75 14.84 13.39
12 As = 200 mm® A2B2 7.50 28.50 11.94
13 BRC-s2 A2B3 6.87 15.86 33.73 6.50 6.75 31.00 31.50 13.25 13.50
14  As = 200 mm* A2B3 7.00 32.00 13.74
15 BRC-s3 A2B4 6.87 15.86 33.73 8.50 8.00 29.50 29.00 9.66 10.80
16 As = 200 mm® A2B4 7.50 28.50 11.94
17 BRC-s0 A3B1 6.87 32.19 45.27 8.50 8.25 31.50 30.25 10.92 11.41
18 As = 450 mm? A3B1 8.00 29.00 11.90
19 BRC-sl A3B2 6.87 32.19 45.27 7.00 7.25 31.00 32.00 12.18 12.60
20 As = 450 mm? A3B2 7.50 33.00 13.02
21 BRC-s2 A3B3 6.87 32.19 45.27 8.00 7.75 33.50 33.25 14.69 12.01
22 As = 450 mm? A3B3 7.50 33.00 9.32
23 BRC-s3 A3B4 6.87 32.19 45.27 7.50 7.50 29.50 29.75 7.61 9.15
24 Ab = 450 mm? A3B4 7.50 30.00 10.69
25 SRC SRC  6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33
As = 100,48 mm>
26 PC PC 6.39 9.42 8.00 8.00 1.29
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Fig. 15. The comparison of the ultimate load of BRC beams and SRC beams,
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bamboo reinforcement area of 450 mm? with a hose-clamp distance of
0cm, 15cm, 20 cm, and 25 cm. This is because it has the highest ulti-
mate load and good data consistency.

Fig. 16 and Fig. 17 show the differences in the behavior of load-
deflection and load-strain relationships of BRC and SRC beams. The
BRC beam has a much higher deflection. This shows higher energy
absorption, but lower stiffness. The SRC beams can directly determine
the initial yield point of reinforcement. A graph of the load-deflection
relationship of the SRC beam shows the elastic area or friction bond
limit (I), elasto-plastic (II), and plastic (III), while the BRC beam does
not clearly show plastic areas — the BRC beam load-deflection graph
tends to be linear. However, the crack moment (M,,), which is the point
of friction bond limit, can be known directly through the initial crack
that occurs.

The service load range is determined based on ASTM E 2126-09
[37], that is by drawing a vertical line through the 0.4Pmqe. line
meeting with a 0.8P;mar horizontal line. From the analysis results, the
average value of Py ;.. load is 18.79 kN or about 60% of Py yimace- While
the elastic range or friction bond limit points using Eq. (4) [33]:

F.

—% = Ru - 2.3(0) = 20.08% ~ 20%
Edtimate (4)

Table 3 shows that the lowest elastic value, 22.58%, occurred in the
BRC-s1 beam, the highest, 27.59%, in the BRC-sO beam. The average
value of the elastic range is 24.61% of the ultimate load. From the
calculation using Eq. (4), the value of the elastic limit is obtained by
20% of the ultimate load. The elastic limit on the SRC beam is 41.67%
of the ultimate load. It can be concluded that the point of the elastic

40 1
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1
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Fig. 16. Load-deflection relationship of BRC beams.
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Fig. 17. Load-strain relationship of BRC beams.

Table 3
Load-displacement relationship calculation data.

Specimens/ No  Theoretical Flexural test results

Code calculations

First Ultimate  First Failure  Deflection P/

crack load (kN) crack load, at failure Putimate
load load, Putimate ~ (mm) (%)
(kN) P, (kN) (kN)
(@) BRC-s0/ 1 6.87 32.19 8.50 31.50 10.92 26.98
A3B1 2 8.00 29.00 11.90 27.59
(b) BRC- 1 6.87 32.19 7.00 31.00 13.02 22.58
sl/ 2 7.50 33.00 12.18 22.73
A3B2
(c) BRC-s2/ 1 6.87 32.19 8.00 33.25 14.69 23.88
A3B3 2 7.50 33.00 9.32 22.73
(d) BRC- 1 6.87 32.19 7.50 29.50 7.61 25.42
s3/ 2 7.50 30.00 10.69 25.00
A3B4
Mean values (Ru) 7.69 31.31 11.29 24.61
Standard 0.46 1.73 1.97

deviation (o)

P
P ultimate | ’
I‘?\roof bond strength “Ultimate bond strength
R
= \ \
g Peervice N :
S Y A A H 100%
. : :Nominal load strength
/ First crack ! :
/[ Friction bond limit !
| d
J L B0%
ECL 77777 iService load : BRC Beam
range H
20% E SRC Beam
| Elastic range H
\Y \
a

Displacement, A

Fig. 18. The idealization of the load-deflection relationship model of BRC
beam.

limit is 20% of the ultimate load, and the service load range is 60% of
the ultimate load. The idealization of the BRC beam load-deflection
relationship model is shown in Fig. 18.
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Fig. 19. The difference in stiffness between the BRC beam and the SRC beam.

In Fig. 19, if horizontal lines are drawn at service limits Pepice, and
linear lines are parallel to the SRC beam load-deflection diagram, it will
be seen that the BRC beam stiffness is much lower than SRC beam
stiffness. The average value of the BRC beam stiffness was lower —
43.92% - compared to the SRC beam. Whereas if we take when the
initial crack load of the SRC beam, or 0.4Pj;imi, iS obtained, the BRC
beam stiffness is lower than 75% of the SRC beam stiffness, as shown in
Fig. 19. This is a weakness of the BRC beam that needs to be considered
in future studies. The principle of the theory of confined concrete and
shear reinforcement can be a solution to overcome the low rigidity of
the BRC beam.

4.4. The bond-stress of flexural beam

Measurements and observations of slip (s) are carried out from
when the initial crack occurs until the beam has collapsed. The mea-
surement of slip (s) is taken in two ways, namely direct measurement
through a strain gauge attached to a bamboo reinforcement for elon-
gation of bamboo reinforcement (ep,), and measurement through force
analysis or curvature moment for elongation of the concrete (e.,). The
readings from the strain gauge installed on bamboo reinforcement can
still be carried out even though the concrete has been cracked, because
when the concrete cracked, the bamboo reinforcement was still not
yielding or was still in an elastic condition. Direct measurement
through strain gauge and measurement through force analysis is carried
out as control and comparison. Slip (s,) at the point where the bond-
stress occurs is calculated based on Eq. (5) [41].

So = €po — €co )

where ey, = elongation of bamboo reinforcement, and e., = elongation
of concrete. The elongation of concrete (e,) is calculated using Eq. (6)
[411.

€co = €cco T €c.bo (6)

where e, ., = elongation of concrete due to the compressive force, and
e.»o = elongation of concrete due to bond force.

The purpose of installing hose-clamps on bamboo reinforcement is
to increase slip resistance between bamboo and concrete reinforcement.
The test results and the calculations of bond-stress and slip can be seen
in Table 4 and Table 5. Fig. 20 shows the relationship between bond-
stress and slip in the BRC beam, divided into two stages. The first is the
linear elastic stage, where the linear line curve shows the full elastic
behavior of the BRC beam. The shear force that occurs on the re-
inforcement surface of bamboo is transferred to concrete. The max-
imum tensile stress on the beam is smaller than the flexural tensile
strength, or smaller than the concrete collapse modulus. The second
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stage is a combination of elasto-plastic and plastic stages; this is con-
sistent with the characteristics of the stress-strain of bamboo re-
inforcement which does not have a long yielding point, as shown in
Fig. 10. This stage is the beginning of the micro slip of bamboo re-
inforcement and concrete.

The bond-stress of bamboo reinforcement starting to work up to
ultimate bond-stress. The tensile stress that occurs is completely re-
tained by bamboo reinforcement with its friction strength. Bond-stress
increases with increasing slip resistance force. Likewise, the cracks in-
crease and widen as the slip increases. The ultimate tension occurs
when the maximum slip occurs on the bamboo reinforcement. The ul-
timate bond-stress occurs when the maximum slip occurs on the
bamboo reinforcement.

From Table 5, the ratio between the friction bond limit and ultimate
bond strength (ug/u,) ranges from 21% to 27%. While the bond-stress
(w) from the friction bond limit up to ultimate bond strength can be
approximated by Eq. (7), with the limit of 5, < s, < s,,, Where s, is slip
on the initial crack of the beam, and s, is the slip at the ultimate load as
shown in Fig. 21.

u = 0.027s, + 0.026 ()

4.5. The relationship model of bond-stress and slip in the bamboo reinforced
concrete beam

Fig. 22 shows the bond-stress and slip relationship of BRC beam
with a hose-clamp on bamboo reinforcement, where point a is the
friction bond limit (up), and d is the ultimate bond strength (u,). The
ratio average of the friction bond limit (up) with the ultimate bond
strength (u,) of the BRC beam is 24%, and a minimum ratio of 21%
occurs on the BRC-s1 beam, while a maximum ratio of 27% occurs on
the BRC-s3 beam. The proposed ug/u, ratio is taken with Eq. (8) [33].

Y Ru = 23(0) = 18.43% ~ 20%
Uy (€)]

The bamboo reinforced concrete beam (BRC) in Figs. 17 and 20 does
not show elasto-plastic or plastic boundaries, so the boundaries point of
proof bond strength (u,) and bond-stress at pre-cracking become
nothing. This is in accordance with the stress-strain characteristic of
bamboo reinforcement, that no length yield region occurs as it does in
steel reinforcement. Thus, the region of post-friction bond limit (uy) is a
linear line until reaching ultimate bond strength (u,). The value of the
friction bond limit (uy) point up to the ultimate bond strength (u,) point
is estimated at about 80%. If based on ASTM E 2126-09 [37], which sets
out how to determine the yielding point of a wooden structure, then u,
is taken at 0.8upeqr, and the ultimate bond strength (u,) point is esti-
mated at about 60%. Diab et al. [33], with a steel pull-out test, pro-
posed the uy/u, ratio for the point (a) friction bond limit (up) of 50%, (b)
proof bond strength (uy,,) of 60%, and (c) bond-stress at pre-cracking by
70%.

The difference between the relationship diagram of bond-stress and
slip and the friction bond limit value (uy) is far enough between the BRC
and the SRC beam. This is due to a faster initial crack in the BRC beam.
Initial cracks occur faster due to several reasons, including (1) the
presence of microcracks around hose-clamps caused by air bubbles
during the cement hydration process, (2) shrinkage occurring in
bamboo reinforcement because the defects are not coated with a wa-
terproof coating, especially during execution, and (3) the modulus of
elasticity of bamboo is lower than concrete. Points (1) and (2) above are
possible if work is not carried out under strict supervision.

4.6. Verification with the finite element method
Numerical verification is carried out in order to control the com-

patibility of the crack pattern of the BRC beam with the stress contour
that occurs. The numerical method employed is the finite element
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Table 4
Bond-stress and slip of the flexural beam test.
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Specimens/ Sample no Theoretical calculations  Flexural test results Flexural beam  Slip, s,
Code bond-stress (mm)
First Ultimate First Average first  Failure Average Deflection at Average (MPa)
crack load (kN) crack crack load load (kN) failure load failure (mm) deflection at
load (kN) load (kN) (kN) (kN) failure (mm)
(a) BRC-s0/ 1 6.87 32.19 8.50 8.25 31.50 30.25 10.92 11.41 0.31 9.05
A3B1 2 8.00 29.00 11.90
(b) BRC-s1/ 1 6.87 32.19 7.00 7.25 31.00 32.00 13.02 12.60 0.33 10.85
A3B2 2 7.50 33.00 12.18
() BRC-s2/ 1 6.87 32.19 8.00 8.00 33.50 33.25 14.69 12.01 0.33 9.76
A3B3 2 7.50 33.00 9.32
(d) BRC-s3/ 1 6.87 32.19 7.50 7.50 29.50 29.75 7.61 9.15 0.30 10.12
A3B4 2 7.50 30.00 10.69
(e) SRC 1 6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33 0.24 12.53
method, using the Fortran PowerStation 4.0 program. Theoretical 04 T
analysis to calculate the load that causes the initial crack uses elastic
theory (linear analysis) with a transformation section. For linear ana-
lysis, the material data included is the elastic modulus (E) and the = 03 +
Poisson ratio (v). The non-linear phase is approached by giving a de- Y
crease in the strength of concrete 0.25-0.5 for the calculation of ef- =
fective stiffness in the plastic area [42]. FEM analysis has not modeled 3 02 +
the bond between bamboo reinforcement and concrete, where bamboo b Elastoplasticand ~ — Pre 3
and concrete are considered to have the same displacement, with a 8 plastic stage TTBRCs
different modulus of elasticity (E), so that they experience different T o1 _zzzz
stress. FEM analysis in this study has not been explained in detail and 2 — e
needs further analysis. In the constitutive relationship of finite element =~ g6~
analysis, the problem-solving method has used the theory of plane- od , , , ”;‘eare'a“ic:tage , :
stress. Triangle elements are used to model plane-stress elements with 0 2 4 6 8 10 12 14
two-way primary displacement at each point, so that the element has slip, s, (mm)

six degrees of freedom. The discretization of the beam plane was carried
out using the triangle element shown in Fig. 23.

The modulus of elasticity (E), for each layer was calculated ac-
cording to the conditions of the material. The layers consisting of the
concrete and the bamboo reinforcement are calculated using the fol-
lowing Eq. (9) [43].

E, =E,. V, + E. V, )

with E, = equivalent elasticity modulus of BRC beam, E;, = modulus of
elasticity of bamboo reinforcement, E. = modulus of elasticity of con-
crete, V;, = relative volume of bamboo reinforcement in the calculated
layer, and V, = relative volume of concrete in the calculated layer. The
stress-strain relationship for plane-stress problems has the form of an
equation like Eq. (10).

Oy 1 v O Ex
o\ = E vy1 0 gy
1+ 2 1-v
w) A o0 Sk (10)
Table 5

Bond-stress calculation.

Fig. 20. Relocation bond-stress and slip on a BRC beam.

where E is the modulus of elasticity of the BRC beam and v is Poisson's
ratio. And the principal stress in two dimensions is be calculated with
Eq. (11).

an

Fig. 24 shows that stiffness decreases after the initial crack, ac-
cording to the loading stage of each mesh layer, and this is very in-
fluential on the results of the analysis. The average stiffness of the BRC
beam was reduced from 26,324.76 MPa before cracking to
6581.20 MPa after the collapse [42], while the average value of the
stiffness of the SRC beam was reduced from 30,334.11 MPa before
cracking to 16,873.35MPa after the collapse. Fig. 24 shows that the
results of the load-deflection relationship model from the analysis are

Specimens/Code Theoretical calculations Flexural test results
First crack load (kN)  Ultimate load (kN)  First crack load (kN)  Failure load (kN)  Flexural beam bond-stress, u, (MPa)  uf (MPa)  uy/u, (%)
(a) BRC-s0/A3B1 6.87 32.19 8.50 31.50 0.311 0.079 25
6.87 32.19 8.00 29.00 0.306 0.074 24
(b) BRC-s1/A3B2 6.87 32.19 7.00 31.00 0.326 0.069 21
6.87 32.19 7.50 33.00 0.321 0.064 20
(c) BRC-s2/A3B3 6.87 32.19 8.00 33.50 0.331 0.079 24
6.87 32.19 7.50 33.00 0.321 0.084 26
(d) BRC-s3/A3B4 6.87 32.19 7.50 29.50 0.296 0.074 25
6.87 32.19 7.50 30.00 0.291 0.079 27
Mean values (Ru) 0.313 24
Standard deviation (o) 0.01 2.42
(e) SRC 6.51 16.63 10.00 24.00 0.24

10
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Fig. 21. The relationship of bond-stress and slip on a BRC beam.

a = Friction bond limit

b = Proof bond strength
c = Bond stress at pre-cracking
d = Ultimate bond strength
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Fig. 22. The idealization of the bond-stress and slip relationship of the BRC
beam.

quite close to the experimental results.

Along with increasing load, deflection and moments will continue to
increase. When the crack moment (M,,) is exceeded, the initial crack
will occur, especially at the maximum moment. After the initial crack
occurs, bond-stress will occur on bamboo reinforcement and concrete.
Bond-stress and cracks will continue to propagate at the weak point of
the beam section.

Fig. 25 and Fig. 26 show the crack pattern of the experimental result
BRC beam and the contour stress result from the Surfer 9.8 program
simulation. The position of the crack line and crack propagation are in
accordance with the tensile stress contours of the simulation results, ie
at coordinates 15 to 95. The red represents the maximum tensile stress,
and the grayish blue represents maximum compressive stress. After
initial cracking in the middle of the span, branching cracks occur in the
position of the bamboo reinforcement. New cracks arise and branch
upwards, right, and left. However, most additional cracks propagate to
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Fig. 24. The behavior of the load-deflection relationship of the BRC beam and
the SRC beam using the finite element method.

the right and left, following the direction of bamboo reinforcement, in
accordance with the maximum tensile stress contour resulting from the
simulation. At this stage of branching cracks, the hose-clamp serves as a
slip barrier and transfers the force to the concrete, as is evidenced by
the many upward cracks that occur at the hose-clamp position, and the
increasing spread of cracks spread. Documentation of the crack process
can be seen by clicking the following link: https://goo.gl/6AVWmP.

The contribution of the hose-clamp to the bond-stress can be seen in
the difference between the crack pattern in the results of this study and
that of Agarwal's [21] study, as shown in Figs. 25 and 29. The crack line
in the direction of the bamboo reinforcement proves the slip between
bamboo reinforcement and concrete. The occurrence of slip proves that
the elasticity modulus of bamboo is lower than that of concrete, causing
low bond-stress. Therefore, the calculation of the BRC beam cross-sec-
tional capacity must be based on the bamboo reinforcement shear area,
not on the tensile strength of the bamboo reinforcement; this is in ac-
cordance with Ghavami's [1] research on the stress-strain distribution
analysis of bamboo reinforced concrete beams.

Figs. 27 and 28 show the stress contours of the SRC beam resulting
from the simulation in the Surfer 9.8 program and the crack pattern of
the experimental result for the SRC beam. The coordinates of the crack
pattern and the maximum tensile stress coordinates of the simulation
results show suitability, which occurs at coordinates 35 to 75. Patterns
of cracks and collapse are flexural cracks and flexural collapse. This
proves that the bond strength of steel reinforcement is higher than the
bond strength of bamboo reinforcement. After the initial crack occurs,
along with increasing load, cracks continue to propagate upwards until
collapse occurs.

150 mm- 55\1
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100 mm~ 40
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40mm +—| 9\ ,
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25 mm +— g 14
z -) st
=5 > 5 1% mesh layer
— N
omm 4 12 13

48‘0 mm
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105 mm 11|00 mm
t +

Fig. 23. Finite Element idealization of BRC beam.
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Fig. 25. The crack pattern of the BRC beam.

Fig. 26. The stress contour of the BRC beam.
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Fig. 27. The stress contour of the SRC beam.
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Fig. 28. The crack pattern of the SRC beam.

Fig. 29. Failure of bond-slip of the BRC beam [21].

5. Conclusions

Based on experiment, verification using the finite element method,
and evaluation results on bamboo reinforced concrete beams with re-
inforcement using a hose-clamp, the following conclusions can be
drawn:

(1) Installation of hose-clamps on bamboo reinforcement serves as a
shear connector, can increase bond-stress, and reduce the slip be-
tween bamboo reinforcement and concrete.

(2) The BRC beam load-deflection relationship model has a gap that is
far enough with the SRC beam load-deflection diagram. The stiff-
ness of the BRC beam is lower than the stiffness of the SRC beam.
The principle of the theory of confined concrete and shear re-
inforcement can be a solution to overcome the low rigidity of the
BRC beam.

(3) The relationship model of bond-stress and slip in a BRC beam is
different from the bond-stress and slip relationship model in an SRC
beam. The friction bond limit of the BRC beam occurs at 0.2Pimate
and the friction bond limit of the SRC beam occurs at 0.4P yimate-

12

This difference is due to the stress-strain characteristics and the
elastic modulus of the materials from the two different test objects.

(4) The stress-strain characteristics of the materials, the modulus of
elasticity of the materials, and the test method of the specimens are
very influential to the relationship model of the bond-stress and
slip.
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Abstract

Bamboo can be used as reinforcement for concrete, especially in simple construction because of
its high tensile strength. Any collapse that occurs in a bamboo reinforced concrete beam is often
caused by the failure of the bond between bamboo and concrete. Many researchers have
suggested using adhesive coating and roughness modification to the bamboo reinforcement, but a
slip failure pattern still appears. The aim of this research is to increase bond-stress and slip
resistance using a hose-clamp, and to obtain a relationship model of load deflection and bond-
stress and slip between the bamboo reinforcement and the concrete. The experiment uses a 75 mm
x 150 mm x 1100 mm concrete beam. Concrete beam specimens consist of 24 pieces of bamboo
reinforced beam, one piece with [1 8 mm steel reinforcement, and one without reinforcement. The
hose-clamp distance varies by 0 cm, 15 cm, 20 cm, and 25 cm. The beam test uses the four-point
loading method. The test result shows an increase in bond-stress and flexural capacity, and
reduced slip between bamboo reinforcement and concrete. There are differences in the
relationship of load-deflection and bond-stress and slip between bamboo reinforced concrete
beams and steel reinforced concrete beams.

Keywords: bond-stress, slip resistance, bamboo reinforced concrete, hose-clamp

1. Introduction

Exploiting industrial building materials with an indifference to using renewable building materials can cause
permanent environmental pollution. Bamboo, as a renewable building material, can minimize energy consumption,
protect non-renewable natural resources, reduce pollution and maintain a healthy environment. Bamboo is a material
with an economic advantage because growth is relatively fast, allowing it to achieve maximum mechanical resistance
within a few years. In addition, bamboo is very abundant in the tropics and subtropics throughout the world [1].

Bamboo can be used for concrete reinforcement for modest housing communities in areas where it is abundant,
especially underdeveloped villages. However, bamboo is considered unprofitable because of the methods required to
prepare it for such use. Researchers have tried to simplify bamboo treatment and eliminate operational problems in
using it as the main structural component. Many of them focus on examining whether bamboo reinforcement is really
cheaper than steel reinforcement, taking into account operational costs, depreciation losses, required skills, and on-the-
job training needs for long-term use [2]. Other researchers discuss the feasibility of bamboo in technical, cost,
durability, and other terms [3-10].

A frequent barrier to developing bamboo reinforced concrete is the failure of the bond between the bamboo
reinforcement and the concrete. This occurs because of the slippery nature of the bamboo surface, and imperfect
attempts to modify its roughness. Treatments to counteract the slipperiness have included soaking, drying, waterproof
coating, and sprinkling with dry sand. Nevertheless, the collapse pattern is still dominated by slip failure between
bamboo reinforcement and concrete. Tripura and Singh [11] recently proposed a column reinforcement technique to
increase the strength and performance of bamboo reinforcement, but the user must pay attention to humidity, and bond
properties need to be determined for better results.

The aim of this research is to increase bond-stress and slip resistance using a hose-clamp, and to obtain a
relationship model of load deflection and bond-stress and slip between the bamboo reinforcement and the concrete.



The concept of installing a hose-clamp on to bamboo reinforcement is similar to the concept of using deformed bar
reinforcement in concrete [12] as shown in Fig. 1 and Fig. 2, where there are frictional force interaction and the
bearing force between bamboo reinforcement and concrete. Installing hose-clamps in this way will increase slip
resistance and bond-stress. The frictional force of the bamboo reinforcement surface will be distributed on the hose-
clamp that functions as a shear connector. Strengthened bamboo reinforcement using a hose-clamp is then applied to
concrete beams and evaluated by flexural testing.

Bamboo reinforcement coated with sikadur®-752 and sand

2 ': - — =
Adhesion and

friction force

Hose-clamp

< s
Bearing force at hose-clamp

Fig. 1. Bamboo reinforcement with a hose-clamp
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Fig. 2. The friction force and bearing force of a deformed bar [12]

2. Theory

The reinforced concrete bond is formed by the mechanism of adhesion, friction and mechanical interlock between the
reinforcement and the concrete. Bond strength is strongly influenced by fracture energy [13] as well as complex
interactions between local deformation, chemical adhesion, and other factors [14]. The shear forces transferred
between the bamboo reinforcement and the concrete is the dominant factor after the adhesive bond. A good bond
between concrete and reinforcing bamboo is essential so that the system can behave as planned, and also to fulfill the
required performance of the structure in the long run. The bamboo reinforcement surface condition and the shearing
surface area are important factors in the shear stress value.

Roughness modification of bamboo reinforcement is carried out by notching [15], wire and coir winding [16], the
addition of hooks [17], or installation of hose-clamps [18-20]. These methods can increase the bearing capacity of a
bamboo reinforcement concrete beam, but still have drawbacks, such as difficult implementation, and a notching
process can weaken bamboo reinforcement. Agarwal et al. [21] conducted research on a bamboo reinforced concrete
beam using waterproof coating Sikadur 32 Gel and sand. The capacity of the beam load increased by up to 29.41% for
a 1.49% bamboo reinforcement area, but slip failure still occurred. Gisleiva C.S. [22] tested bamboo reinforced
concrete beams using a two points load method, and showed that the beam crack occurs due to bond failure between
bamboo reinforcement and concrete, followed by sliding failure and slip.

The bamboo reinforcement adhesive should also serve as an impermeable layer and sand sheathing binder to the
bamboo reinforcement. Some types of adhesives that have been used include: Negrolin, Sikadur 32 Gel [1]; Sikadur-
31CFN [23]; Araldite, Tepecrete P-151, Anti Corr RC, and Sikadur 32 Gel [21]; Araldite, epoxy resin, and coal tar
[24]; paint and dry sand [25]; layer asphalt and sand on bamboo reinforcement [26]; asphalt layer and coir rope coiled
[27]; Concresive Master Inject 1315 [28]; synthetic resin and synthetic rubber [29]; water-based epoxy coating with
fine sand, water based epoxy coating with coarse sand, TrueGrip EP with coarse sand, TrueGrip BP with coarse sand,
Exaphen with coarse sand, and enamel [30]; and lime water treated bamboo mat coated with epoxy and sand [31].

In the pull-out testing of concrete, the bond strength decreases as the steel reinforcement diameter increases; the
deeper the embedded reinforcement steel, the higher the bond-stress value [32-33]. Javadian et al. [30] investigated
bamboo pull-out, using a type of epoxy coating, to determine the bonding behavior between bamboo reinforcement
and concrete. The results showed that bamboo-composite reinforcement without layers has sufficient ties with the
concrete matrix, but with the epoxy base layer and sand particles provides extra protection without loss of bond
strength. Where failure occurs, it is at the bond between reinforcing steel with concrete, and slippage. The pull-out
testing results by Muhtar et al. [19] on bamboo reinforced concrete with Sikadur®-752 coating and hose-clamps



embedded in concrete cylinders indicated an increase of tensile stress of up to 240% compared to untreated bamboo
reinforced concrete. The pattern of collapse indicates the collapse pattern of bond and concrete cone failure and
Bamboo failure of a node. This shows that using a hose-clamp on bamboo reinforcement works well, with the
concrete remaining attached to the bamboo reinforcement.

Installation of hose-clamps increases slip resistance along the bamboo reinforcement. The frictional force of the
bamboo reinforcement surface is distributed on the hose-clamp that serves as a shear connector. The bonding stress
parameter between bamboo reinforcement and concrete can be shown in flexural capacity, crack pattern, and beam
failure pattern.

Hose-clamp installation on bamboo reinforcement serves as anchoring friction between bamboo reinforcement
with concrete. The friction strength, 7, of the bamboo pullout test can be calculated using Eq. (1) [30]:

P
Ty = (M
(2a+2b)L,
where P is the pullout force, (2a + 2b) is the dimension of the bamboo cross-section, and L, is the length of bamboo

surface attachment.
The bond-stress () of the BRC beam can be calculated by Eq. (2) and Eq. (3) [25, 34]:

V
u = .
Jjd=(d-)a) 3)

where V is the shearing force of the beam, Yo is the circumference of the nominal surface area of the bamboo
reinforcement in length units, d is the distance from the maximum press fiber to the center of the bamboo tensile
reinforcement area, and a is the height of concrete stress block equivalent.

3. Materials and methods
3.1. Preparation of bamboo reinforcement.

This research uses bamboo petung (Dendrocalamus asper) between three and five years old [21], six meters long from
its base. Bamboo is cut and separated according to the planned size, then soaked in water to remove the starch content
for approximately 30 days. After soaking, bamboo is dried in free air for about 30 days [21, 35]. The dried bamboo is
cleaned on the inner side and trimmed with a grinding machine to the required shape for bamboo reinforcement
measuring 7 x 10 mm?, 10 x 10 mm? and 15 x 15 mm?. The number of bamboo reinforcement nodes used varies
between two and three pieces.

3.2. The waterproof coating Sikadur®-752 and installation of hose-clamp.

After the bamboo reinforcement preparation process is complete, the next step is the waterproof coating and
installation of hose-clamps. The waterproof coating used was Sikadur®-752, and the coating was carried out twice.
Sikadur®-752 is applied to the bamboo reinforcement to prevent water absorption; the effectiveness and durability of
Sikadur®-752 adhesive require further research. The specification of Sikadur®-752 is shown in Table 1. Hose-clamps
installation is carried out after the first stage Sikadur®-752 waterproof coating is dry. The second layer of
waterproofing is applied with the aim of making the first stage impermeable, and of strengthening the bond between
hose-clamps and bamboo reinforcement. The hose-clamp used is a %" diameter stainless steel unit made in Taiwan
specifications are not available. The distance variation of the hose-clamp setting is 0 cm, 15 cm, 20 ¢cm, and 25 cm. To
overcome bamboo node disturbance, hose-clamps are installed in one of two ways, either by stretching the hose-clamp
bolt and inserting directly from the tip of the bamboo reinforcement, or by opening the hose-clamp bolt first and
installing the unit using a screwdriver. Nearly one-third of the surface of bamboo reinforcement is slippery. To
increase its roughness, sand is sprinkled on [30] after the Sikadur®-752 waterproof coating is half-dry. The sand used
is fine volcanic dust sand from Raung Mountain, Jember, Indonesia, which contains particles of iron. The process of
preparing bamboo, including waterproof coating and sprinkling sand, up to hose-clamp installation, is shown in Fig. 3
and Fig. 4.



Table 1 The specification of Sikadur®-752

Components Properties

Aspect Yellowish

Mix density Approx. 1.08 kg/l

Mix ratio, by weight/volume 2:1

Pot life 30°C 35 minutes

Compressive strength 620 kg/cm? at 7 days
640 kg/cm? at 28 days

Tensile strength 270 kg/cm? at 28 days

Bond strength, to concrete >20 kg/cm? (concrete failure, over mechanically prepared
concrete surface)

Flexural strength 400 kg/cm? at 28 days

Modulus of elasticity 10,600 kg/cm?

Fig. 3. Tidying a bamboo bar with a grinding Fig. 4. Processing a waterproof coating, a sand
machine coating, and a hose-clamp installation

3.3. Pull-out tests

The dimensions of bamboo reinforcement used in the pull-out tests are 15 mm x 15 mm x 400 mm, while the size of
the concrete cylinder is a diameter of 150 mm and a length of 300 mm. A bamboo reinforcement is inserted into the
middle of a concrete cylinder with a depth of 200 mm. Specimens are tested after 28 days; 15 test pieces were made,
with five treatments, namely (a) normal, (b) hose-clamp with span 10 c¢m, (¢) Sikadur®-752, (d) Sikadur®-752 and
hose-clamp with span 15 cm, and (e) Sikadur®-752 and hose-clamp with span 20 cm. The purpose of the treatment on
the specimen is to increase the bond-strength between bamboo and concrete. Specimen details from the pull-out test
are shown in Fig. 5, while the manufacture of specimens and pull-out test settings are shown in Fig. 6.

Bamboo, section zise

200 mm 15 mm x 50 mm

Bamboo with Sikadur -752

coat, and sand coat

Hose clamp Hose clamp
Concrete 100 mm 50 mm
200 mm Bamboo, section B 200 mm
zise 15 x 15 mm 100 mm 150 mm
100 mm 100 mm 100 mm 100 mm
- L -+ 1
150 mm | 150mm | | 150 mm | 150mm | | 150mm |
T T T T

(@) (b) (© (d) (e)

Fig. 5. Specimen details of the pull-out test



Fig. 6. Manufacture of specimens and pull-out test settings

3.4. Testing methods

The mix design of normal concrete for this research comprised Portland Pozzolana Cement (PPC), sand, coarse
aggregate, and water with a proportion of 1:1.8, 1:2.8, 2:0.52. Sand and gravel are from the Malang area. The cylinder
specimen measured 150 mm diameter and 300 mm height. A universal testing machine (UTM) with 2000 kN capacity
was used for a compression test. The values of the concrete compressive strength test and the bamboo tensile strength
test were used as the basis for the theoretical calculation of the beam.
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Information:
SRC = Steel reinforced concrete
PC = Plain concrete

BRCy) = Bamboo reinforced concrete (BRC) — spacing hose-clamp 0 cm (s)

BRCs; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 15 cm (s;)

BRCs; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 20 cm (s,)

BRCy; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 25 cm (s3)

As = Area of steel reinforced (4s = 100,48 mm?)

Ab = Area of bamboo reinforced (Variation of 45 = 140 mm?, 200 mm?, and 450 mm?)

Fig. 7. Geometry and distance variations of beams with hose-clamp
The beam test specimen comprised 26 pieces with a size of 75 mm x 150 mm x 1100 mm, as shown in Fig. 7,

consisting of 24 pieces of the bamboo reinforced concrete beam (BRC), one steel reinforced concrete beam (SRC),
and one concrete beam without reinforcement (PC). Bamboo reinforcement is installed as tensile reinforcement with a



variation of reinforcement area of 140 mm?2, 200 mm?2, and 450 mm?2. The steel bars used are 8 mm in diameter with an
A; = 100.48 mm? reinforcement area. The use of two bars of 8 mm diameter is not equivalent to the bamboo
reinforcement area used; if equalized it must be made in non-dimensional conditions, but this is not fully suitable
because its behavior will not be the same if it has reached post-crack. This requires further research.

The flexural beam test is carried out using a four-point technique [36]. There are two points loads with spacing 5L
from the beam support, using a WF load spreader. The strain gauge is mounted on bamboo reinforcement 2L from the
beam support. The strain gauge is connected to the digital strain meter. The deflection that occurs in the beam is
detected using LVDT (linear variable displacement transducers) 2L from the beam support. A hydraulic jack is used
for beam loading and 200 kN load cell connected to the load indicator. Load indicator readings are used as hydraulic
jack controllers, deflection readings, and strain readings, according to load control methods. After the test beam
reaches its ultimate load, readings are taken according to the deflection control method. The pattern of collapse is
observed and identified through cracks that occur, starting from the first crack until the beam collapses. The test
equipment settings and load scheme are shown in Fig. 8.

LOADING FRAME

Hinge support Roller support

Load spreader of WF

Beam specimens

1000 mm I

S0mm gy 1 Y%L 1 %L ?0 Inm Hydraulic jacks
T T
|
T

Fig. 8. The setting of the flexural beam test

4. Results and Discussion
4.1. Material test and pull-out test

The bamboo tensile test returned an average tensile stress of 126.68 N/mm? and an average strain of 0.0074. The
average of the modulus of bamboo elasticity is calculated based on the formula E = o/g, and 17235.74 MPa was
obtained. Modulus of steel elasticity was 207735.92 MPa. In bamboo tensile testing, the majority of failures of
bamboo reinforcement occur at the point of the bamboo node as shown in Fig. 9, so that the modulus of elasticity is
taken as an average test result of bamboo reinforcement with nodes and without nodes. Fig. 10 and Fig. 11 show a
graph of the stress-strain relationship of bamboo and steel, a graph of the stress-strain relationship of bamboo tends to
be linear until fracture stress occurs, so there are difficulties in determining the yielding point, especially if bamboo
has been used as concrete reinforcement. So in this study, the method for determining the yield point of bamboo
reinforcement in the concrete beam was based on ASTM E2126-09 [37] scope 1.2, which is for specimens constructed
from wood or metal framing, braced with solid sheathing. Compression tests were carried out in accordance with
ASTM C 39 [38] after 28 days of concrete age. The compressive strength of the average cylinder is 31.31 MPa and
the average weight of the cylinder is 125.21 N.

e failure at
node bamboo =

Fig. 9. The pattern of failure in bamboo reinforcement
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The data from the pull-out test results of bamboo reinforcement, treated with waterproof coating Sikadur®-752,
sand and hose-clamp rings embedded in concrete cylinders, showed an increase in bond-stress of 214% and 200%
compared to bamboo without treatment, with a distance of hose-clamps of 15 ¢cm and 20 cm, respectively; with the
loading rate, respectively 39.5 kN and 37.5 kN. For bamboo reinforcement without waterproof coating Sikadur®-752
and sand, but using hose-clamps with a distance of 10 cm, this increased by 8%, whereas bamboo reinforcement with
waterproof coating Sikadur®-752 and sand without hose-clamps increased by 125% compared to untreated bamboo, as
shown in Fig. 12.
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Test specimens with waterproof coating Sikadur®-752, sand, and hose-clamps showed a collapse pattern of “bond
and concrete cone failure” as shown in Fig. 13a. This shows that the waterproof coating Sikadur®-752 and the hose-
clamps on the bamboo reinforcement have worked well, as indicated by the concrete attached to the bamboo
reinforcement. Test specimens with waterproof coating Sikadur®-752 and sand, but without hose-clamps, show a
collapse pattern of “bond-slip failure”, but have a fairly high bond strength, as shown in Fig.13b. Whereas the
specimen with hose-clamps without waterproof coating Sikadur®-752 or sand show a collapse pattern of the “bond-
slip failure” with bond-stress similar to that of untreated bamboo reinforcement. This shows that there is an action of
absorbing water between bamboo reinforcement and concrete. When the concrete is wet, the bamboo reinforcement
absorbs water so that the bamboo reinforcement swells. When the concrete is dry, the water in the bamboo
reinforcement is absorbed by the concrete, so that the bamboo reinforcement shrinks and the hose-clamp becomes
loose. This causes a slip to occur and the hose-clamp has no effect on bond-stress. The pattern of the collapse is shown
in Fig. 13b.

The analysis of the test results and the pattern of collapse shows that the use of waterproof coating is absolutely



necessary; the installation of hose-clamps on bamboo reinforced concrete without waterproof coating has no
significant effect.

4.2. The flexural capacity of the bamboo reinforced concrete beam

Theoretical analysis of beam flexural capacity is based on Ghavami (2005) [1]. From the analysis of stress and strain
distribution of flexural beam elements, the balance between the concrete compressive force (C) and the tensile force
(T) must be fulfilled. The tensile strength of bamboo reinforcement (T) was obtained by multiplying bond-stress from
the pull-out test results by the shear area of bamboo reinforcement; this is because, based on the results of the study,
the collapse of bamboo reinforced concrete was caused by the loss of bond between bamboo reinforcement and
concrete. Data from theoretical calculations and BRC beam experimental results are shown in Table 2.

The initial crack of BRC beams from theoretical calculations occurred at a load of 6.87 kN, while ultimate loads
occurred at 29.62 kN, 33.73 kN, and 45.27 kN respectively on BRC beams with bamboo reinforcement areas of
140 mm?, 200 mm?, and 450 mm?. The average load of the initial crack of the experimental results occurs at a load of
7.35 kN. Fig. 14 shows the average initial crack load and the average ultimate load of a BRC beam from theoretical
calculations and experimental results. The average ultimate load of the experimental results is 90% of the ultimate
load resulting from the theoretical calculations. This is one solution to the problem of the low capacity of bamboo
reinforced concrete beams, as reported by several previous researchers. They concluded that the flexural capacity of
bamboo reinforced concrete beams reached only 56% of its capacity if the tensile strength of bamboo was full [17],
only 29% to 39% of the capacity of steel reinforced concrete beams with the same reinforcement dimensions and
width [39], and only 35% of steel reinforced concrete beams at the same strength level [40].
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Fig. 15 shows a comparison of the ultimate load of BRC beams and SRC beams, based on reinforcement area
variation and hose-clamp distance. BRC beams with a reinforcement area of 450 mm? have the highest ultimate load
for all variations in the distance of the hose-clamps. Whereas when viewed from the variation in the distance of the
hose-clamps, BRC beams with a distance of 20 cm hose-clamps have the highest ultimate load, 33.25 kN. BRC beams
with a ratio of 4% bamboo reinforcement area exceed the ultimate load of steel reinforced SRC beams by up to
38.54% with a steel reinforcement area ratio of 0.89%.

The results of the analysis of variance on all data from the flexural test show the non-significant effect of hose-
clamps on the beam capacity, whereas from the pull-out test results, as shown in Fig. 12, the effect of hose-clamps is
significant. This indicates that: (1) the distance of the installation of the hose-clamps has not been optimum or is still
too tight for flexural tensile reinforcement. Installation of tight hose-clamps will reduce the elastic properties of
bamboo and bamboo reinforcement becomes more rigid. Bamboo has high tensile strength in the direction of the fiber
(longitudinal direction), but is weak in the transverse direction, so that when receiving a flexural tensile force, there
will be a concentration of stress, and bamboo reinforcement ruptures, especially at the point of the bamboo node and
the position of the hose-clamp; (2) installation of effective hose-clamps if used on pure tensile elements, such as truss
elements or as the length of distribution (Ly) for bamboo reinforcement; (3) waterproof coating Sikadur®-752 and sand
have a significant effect on bond-stress. This is indicated by the ultimate load of BRC-s0 beam approaching the
ultimate load of BRC-s1, BRC-s2, and BRC-s3 beams. The installation of hose-clamps without waterproof coating
treatment does not have an effect on the bond-stress or beam capacity. The installation of hose-clamps as flexural
tensile reinforcement needs further research, with the hose-clamps distance larger and more effective.



Table 2
Flexural beam test results

Theoretical calculations Flexural test results
First Ultimate Ultimate load ~ First crack ~ Average first Failure load Average Deflection at Average
No Specimens code crack  load base on  base on the load (kN) crack load (kN) failure load  failure (mm)  deflection
load the tensile shear area of (kN) (kN) at failure
(kN) strength of bamboo (mm)
bamboo reinforcement
(kN) (kN)
1 AlBI 8.50 22.00 12.10
A %Rﬁ(; s0 ) 6.87 11.39 29.61 8.25 21.75 12.40
2 §= 4l mm AlB1 8.00 21.50 12.69
3 A1B2 7.00 21.00 6.08
A %Rﬁ(; s1 ) 6.87 11.39 29.61 6.75 18.50 6.40
4 §= 4l mm Al1B2 6.50 16.00 6.72
5 AlB3 6.00 22.00 9.09
A %Rﬁ(; $2 ) 6.87 11.39 29.61 6.25 2225 9.20
6 §= 4l mm AlB3 6.50 22.50 931
7 AlB4 8.00 19.50 10.21
A %Rﬁ(; $3 ) 6.87 11.39 29.61 7.75 20.75 11.57
8 §= 4l mm Al1B4 7.50 22.00 12.92
9 A2BI 6.50 26.50 10.21
A IiRz%(; s0 ) 6.87 15.86 33.73 6.75 27.75 11.17
10 §= 00U mm A2B1 7.00 29.00 12.12
11 A2B2 6.50 33.00 14.84
A IiRz%(; s1 ) 6.87 15.86 33.73 7.00 30.75 13.39
12 §= 00U mm A2B2 7.50 28.50 11.94
13 A2B3 6.50 31.00 13.25
A IiRSOE)SZ ) 6.87 15.86 33.73 6.75 31.50 13.50
14 §= S0 mm A2B3 7.00 32.00 13.74
15 A2B4 8.50 29.50 9.66
A ?Rgobﬁ ) 6.87 15.86 33.73 8.00 29.00 10.80
16 §= S0 mm A2B4 7.50 28.50 11.94
17 A3BI 8.50 31.50 10.92
A B}E&é s0 ) 6.87 32.19 4527 8.25 30.25 11.41
18 §=aUmm A3B1 8.00 29.00 11.90
19 A3B2 7.00 31.00 12.18
A B}E&é s1 ) 6.87 32.19 4527 7.25 32.00 12.60
20 §=aUmm A3B2 7.50 33.00 13.02
21 A3B3 8.00 33.50 14.69
A ERESE)SZ ) 6.87 32.19 4527 7.75 33.25 12.01
22 s mm A3B3 7.50 33.00 9.32
23 A3B4 7.50 29.50 7.61
AbIB:Rfs_osi - 6.87 32.19 4527 7.50 29.75 9.15
24 A3B4 7.50 30.00 10.69
SRC
25 As = 100,48 SRC 6.51 16.63 10.00 24.00 6.33
mm? 10.00 24.00 6.33
26 PC PC 6.39 9.42 8.00 8.00 1.29

4.3. The load-deflection relationship model of the bamboo reinforced concrete beam

The pattern of the load-deflection relationship between BRC and SRC beams is strongly influenced by the mechanical
properties of bamboo and steel reinforcement materials. The different characteristics of stress and strain in bamboo
and steel are the dominant factors in determining the characteristics of load-deflection relationships. On the stress-
strain characteristics of bamboo, it does not have a long initial melting point. This means the service load range point
or the proof bond strength point cannot be directly determined. The relationship between load and deflection was
carried out on BRC beams with a bamboo reinforcement area of 450 mm? with a hose-clamp distance of 0 cm, 15 cm,
20 cm, and 25 cm. This is because it has the highest ultimate load and good data consistency.

Fig. 16 and Fig. 17 show the differences in the behavior of load-deflection and load-strain relationships of BRC
and SRC beams. The BRC beam has a much higher deflection. This shows higher energy absorption, but lower
stiffness. The SRC beams can directly determine the initial yield point of reinforcement. A graph of the load-
deflection relationship of the SRC beam shows the elastic area or friction bond limit (I), elasto-plastic (II), and plastic
(III), while the BRC beam does not clearly show plastic areas — the BRC beam load-deflection graph tends to be
linear. However, the crack moment (#,,), which is the point of friction bond limit, can be known directly through the



initial crack that occurs.
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The service load range is determined based on ASTM E 2126-09 [37], that is by drawing a vertical line through

the 0.4P,jimae line meeting with a 0.8 P, ;4 horizontal line. From the analysis results, the average value of Py, load
is 18.79 kN or about 60% of P, ma.. While the elastic range or friction bond limit points using Eq. (4) [33]:
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Fig. 17. Load-strain relationship of BRC beams
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Table 3
Load-displacement relationship calculation data.

Theoretical calculations Flexural test results

Specimens / Code No - ;
First Ultimate First crack Failure load, Deflection at o
crack 00 (kN) load, Puimae (KN)  failure (mm) e/ Putimae (%0)
load (kN) Pc,(kN) ultimate
1 8.50 31.50 10.92 26.98
(a) BRC-s0 / A3B1 ) 6.87 32.19 3.00 29.00 11.90 2759
1 7.00 31.00 13.02 22.58
(6) BRC-s1/ A3B2 2 6.87 32.19 7.50 33.00 12.18 22.73
1 8.00 33.25 14.69 23.88
(c) BRC-s2/ A3B3 > 6.87 32.19 750 33.00 932 2273
1 7.50 29.50 7.61 25.42
(d) BRC-s3/ A3B4 ’ 6.87 32.19 750 30.00 10.69 25.00
Mean values (Ru) 7.69 31.31 11.29 24.61
Standard deviation (o) 0.46 1.73 1.97
P P
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Fig. 19. The difference in stiffness between the BRC
beam and the SRC beam

Table 3 shows that the lowest elastic value, 22.58%, occurred in the BRC-sl beam, the highest, 27.59%, in the
BRC-s0 beam. The average value of the elastic range is 24.61% of the ultimate load. From the calculation using Eq.
(4), the value of the elastic limit is obtained by 20% of the ultimate load. The elastic limit on the SRC beam is 41.67%



of the ultimate load. It can be concluded that the point of the elastic limit is 20% of the ultimate load, and the service
load range is 60% of the ultimate load. The idealization of the BRC beam load-deflection relationship model is shown
in Fig. 18.

In Fig. 19, if horizontal lines are drawn at service limits P, and linear lines are parallel to the SRC beam load-
deflection diagram, it will be seen that the BRC beam stiffness is much lower than SRC beam stiffness. The average
value of the BRC beam stiffness was lower — 43.92% — compared to the SRC beam. Whereas if we take when the
initial crack load of the SRC beam, or 0.4P,;;, is obtained, the BRC beam stiffness is lower than 75% of the SRC
beam stiffness, as shown in Fig. 19. This is a weakness of the BRC beam that needs to be considered in future studies.
The principle of the theory of confined concrete and shear reinforcement can be a solution to overcome the low
rigidity of the BRC beam.

4.4. The bond-stress of flexural beam.

Measurements and observations of slip (s) are carried out from when the initial crack occurs until the beam has
collapsed. The measurement of slip (s) is taken in two ways, namely direct measurement through a strain gauge
attached to a bamboo reinforcement for elongation of bamboo reinforcement (e,,), and measurement through force
analysis or curvature moment for elongation of the concrete (e.,). The readings from the strain gauge installed on
bamboo reinforcement can still be carried out even though the concrete has been cracked, because when the concrete
cracked, the bamboo reinforcement was still not yielding or was still in an elastic condition. Direct measurement
through strain gauge and measurement through force analysis is carried out as control and comparison. Slip (s,) at the
point where the bond-stress occurs is calculated based on Eq. (5) [41].

So = ebo - eco (5)

where e, = elongation of bamboo reinforcement, and e, = elongation of concrete. The elongation of concrete (e,,) is
calculated using Eq. (6) [41].

eco = ec,co + ec,bo (6)

where e.. ., = elongation of concrete due to the compressive force, and e, = elongation of concrete due to bond force.

The purpose of installing hose-clamps on bamboo reinforcement is to increase slip resistance between bamboo and
concrete reinforcement. The test results and the calculations of bond-stress and slip can be seen in Table 4 and Table
5. Fig. 20 shows the relationship between bond-stress and slip in the BRC beam, divided into two stages. The first is
the linear elastic stage, where the linear line curve shows the full elastic behavior of the BRC beam. The shear force
that occurs on the reinforcement surface of bamboo is transferred to concrete. The maximum tensile stress on the
beam is smaller than the flexural tensile strength, or smaller than the concrete collapse modulus. The second stage is a
combination of elasto-plastic and plastic stages; this is consistent with the characteristics of the stress-strain of
bamboo reinforcement which does not have a long yielding point, as shown in Fig. 10. This stage is the beginning of
the micro slip of bamboo reinforcement and concrete.
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The bond-stress of bamboo reinforcement starting to work up to ultimate bond-stress. The tensile stress that occurs
is completely retained by bamboo reinforcement with its friction strength. Bond-stress increases with increasing slip
resistance force. Likewise, the cracks increase and widen as the slip increases. The ultimate tension occurs when the
maximum slip occurs on the bamboo reinforcement. The ultimate bond-stress occurs when the maximum slip occurs
on the bamboo reinforcement.

From Table 5, the ratio between the friction bond limit and ultimate bond strength (i, /u,) ranges from 21% to



27%. While the bond-stress (#) from the friction bond limit up to ultimate bond strength can be approximated by the
Eq. (7), with the limit of s, <, < s,, where s, is slip on the initial crack of the beam, and s, is the slip at the ultimate
load as shown in Fig. 21.

u=0.027s, +0.026 (7

Table 4
Bond-stress and slip of the flexural beam test.

Theoret.l cal Flexural test results
calculations Flexural
i beam .
Specimens /  Sample . . Average . Slip, s
bond-
Code no First Ultima First first Failure Av'erage Deflectio Average on (mm)
crack crack failure n at deflection stress
te load crack load . .
load &N) load load kN) load failure  at failure (MPa)
(kN) (kN) (kN) (mm) (mm)
(kN)
_ 1 8.50 31.50 10.92
(&) BRC-s0 687  32.19 825 30.25 11.41 031 9.05
/ A3BI 2 8.00 29.00 11.90
_ 1 7.00 31.00 13.02
(b) BRC-s1 687  32.19 725 32.00 12.60 033 1085
/ A3B2 2 7.50 33.00 12.18
- 1 8.00 33.50 14.69
(¢) BRC-s2 687  32.19 8.00 33.25 12.01 033 976
/ A3B3 2 7.50 33.00 9.32
_ 1 7.50 29.50 7.61
(d) BRO3 687  32.19 7.50 29.75 9.15 030 1012
A3B4 2 7.50 30.00 10.69
(e) SRC 1 6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33 0.24 12.53
Table 5
Bond-stress calculation.
Theoretical calculations Flexural test results
Specimens/Code
First crack Ultimate First crack Failure Flexural beam bond- uy /e, (%)
load (kN) load (kN) load (kN) load (kN) stress, u, (MPa) (MPa) S l7o
(a) BRC-s0 / A3Bl1 6.87 32.19 8.50 31.50 0.311 0.079 25
6.87 32.19 8.00 29.00 0.306 0.074 24
(b) BRC-s1 / A3B2 6.87 32.19 7.00 31.00 0.326 0.069 21
6.87 32.19 7.50 33.00 0.321 0.064 20
(c) BRC-s2 / A3B3 6.87 32.19 8.00 33.50 0.331 0.079 24
6.87 32.19 7.50 33.00 0.321 0.084 26
(d) BRC-s3/ A3B4 6.87 32.19 7.50 29.50 0.296 0.074 25
6.87 32.19 7.50 30.00 0.291 0.079 27
Mean values (Eu ) 0.313 24
Standard deviation (o) 0.01 242
(e) SRC 6.51 16.63 10.00 24.00 0.24

4.5. The relationship model of bond-stress and slip in the bamboo reinforced concrete beam

Fig. 22 shows the bond-stress and slip relationship of BRC beam with a hose-clamp on bamboo reinforcement, where
point a is the friction bond limit (u/), and d is the ultimate bond strength (u,). The ratio average of the friction bond
limit (u;) with the ultimate bond strength (u,) of the BRC beam is 24%, and a minimum ratio of 21% occurs on the
BRC-s1 beam, while a maximum ratio of 27% occurs on the BRC-s3 beam. The proposed u,/u, ratio is taken with Eq.

(8) [33].
Y Ru-2.3(0) =18.43% ~ 20% ®)

u



The bamboo reinforced concrete beam (BRC) in Fig. 17 and Fig. 20 does not show elasto-plastic or plastic
boundaries, so the boundaries point of proof bond strength (u,.) and bond-stress at pre-cracking become nothing. This
is in accordance with the stress-strain characteristic of bamboo reinforcement, that no length yield region occurs as it
does in steel reinforcement. Thus, the region of post-friction bond limit () is a linear line until reaching ultimate bond
strength (u,). The value of the friction bond limit (u,) point up to the ultimate bond strength (u,) point is estimated at
about 80%. If based on ASTM E 2126-09 [37], which sets out how to determine the yielding point of a wooden
structure, then u, is taken at 0.8u,.., and the ultimate bond strength (u,) point is estimated at about 60%. Diab et al.
[33], with a steel pull-out test, proposed the u,/u, ratio for the point (a) friction bond limit (#,) of 50%, (b) proof bond
strength (u,,) of 60%, and (c) bond-stress at pre-cracking by 70%.

a = Friction bond limit

b = Proof bond strength
c = Bond stress at pre-cracking
d = Ultimate bond strength
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Fig. 22. The idealization of the bond-stress and slip relationship of the BRC beam

The difference between the relationship diagram of bond-stress and slip and the friction bond limit value (i) is far
enough between the BRC and the SRC beam. This is due to a faster initial crack in the BRC beam. Initial cracks occur
faster due to several reasons, including (1) the presence of microcracks around hose-clamps caused by air bubbles
during the cement hydration process, (2) shrinkage occurring in bamboo reinforcement because the defects are not
coated with a waterproof coating, especially during execution, and (3) the modulus of elasticity of bamboo is lower
than concrete. Points (1) and (2) above are possible if work is not carried out under strict supervision.

4.6. Verification with the finite element method

Numerical verification is carried out in order to control the compatibility of the crack pattern of the BRC beam with
the stress contour that occurs. The numerical method employed is the finite element method, using the Fortran
PowerStation 4.0 program. Theoretical analysis to calculate the load that causes the initial crack uses elastic theory
(linear analysis) with a transformation section. For linear analysis, the material data included is the elastic modulus (E)
and the Poisson ratio (v). The non-linear phase is approached by giving a decrease in the strength of concrete 0.25-0.5
for the calculation of effective stiffness in the plastic area [42]. FEM analysis has not modeled the bond between
bamboo reinforcement and concrete, where bamboo and concrete are considered to have the same displacement, with
a different modulus of elasticity (E), so that they experience different stress. FEM analysis in this study has not been
explained in detail and needs further analysis. In the constitutive relationship of finite element analysis, the problem-
solving method has used the theory of plane-stress. Triangle elements are used to model plane-stress elements with
two-way primary displacement at each point, so that the element has six degrees of freedom. The discretization of the
beam plane was carried out using the triangle element shown in Fig. 23.
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Fig. 23. Finite Element idealization of BRC beam

The modulus of elasticity (E), for each layer was calculated according to the conditions of the material. The layers
consisting of the concrete and the bamboo reinforcement are calculated using the following Eq. (9) [43].



E,=EV, +E.V, )
with E, = equivalent elasticity modulus of BRC beam, E, = modulus of elasticity of bamboo reinforcement,
E. = modulus of elasticity of concrete, ¥, = relative volume of bamboo reinforcement in the calculated layer, and

V.= relative volume of concrete in the calculated layer. The stress-strain relationship for plane-stress problems has the
form of an equation like Eq. (10 ).

o, P I v 0 ||e 10

o, r=——-|v 1 0 g, (10)
1+v9) 1-v

Ty 00 T Xy

where E is the modulus of elasticity of the BRC beam and v is Poisson’s ratio. And the principal stress in two
dimensions is be calculated with Eq. (11).

2
o _+0 O —0O
_ x y X y 2 _
0-1,2_ 2 * ( 2 J +T)cy _O-max (11)

Fig. 24 shows that stiffness decreases after the initial crack, according to the loading stage of each mesh layer , and
this is very influential on the results of the analysis. The average stiffness of the BRC beam was reduced from
26324.76 MPa before cracking to 6581.20 MPa after the collapse [42], while the average value of the stiffness of the
SRC beam was reduced from 30334.11 MPa before cracking to 16873.35 MPa after the collapse. Fig. 24 shows that
the results of the load-deflection relationship model from the analysis are quite close to the experimental results.
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Fig. 24. The behavior of the load-deflection relationship of
the BRC beam and the SRC beam using the finite element
method

Along with increasing load, deflection and moments will continue to increase. When the crack moment (M,,) is
exceeded, the initial crack will occur, especially at the maximum moment. After the initial crack occurs, bond-stress
will occur on bamboo reinforcement and concrete. Bond-stress and cracks will continue to propagate at the weak point
of the beam section.
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Fig. 26. The stress contour of the BRC beam
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Fig. 27. The stress contour of the SRC beam
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Fig. 28. The crack pattern of the SRC beam

Fig. 29. Failure of bond-slip of the BRC beam [21]

Fig. 25 and Fig. 26 show the crack pattern of the experimental result BRC beam and the contour stress result from
the Surfer 9.8 program simulation. The position of the crack line and crack propagation are in accordance with the
tensile stress contours of the simulation results, ie at coordinates 15 to 95. The red represents the maximum tensile
stress, and the grayish blue represents maximum compressive stress. After initial cracking in the middle of the span,
branching cracks occur in the position of the bamboo reinforcement. New cracks arise and branch upwards, right, and
left. However, most additional cracks propagate to the right and left, following the direction of bamboo reinforcement,
in accordance with the maximum tensile stress contour resulting from the simulation. At this stage of branching
cracks, the hose-clamp serves as a slip barrier and transfers the force to the concrete, as is evidenced by the many
upward cracks that occur at the hose-clamp position, and the increasing spread of cracks spread. Documentation of the
crack process can be seen by clicking the following link: https://goo.gl/6AVWmP.

The contribution of the hose-clamp to the bond-stress can be seen in the difference between the crack pattern in the
results of this study and that of Agarwal’s [21] study, as shown in Fig. 25 and Fig. 29. The crack line in the direction
of the bamboo reinforcement proves the slip between bamboo reinforcement and concrete. The occurrence of slip
proves that the elasticity modulus of bamboo is lower than that of concrete, causing low bond-stress. Therefore, the
calculation of the BRC beam cross-sectional capacity must be based on the bamboo reinforcement shear area, not on
the tensile strength of the bamboo reinforcement; this is in accordance with Ghavami’s [1] research on the stress-strain
distribution analysis of bamboo reinforced concrete beams.

Fig. 27 and Fig. 28 show the stress contours of the SRC beam resulting from the simulation in the Surfer 9.8
program and the crack pattern of the experimental result for the SRC beam. The coordinates of the crack pattern and
the maximum tensile stress coordinates of the simulation results show suitability, which occurs at coordinates 35 to
75. Patterns of cracks and collapse are flexural cracks and flexural collapse. This proves that the bond strength of steel
reinforcement is higher than the bond strength of bamboo reinforcement. After the initial crack occurs, along with
increasing load, cracks continue to propagate upwards until collapse occurs.

5. Conclusions

Based on experiment, verification using the finite element method, and evaluation results on bamboo reinforced

concrete beams with reinforcement using a hose-clamp, the following conclusions can be drawn:

(1) Installation of hose-clamps on bamboo reinforcement serves as a shear connector, can increase bond-stress, and
reduce the slip between bamboo reinforcement and concrete.

(2) The BRC beam load-deflection relationship model has a gap that is far enough with the SRC beam load-
deflection diagram. The stiffness of the BRC beam is lower than the stiffness of the SRC beam. The principle of
the theory of confined concrete and shear reinforcement can be a solution to overcome the low rigidity of the
BRC beam.



(3) The relationship model of bond-stress and slip in a BRC beam is different from the bond-stress and slip
relationship model in an SRC beam. The friction bond limit of the BRC beam occurs at 0.2P,,nq and the friction
bond limit of the SRC beam occurs at 0.4P,;;;,.q- This difference is due to the stress-strain characteristics and the
elastic modulus of the materials from the two different test objects.

(4) The stress-strain characteristics of the materials, the modulus of elasticity of the materials, and the test method of
the specimens are very influential to the relationship model of the bond-stress and slip.
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Abstract

Bamboo can be used as reinforcement for concrete, especially in simple construction because of
its high tensile strength. The-Any collapse that occurs on—thein a bamboo reinforced concrete
beam is often caused by the failure of the bond faitwre-between bamboo and concrete. Many
researchers have suggested usingttilization-of adhesive coating and roughness modification ef-to
the bamboo reinforcement-heave-done—-by—many—researchers—However,_but a slip failure pattern
still appears. The aim of this research is to increase bond-stressbond-stress and slip resistance
using a hose-etamphose-clamp, and to obtain the-a relationship model of the-load -deflection and
the—bond—stressbond-stress and slip between the bamboo reinforcement and the concrete. The
experiment using-uses a 75 mm x 150 mm x 1100 mm concrete beam-of75-#ni-x—450-nnx—1400
mnr. Concrete beam specimens consist of 24 pieces of bamboo reinforcedment beam, onet piece
with [1 8 mm steel reinforcement, and onet piece-without reinforcement. The hose—elamphose-
clamp distance varies of-by 0-cm, 15 cm, 20 cm; and 25 cm. The beam test uses the four-point
loading method. The test result shows the-an increase inof bond-stressbond-stress and flexural
capacity, and reducedtion-of-the slip on-between bamboo reinforcement and concrete. There are
differences in the relationship_of load -deflection and bond—stressbond-stress and slip between
bamboo reinforced concrete beams and steel reinforced concrete beams.

Keywords: bond-stressbond-stress, slip resistance, bamboo reinforced concrete, hose-etamphose-
clamp

1. Introduction

TFhe-Eexploitingatien—ef industrial building materials and-with an indifference to the—utilization—efusing renewable
building materials can cause permanent environmental pollution. Bamboo, as a renewable building material, can
minimize energy consumption, protect non-renewable natural resources, reduce pollution and maintain a healthy
environment. Bamboo is ene-ef-thea material withs-thathave an economic advantage because growth is relatively fast,
and-ableallowing it to achieve maximum mechanical resistance within a few years. In addition, the-avatlabiity—of
bamboo is very abundant in the tropics and subtropics throughout the world [1].

Bamboo can be used as—for concrete reinforcement for modest housing communities in areas with—lets—of
bambeewhere it is sabundant, especially underdeveloped villages. However, bBamboo is considered unprofitable
because of the methods required fer-to prepare it for sucheare-before use. Se—far,—+Researchers have-has tried to
simplify bamboo treatment and eliminate bambee-operational problems in using it as the main structural components.
Many researchers—of them focus on examining whether bamboo reinforcement is really cheaper than steel
reinforcement, taking into account operational costs, depreciation losses, required skills, and on--the-—job training
needs for long-term use [2]. Seme-Other researchers alse-discuss_the feasibility of bamboo feasibility—issues-both-in
terms-ef-technical, cost, durability, and other termss [3-10].

A frequent barrierlr-erder to developing bamboo reinforced concrete with-bambee-reinforeement-it-is-still-often
found-barriers-eaused-byis the failure of the bond between the bamboo reinforcement and the concrete. This occurs as




areswlt-because of the slippery nature of the bamboo surface, and the-imperfect attempts to modify itsication—of-the
roughness-oef-the-bambee-surface. Several-Ttreatments to inerease-the-eapaeity-of-bambeereinforeement-counteract
the slipperiness have been-dene-sueh-asincluded soaking, drying, waterproof coating, and sprinklinged with dry sand.
Nevertheless, the collapse pattern is still dominated by the-slip failure between bamboo reinforcement and concrete.
Reeently-Tripura and Singh [11] in-his—researehrecently proposed that-a column reinforcement technique with-to
increase the strength and performance of bamboo reinforcement, -ean-be-adopted-in-the-eld-forenhancement-of greater
strength-and-performanee;-but the-the user must pay attention to humidity, and bond properties needs to be determined
for better results.

The aim of this research is to increase bend-stressbond-stress and slip resistance using a hese-elamphose-clamp,
and to obtain the-a relationship model of the-load -deflection and the-bend-stressbond-stress and slip between the
bamboo reinforcement and the concrete. The concept of using-installing a hese-elamphose-clamp installation—on to
bamboo reinforcement is similar to the concept of using deformed bar reinforcement in concrete [12] as shown in Fig.
1 and Fig. 2, where there are frictional force interaction and the bearing force between bamboo reinforcement and
concrete. Installingation-of hese-elamphose-clamps en-bambee-—reinforeementin this way will increase slip resistance
and bend-stressbond-stress. The frictional force of the bamboo reinforcement surface will be distributed on the hese
elamphose-clamp that functions as a shear connector. Strengtheneding—en bamboo reinforcement using a hese
elamphose-clamp is then applied to bambee-reinforeed-concrete beams and evaluated by flexural testing.

Fig. 1. Bamboo reinforcement with a hese-elamphose-clamp

Fig. 2. The friction force and bearing force of a deformed bar [12]

2. Theory

The reinforced concrete bond is formed by the mechanism of adhesion, friction and mechanical interlock between the
reinforcement and the concrete. Bond strength is strongly influenced by fracture energy [13] as well as complex
interactions between local deformation, chemical adhesion, and another factors [14]. The shear forces transferred
between the bamboo reinforcement and the concrete is the dominant phase-factor after the adhesive bond. A good
bond between concrete and reinforcing bamboo is essential so that the system can behave in-aceordance—with-theas
planned, and also to fulfill the required performance of the structure in the long run. The bamboo reinforcement
surface condition and the shearing surface area is-arcan important factors in the shear stress value.

Roughness modification of bamboo reinforcement has-beenis denecarried out;+e- by notching methed-[15], wire
and coir winding [16], the addition of hooks [17], and—or installation of hese—elamphose-clamps [18-20]. These
methods can increase the bearing capacity of a bamboo reinforcement concrete beam, but still have
weaknessesdrawbacks, such as difficult implementation, and a notching process can weaken bamboo reinforcement.
Agarwal et al. [21] conducted research on a bamboo reinforced concrete beam using waterproof coating Sikadur 32
Gel and sand. The capacity of the beam load eeuld-increased by up to 29.41% for a 1.49% bamboo reinforcement
area, but sti-happened-a-slip failure still occurred. Gisleiva C.S. [22] tested bamboo reinforced concrete beams with
using a two points load method, and showeds that the beam crack occurs due to the-bond failure between bamboo
reinforcement and concrete, and-then-followed by sliding failure and slip.

The bamboo reinforcement adhesive should also serve as an impermeable layer and sand sheathing binder to the
bamboo reinforcement. Some types of adhesives that have been used include: Negrolin, Sikadur 32 Gel [1]; Sikadur-
31CFN [23]; Araldite, Tepecrete P-151, Anti Corr RC, and Sikadur 32 Gel [21]; Araldite, eEpoxy rResin, and c€oal
tFar [24]; paint and dry sand [25]; layer asphalt and sand on bamboo reinforcement [26]; asphalt layer and coir rope
coiled [27]; Concresive Master Inject 1315 [28]; synthetic resin and synthetic rubber [29]; w¥Water-based epoxy
coating with fine sand, wWater based epoxy coating with coarse sand, TrueGrip EP with coarse sand, TrueGrip BP
with coarse sand, Exaphen with coarse sand, and eEnamel [30]; and lEime water treated bamboo mat coated with
epoxy and sand [31].

In the pull-out testing of concrete, the bond strength decreases with-as the steel reinforcement diameter increases
of-the-steel reinforeement-diameter;;-while if-the deeper the embedded reinforcement steel,-se-it—will the higher the
bond-stress value [32-33]. Javadian et al. [30] investigated the-bamboo pull-out, testing-using seme-a type of epoxy
coating, to determine the bonding behavior between bamboo reinforcement and concrete. The results showed that
bamboo-composite reinforcement without layers; has sufficient ties with the concrete matrix, but with the epoxy base
layer and sand particles ean-provides extra protection without loss of bond strength. Fhe-Where failure that-occurs, it




is at -still-shows-thefatlure-of-the bond between reinforcing steel with concrete, and slippage. The pull-out testing
results by Muhtar et al. [19] on bamboo reinforced concrete with Sikadur®-752 coating and hese-elamphose-clamps
embedded in concrete cylinders indicateds an increase of tensile stress of up to 240% when-compared with-tothe
untreated bamboo reinforced concrete. While-Tthe pattern of collapse indicates the collapse pattern of bond and
concrete cone failure and Bamboo failure of a node. This shows that the-effeet-ef-using a hese-elamphose-clamp on
bamboo reinforcement works well, and-with the concrete is-stilremaining attached to the bamboo reinforcement.

Installation of hese—elamphose-clamps will-increases slip resistance at-along the bamboo reinforcement. The
frictional force of the bamboo reinforcement surface wil-isbe distributed on the hese-elamphose-clamp that serves as
a shear connector. The bonding stress parameter between bamboo reinforcement and concrete can be shown in
flexural capacity, crack pattern, and beam failure pattern.

Hese—elampHose-clamp installation on bamboo reinforcement serves as anchoring friction between bamboo
reinforcement with concrete. The friction strength, 7, of the bamboo pullout test can be calculated using Eq. (1) [30]:

P
- 1
" 2a+t 2b)L, M

with-where P is the pullout force, (2a + 2b) is the dimension of the bamboo cross-section, and L, is the length of
bamboo surface attachment.
The bend-stressbond-stress () of the BRC beam can be calculated by Eq. (2) and Eq. (3) [25,.34]:
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with-where V'V" is the shearing force of the beam, Yo 'X0'-is the aumber—of-the-circumference of the nominal
surface area of the bamboo reinforcement in length units, “d— is the distance from the maximum press fiber to the
center of the bamboo tensile reinforcement area, and a ' a@'-is the height of concrete stress block equivalent.

3. Materials and methods

3.1. Preparation of bamboo reinforcement.

This research uses bamboo petung (Dendrocalamus asper) between three and five3-5 years old [21],- Thelength-of the
bambee—used-is—sixé meters long from its base. Bamboo is cut and separated according to the planned size, then
soaked in water to remove the starch content for approximately 30 days. After soaking, bamboo is dried in free air for
about 30 days [21, 35]. The dried bamboo is; cleaned on the inner side and trimmed with a grinding machine to be-the
required shape foref bamboo reinforcement measuring 7 x 10 mm?, 10 x 10 mm? and 15 x 15 mm?. The number of
bamboo reinforcement nodes used varies between 2-3two and three pieces.

3.2. The waterproof coating Sikadur®-752 and installation of hose-clamp.

After the bamboo reinforcement preparation process is complete, the next step is the waterproof coating and
installation of hose-clamps. The waterproof coating used was Sikadur®-752, and the coating was dene-carried out
twice. Waterproof-coating-Sikadur®-752 is given-applied to the bamboo reinforcement to prevent water absorption;;
while the effectiveness and durability of the-Sikadur-752 adhesive require further research. The sSpecification of Fhe
waterproof-coating-of-Sikadur®-752 is shown in Table 1. Hose-clamps installation is carried out after the first stage
Sikadur®-752 waterproof coating ef-the-first-stage-is dryies. The second layer of waterproofing is performed-applied
with the aim te-of making theelosed first -stage impermeable, -tack-and te-of strengthening the bonding between hose-
clamps and bamboo reinforcement. The hose--clamp used is a %"> diameter stainless steel hose-elampunit made in
Taiwan and-de-net-mention-elear-specifications_are not available. The distance variation of the hose-elamphose-clamp
setting is 0 cm, 15 cm, 20 cm, and 25 cm. To overcome bamboo node disturbance, the-installation-efhose--clamps are
installedis-é in one in-of two ways, namebyeither: by stretehing-lengthening the hose--clamp bolt and inserting directly
from the tip of the bamboo reinforcement, or by opening the hose-clamp bolt first and installing the united-it using a
screwdriver. Nearly one-third of the surface of bamboo reinforcement is a—slippery—surface. To increase the—its
roughness, —of-the-bambee—surface;—sand is sprinkled oning—is—dene [30]: Sand-sprinkling—is—earried-out-after the
Sikadur®-752 waterproof coating is half-dry. The sand used is fine volcanic dust sand from veleanie-dust-of-Raung
Mountain, Jember, Indonesia, which contains a—particles of iron. The process of preparing bamboo, including
waterproof coating and sprinkling sand, up to hese-elamphose-clamp installation, is shown in Fig. 3 and Fig. 4.

Table 1 The specification of Sikadur®-752



Components Properties

Aspect Yellowish
Mix density Approx. 1.08 kg/l
Mix ratio, by weight/volume 2:1
Pot life 30°C 35 minutes
Compressive strength 620 kg/cm? at 7 days
640 kg/cm? at 28 days
Tensile strength 270 kg/cm? at 28 days
Bond strength, to concrete >20 kg/cm? (concrete failure, over mechanically prepared
concrete surface)
Flexural strength 400 kg/cm? at 28 days
Modulus of elasticity 10,600 kg/cm?
Fig. 3. Tidying a bamboo bar with a grinding Fig. 4. Processing a waterproof coating, a sand
machine coating, and a hose--clamp installation

3.3. Pull--out tests

The dimensions of bamboo reinforcement used in the pull-out tests are 15 mm x 15 mm x 400 mm, while the size of
the concrete cylinder is a diameter of 150 mm and a length of 300 mm. A bamboo rReinforcement ef-bambee-is
inserted into the middle of a concrete cylinder with a depth of 200 mm. Specimens are tested after 28 days:- 15 test
pieces were made, with 5-five treatments, namely (a) normal, (b) hose--clamp with span 10 c¢m, (c¢) Sikadur®-752, (d)
Sikadur®-752 and hose-clamp with span 15 c¢m, and (e) Sikadur®-752 and hose-clamp with span 20 ¢cm. The purpose
of the treatment on the specimen is to increase the bond-strength between bamboo and concrete. Specimen details
from the pull-out test are shown in Fig. 5, wWhile the manufacture of specimens and pull-out test settings are shown
in Fig. 6.

Fig. 5. Specimen details of the pull-out test

Fig. 6. Manufacture of specimens and pull-out test settings
3.4. Testing mMethods

The mix design of normal concrete for this research using-comprised Portland Pozzolana Cement (PPC), sand, coarse
aggregate, and water with a proportion of 1:1.8, 1:2.8, 2:0.52. Sand and gravel are from the Malang area. The cylinder
specimen is—usingmeasured 150 mm diameter and 300 mm height. A ubniversal tFesting mMachine (UTM) with
2000 kN capacity is-was used for a compression test. The values of the concrete compressive strength test and the
bamboo tensile strength test were used as the basis for the theoretical calculation of the beam.

Information:



SRC = Steel reinforced concrete

PC = Plain concrete

BRCgy = Bamboo reinforced concrete (BRC) — spacing hese-elamphose-clamp 0 cm (o)
BRCs; = Bamboo reinforced concrete (BRC) — spacing hese-elamphose-clamp 15 cm (s;)
BRCjs, = Bamboo reinforced concrete (BRC) — spacing hese-elamphose-clamp 20 cm (s;)
BRCg; = Bamboo reinforced concrete (BRC) — spacing hese-elamphose-clamp 25 cm (s3)
As = Area of steel reinforced (4s = 100,48 mm?)

Ab = Area of bamboo reinforced (Variation of 45 = 140 mm?, 200 mm?, and 450 mm?)

Fig. 7. Geometry and distance variations of beams with a-hose--clamp

The beam test specimen was-madecomprised as-many-as-26 pieces with a size of 75 mm x 150 mm x 1100
mm, as shown in Fig. 7, consisting of 24 pieces of the bamboo reinforced concrete beam (BRC), onet steel reinforced
concrete beam (SRC), and onet concrete beam without reinforcement (PC). Bamboo reinforcement is installed as
tensile reinforcement with a variation of reinforcement area_of 140 mm?2, 200 mm?, and 450 mm?2. The steel bars used
are 8 mm in diameter with an A, = 100.48 mm? reinforcement area. The use of two bars of 8 mm diameter is not
equivalent to the bamboo reinforcement area used;; if equalized it must be made in non-dimensional conditions, but
this is not fully suitable because the-its behavior that-eeeurs-will not be the same if it has reached post-crack. This
requires;-and-still-needs further research.

The fElexural beam test is dene-carried out using a four-point flexural-test-technique [36]. There are two points
loads with spacing 5L from the beam support, using a WF load spreader. The strain gauge is mounted on bamboo
reinforcement at-a-distanee-"2L from the beam support. The strain gauge is connected to the digital strain meter. The
deflection that occurs in the beam is detected using LVDT (lEinear vVariable dBisplacement tFransducers) at-a
distanee-/2L from the beam support. A hydraulic jack is used as-afor beam loading and 200 kN load cell connected to
the load indicator. Load indicator readings are used as hydraulic jack controllers, deflection readings, and strain
readings, according to load control methods. After the test beam reaches its ultimate load, the-readings are dene-taken
according to the deflection control method. The pattern of collapse is observed and identified through cracks that

occur, starting from the first crack until the beam collapses. The test equipment settings and load scheme are shown in
Fig. 8.

Fig. 8. The setting of the flexural beam test
4. Results and Discussion
4.1. Material test and pull-out test

From-the-results-oftThe bamboo tensile test ebtained-returned anthe average tensile stress of 126.68 N/mm? and an
average strain of 0.0074. The average of the modulus of bamboo elasticity is calculated based on the formula E = o/e,
and 17235.74 MPa was obtained-is—+7235-74-MPa. Modulus of steel elasticity was ebtained-is-207735.92 MPa. In
bamboo tensile testing, the majority of failures of bamboo reinforcement occur at the point of the bamboo node as
shown in Fig. 9, so that the modulus of elasticity is taken as an average test result of bamboo reinforcement with
nodes and without nodes. Erem-Fig. 10 and Fig. 11; shows a graph of the stress-strain relationship of bamboo and
steel, a graph of the stress-strain relationship of bamboo tends to be linear until fracture stress occurs, so there are
difficulties in determining the yielding point, especially if bamboo reinfercement—has been used as concrete
reinforcement. So in this study, the method for determining the yield point of bamboo reinforcement in the concrete
beam was based on ASTM E2126-09 [37] scope 1.2, which is for specimens ef-constructed from wood or metal
framing, braced with solid sheathing. Compression tests were carried out in accordance with ASTM C 39 [38] after 28
days of concrete age. The compressive strength of the average cylinder is 31.31 MPa and the average weight of the
cylinder is 125.21 N.

Fig. 9. The pattern of failure in bamboo reinforcement



Fig. 10. The stress-strain relationship of Fig. 11. The stress-strain relationship of steel
normal bamboo reinforcement reinforcement

TErem-the data from the pull-out test results of bamboo reinforcement, by-treated withment-ef waterproof coating
Sikadur®-752, sand and hose-clamps ringsed embedded in concrete cylinders, showed an increase in bend-stressbond-
stress of 214% and 200% frem-compared to bamboo without treatment, with a distance of hose-clamps of 15 cm and
20 cm, respectively; w—With the loading rate, respectively 39.5 kN and 37.5 kN. For bamboo reinforcement without
waterproof coating Sikadur®-752 and sand, but using hose-clamps with a distance of 10 cm, this increased by 8%, w-
Whereas bamboo reinforcement with waterproof coating Sikadur®-752 and sand without hose-clamps increased by
125% compared to untreated bamboo, as shown in Fig. 12.

Fig. 12. Variation of the bamboo bend-stressbond-stress Fig. 13. The failure mode of the pull-out test

Test specimens with waterproof coating Sikadur®-752, sand, and hose-—clamps showed a collapses pattern of
“"bond and concrete cone failure”™ as shown in Fig. 13a. This shows the—effeet—ofthat the waterproof coating
Sikadur®-752 and the hose-clamps on the bamboo reinforcement have worked well, which—isas indicated by the
concrete attached eonerete-to the bamboo reinforcement. Test specimens with a-waterproof coating Sikadur®-752 and
sand, but without hose-clamps, show a collapse pattern of the—"“"bond-slip failure”, but have a fairly high bond
strength, as shown in Fig.13b. Whereas the specimen with hose-clamps without waterproof coating Sikadur®-752 ané
or sand show a collapse pattern of the ‘““bond-slip failure”™ with bond-stress similar to that of untreated bamboo
reinforcement. This shows that there is an action of absorbing water between bamboo reinforcement and concrete.
When the concrete is wet, the bamboo reinforcement absorbs water so that the bamboo reinforcement is-swellsing.
When the concrete is dry, the water in the bamboo reinforcement is absorbed by the concrete, so that the bamboo
reinforcement shrinks and the hese-elamphose-clamp becomes loose. This causes the-a slip to occur and the hese
elamphose-clamp has no effect on bend-stressbond-stress. The pattern of the collapse was-is shown in Fig. 13b.

From-Tthe analysis of the test results and the pattern of collapse; #-shows that the use of the-waterproof coating is
absolutely necessary;; while—the installation of hose-clamps on bamboo reinforced concrete without waterproof
coating has no significant effect.

L1l

4.2. The flexural capacity of the bamboo reinforced concrete beam

Theoretical analysis of beam flexural capacity is based on Ghavami (2005) [1]. From the analysis of stress and strain
distribution of flexural beam elements, the balance between the concrete compressive force (C) and the tensile force
(T) must be fulfilled. The tensile strength ea—of bamboo reinforcement (T) was obtained from—the—result—ofby
multiplyingieation-between bend-stressbond-stress from the pull-out test results with-by the shear area of bamboo
reinforcement; this is because, based on the results of the study, the collapse of bamboo reinforced concrete was
caused by the loss of bond between bamboo reinforcement and concrete. Data from theoretical calculations and BRC
beam experimental results are shown in Table 2.

The initial crack of BRC beams from theoretical calculations occurred at a load of 6.87 kN, while ultimate loads
occurred at leads—o£-29.62 kN, 33.73 kN, and 45.27 kN respectively on BRC beams with a-bamboo reinforcement




areas of
140 mm?, 200 mm?, and 450 mm?. The average load of the initial crack of the experimental results occurs at a load of
7.35 kN. Fig. 14 shows a-diagram-ef-the average initial crack load and the average ultimate load of a BRC beam from
arestlt-of-theoretical calculations and experimental results. The average ultimate load of the experimental results is
90% of the ultimate load resulting from the theoretical calculations. This is one solution to the problem of the low
capacity of bamboo reinforced concrete beams, as written—reported by several previous researchers. Previeus
researchersThey concluded that the flexural capacity of bamboo reinforced concrete beams enly-reached only 56% of
its capacity if the tensile strength of bamboo was full [17], reaching-only 29% to 39% of the capacity of the-steel
reinforced concrete beams with the same reinforcement dimensions and width [39], and only reached-35% of steel
reinforced concrete beams at the same strength level [40].

Fig. 14. The ultimate load of theoretical and Fig. 15. The comparison of the ultimate load of BRC
experimental results of the BRC beam- beams dan-and SRC beams, based on reinforcement

area and hese-elamphose-clamp distance

Fig. 15 shows a comparison of the ultimate load of BRC beams and SRC beams, based on reinforcement area
variation and hese-elamphose-clamp distance. BRC beams with a reinforcement area of 450 mm? have the highest
ultimate load for all variations in the distance of the hose-elamphose-clamps. Whereas when viewed from the variation
in the distance of the hose-clamps, BRC beams with a distance of 20 cm hese-elamphose-clamps have the highest
ultimate load, is-33.25 kN. BRC beams with a ratio of 4% bamboo reinforcement area has-exceeded the ultimate load
of steel reinforced SRC beams by up to 38.54% with a steel reinforcement area ratio of 0.89%.

Erem-Tthe results of the analysis of variance on all data ef-from the results—eof-the-flexural test show the non-
significant effect of nen-signifieant-hose-clamps on the beam capacity, whereas from the pull-out test results, as
shown in Fig. 12, the effect of hose-clamps is significant. This indicates that: (1) the distance of the installation of the
hose-clamps has not been optimum or is still too tight for flexural tensile reinforcement. Installation of tight hese
elamphose-clamps will reduce the elastic properties of bamboo and bamboo reinforcement becomes more rigid.
Beeause-bambeeBamboo has high tensile strength in the direction of the fiber (longitudinal direction), but is weak in
the transverse direction, s—So that when receiving a flexural tensile force, there will be a concentration of stress, and
bamboo reinforcement rupturesd, especially at the point of the bamboo node and in—the position of the hese
elamphose-clamp;; (2) installation of effective hose-clamps if used on pure tensile elements, such as truss elements or
as the length of distribution (L4) for bamboo reinforcement;; (3) waterproof coating Sikadur®-752 and sand have a
significant effect on bend-stressbond-stress. This is indicated by the ultimate load of BRC-s0 beam approaching the
ultimate load of BRC-s1, BRC-s2, and BRC-s3 beams. The installation of hose-clamps without treatment—with—a
waterproof coating treatment does not have an effect on the bend-stressbond-stress and—or beam capacity. The
installation of hose-clamps as flexural tensile reinforcement needs further research, with the hose-clamps distance is
larger and more effective.

Table 2
Flexural beam test results

Theoretical calculations Flexural test results
First Ultimate Ultimate load  First crack  Average first Failure load Average Deflection at Average
No Specimens code crack loadbaseon  baseonthe  load (kN) crack load (kN) failure load  failure (mm)  deflection
load the tensile shear area of (kN) (kN) at failure
(kN) strength of bamboo (mm)
bamboo reinforcement
(kN) (kN)
1 AlBI1 8.50 22.00 12.10
v 6.87 11.39 29,61 825 2175 12.40
2 AlBI 8.00 21.50 12.69
3 AlB2 7.00 21.00 6.08
aoRest 6.87 11.39 29,61 675 18.50 6.40
4 AlB2 6.50 16.00 6.72
5 AlB3 6.00 22.00 9.09
aoRe 6.87 11.39 29,61 625 2225 9.20
6 AlB3 6.50 22.50 9.31
7 AlB4 8.00 19.50 10.21
aoRees 6.87 11.39 29,61 775 20.75 11.57
8 S mm AlB4 7.50 22.00 12.92

9 BRC - s0 A2B1 6.87 15.86 33.73 6.50 6.75 26.50 27.75 10.21 11.17



As =200 mm?

10 A2BI 7.00 29.00 12.12

11 A2B2 6.50 33.00 14.84
A%RZCO(;SI ) 6.87 15.86 33.73 7.00 30.75 13.39

12 § = 00U mm A2B2 7.50 28.50 11.94

13 A2B3 6.50 31.00 13.25
A ?RZCOE)SZ X 6.87 15.86 33.73 6.75 31.50 13.50

14 §= 00 mm A2B3 7.00 32.00 13.74

15 A2B4 8.50 29.50 9.66
A %chobﬁ X 6.87 15.86 33.73 8.00 29.00 10.80

16 §= 00 mm A2B4 7.50 28.50 11.94

17 A3B1 8.50 31.50 10.92
A%Rz(;so ) 6.87 32.19 4527 8.25 30.25 11.41

18 §=aUmm A3B1 8.00 29.00 11.90

19 A3B2 7.00 31.00 12.18
A%RA‘CS(;SI ) 6.87 32.19 4527 7.25 32.00 12.60

20 §=aUmm A3B2 7.50 33.00 13.02

21 A3B3 8.00 33.50 14.69
A ?Rfsbsz X 6.87 32.19 4527 7.75 33.25 12.01

22 §= 420 mm A3B3 7.50 33.00 9.32

23 A3B4 7.50 29.50 7.61
Ab'ins'Oﬁ ) 6.87 32.19 4527 7.50 29.75 9.15

24 - mm A3B4 7.50 30.00 10.69

SRC

25 As=100,48 SRC 6.51 16.63 10.00 24.00 6.33
mn? 10.00 24.00 6.33

26 PC PC 6.39 9.42 8.00 8.00 1.29

4.3. The load-deflection relationship model of the bamboo reinforced concrete beam

The pattern of the load-deflection relationship between BRC beams-and SRC beams is strongly influenced by the
mechanical properties of bamboo and steel reinforcement materials-bambee-and-steel-reinforeement. The different
characteristics of stress and strain efin bamboo and steel are the dominant factors in determining the characteristics of
load-deflection relationships. On the stress-strain characteristics of the-bamboo, it does not have a long initial melting
point. This eauses-means the service load range point or the proof bond strength point cannot be directly determined.
The relationship between load and deflection was carried out on BRC beams with a bamboo reinforcement area of
450 mm? with a distanee-hose-clamp distance of 0 cm, 15 cm, 20 cm, and 25 cm. This is because it has the highest
ultimate load and good data consistency.

Fig. 16 and Fig. 17 show the differences in the behavior of load-deflection and load-strain relationships of BRC
beam-and SRC beams. The BRC beam has a much higher deflection-than-the- SRC-beam-deflection. This shows higher
energy absorption, but has—a—lower stiffness. The SRC beams can directly determine the initial yield point of
reinforcement. A gGraph of the load-deflection relationship of the SRC beam shows the elastic area or friction bond
limit (I), elasto-plastic (II), and plastic (III), w—While the BRC beam does not clearly show plastic areas — t—Fhe BRC
beam load-deflection graph tends to be linear. However, the crack moment (M,,), which is the point of friction bond
limit, can be known directly through the initial crack that occurs.

Fig. 16. Load-deflection relationship of BRC Fig. 17. Load-strain relationship of BRC beams
beams

The service load range is determined based on ASTM E 2126-09 [37], that is by drawing a vertical line through
the 0.4P,imaze line meeting with a 0.8P,;iqe horizontal line. From the analysis results, the average value of Py, load
is 18.79 kN or about 60% of P, mae- While the elastic range or friction bond limit points using Eq. (4) [33]:

L Ru-23(0) = 20.08% ~ 20%

ultimate
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Table 3
Load-displacement relationship calculation data.

Theoretical calculations Flexural test results
Specimens / Code No : :
First Ultimate First crack Failure load, Deflection at
crack joad (kN) load, b e N)  failure (mm) Lo/ Puimae (%0)
load (kN) P.(kN) ultimate
1 8.50 31.50 10.92 26.98
(a) BRC-s0 / A3B1 5 6.87 32.19 3.00 29.00 11.90 2759
1 7.00 31.00 13.02 22.58
(b) BRC-sl1 / A3B2 ) 6.87 32.19 750 33.00 12,18 2273
1 8.00 33.25 14.69 23.88
(c) BRC-s2/ A3B3 5 6.87 32.19 750 33.00 932 2273
1 7.50 29.50 7.61 25.42
(d) BRC-s3/ A3B4 5 6.87 32.19 750 30.00 10.69 25.00
Mean values (Ru) 7.69 31.31 11.29 24.61
Standard deviation (o) 0.46 1.73 1.97
Fig. 18. The idealization of the load- Fig. 19. The difference int-ef-the stiffness ef-between the
displacement relationship model of BRC beam BRC beam and the SRC beam

Table 3 shows that the lowest elastic value,~ef 22.58%, occurred in the BRC-s1 beam, the highest, e£-27.59%,
oecurred in the BRC-s0 beam. While-Tthe average value of the elastic range is ebtained-24.61% of the ultimate load.
From the calculation using Eq. (4), the value of the elastic limit is obtained by 20% of the ultimate load. Eer-Tthe
elastic limit on the SRC beam is 41.67% of the ultimate load. It can be concluded that the point of the elastic limit is
20% of the ultimate load, and the service load range is 60% of the ultimate load. The idealization of the BRC beam
load-deflection relationship model is shown in Fig. 18.

In Fig. 19, if horizontal lines are drawn at service limits; Pye,;ce, and linear lines are parallel to the SRC beam load-
deflection diagram, it will be seen that the BRC beam stiffness is much lower when—eompared-tothan SRC beam
stiffness. The average value of the BRC beam stiffness was lower to— 43.92% — compared to the SRC beam. Whereas
if we take when the initial crack load of the SRC beam, or 0.4P,;;i.. is obtained, the BRC beam stiffness is lower than
75% of the SRC beam stiffness, as shown in Fig. 19. This is the-a weakness of the BRC beam that needs to be
considered in future studies. The principle of the theory of confined concrete and shear reinforcement can be a
solution to overcome the low rigidity of the BRC beam.

4.4. The bond-stressbond-stress of flexural beam.

Measurements and observations of slip (s) are carried out from when the initial crack occurs until the beam has
collapsed. The measurement of slip (s) is earried-taken in two ways, eut—-with-twe—measurements;namely direct
measurement through a strain gauge attached to a bamboo reinforcement for elongation of bamboo reinforcement
(epo)> and measurement through force analysis or curvature moment for elongation of the concrete (e.,). The readings
ef-from the strain gauge installed on bamboo reinforcement can still be dene-carried out even though the concrete has
been cracked, because when the concrete cracked, the bamboo reinforcement is-was still not yielding or was still in an
elastic conditions. Direct measurement through strain gauge and measurement through force analysis is dene-carried
out as control and comparison. Slip (s,) at the point where the bend-stressbond-stress occurs is calculated based on Eq.

(5) [41].

So = ebo - eco (5)

with-where e, = elongation of bamboo reinforcement, and e., = elongation of concrete. The elongation of concrete
(ec,) 1s calculated using Eq. (6) [41].




eco = ec,ca + ec,bo (6)
with-where e, ., = elongation of concrete due to the compressive force, and e, ;, = elongation of concrete due to bond
force.

The purpose of installing hese-elamphose-clamps on bamboo reinforcement is to increase slip resistance between
bamboo and concrete reinforcement. The test results test-and the calculations of bend-stressbond-stress and slip can be
seen in Table 4 and Table 5. Fig. 20 shows the relationship between bend-stressbond-stress and-a slip ef-in the BRC
beam,-is divided into two stages. The first stage-is the linear elastic stage, where the linear line curve shows the full
elastic behavior of the BRC beam-BREC. The shear force that occurs on the reinforcement surface of bamboo is
transferred to concrete. The maximum tensile stress on the beam is smaller than the flexural tensile strength, or
smaller than the concrete collapse modulus. The second stage is a combination of elasto-plastic and plastic stages:;
this is consistent with the characteristics of the stress-strain of bamboo reinforcement which does not have a long
yielding point, as shown in Fig. 10. At Tthis stage is the beginning of the micro slip of bamboo reinforcement and
concrete.

Fig. 20. Relocation bond-stress and slip on a BRC Fig. 21. The relationship of bond--stress and slip on a_
beam BRC beam

The bend-stressbond-stress of bamboo reinforcement starting to work up to ultimate beﬂd—stressbond—stresg}. The
tensile stress that occurs is completely retained by bamboo reinforcement with its friction strength. Bend-stressBond-

{
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stress increases with increasing slip resistance force. Likewise, the cracks increase and widen as the slip increases. The
ultimate tension occurs when the maximum slip occurs on the bamboo reinforcement. The bond-stressbond-stress of
bamboo reinforcement starting to work up to ultimate bend-stressbond-stress. The tensile stress that occurs is
completely retained by bamboo reinforcement and hese-elamphose-clamp with its friction strength. Bend-stressBond-

stress increases with increasing slip resistance force. Likewise, the cracks increase and widen as the slip increases. The
ultimate bend-stressbond-stress occurs when the maximum slip occurs on the bamboo reinforcement.

From Table 5, the ratio between the friction bond limit and ultimate bond strength (us /u,) ranges from 21% to-
27%. While the bend-stressbond-stress (1) between-from the friction bond limit up to ultimate bond strength can be
approximated by the Eq. (7), with the limit of s, < s, < s,, where %5, is slip on the initial crack of the beam, and 's,* is
the slip at the ultimate load as shown in Fig. 21.

u=0.027s, +0.026 @)
Table 4
Bond-stress and slip of the flexural beam test.
Theoretlcal Flexural test results Flexural
calculations
beam
Specimens/  Sample . . Average . bond- Slip, so
Code no First Ultima First first Failure Aerrage Deflectio Average stressbon (mm)
crack crack failure n at deflection e
te load crack load . h d-stress
load (kN) load load (kN) load failure at failure (MPa)
(kN) (kN) (kN) (mm) (mm)
(kN)
. 1 8.50 31.50 10.92
(@) BRC-s0 687 3219 825 3025 1141 031 9.5
/ A3B1 2 8.00 29.00 11.90
_ 1 7.00 31.00 13.02
(b) BRC-s1 6.87 32.19 7.25 32.00 12.60 0.33 10.85
/ A3B2 2 7.50 33.00 12.18

(c) BRC-s2 1 6.87 32.19 8.00 8.00 33.50 33.25 14.69 12.01 0.33 9.76
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/ A3B3 2 7.50 33.00 9.32

i 1 7.50 29.50 7.61
(d) BRC-s3 6.87 3219 7.50 29.75 9.15 0.30 10.12
/ A3B4 2 7.50 30.00 10.69
(e) SRC 1 6.51 16.63  10.00 10.00 24.00 24.00 6.33 6.33 0.24 12.53
Table 5

Bond-stress calculation.

Theoretical calculations Flexural test results
Specimens/Code First crack Ultimate First crack Failure ;i:;lézlnt::ti E:Hli ur sl (%)
load (kN) load (kN) load (kN) load (kN) 7(MPa) (MPa)
(a) BRC-s0 / A3B1 6.87 32.19 8.50 31.50 0.311 0.079 25
6.87 32.19 8.00 29.00 0.306 0.074 24
(b) BRC-sl1 / A3B2 6.87 32.19 7.00 31.00 0.326 0.069 21
6.87 32.19 7.50 33.00 0.321 0.064 20
(c) BRC-s2/ A3B3 6.87 32.19 8.00 33.50 0.331 0.079 24
6.87 32.19 7.50 33.00 0.321 0.084 26
(d) BRC-s3/ A3B4 6.87 32.19 7.50 29.50 0.296 0.074 25
6.87 32.19 7.50 30.00 0.291 0.079 27
Mean values (Eu ) 0.313 24
Standard deviation (o) 0.01 2.42
(e) SRC 6.51 16.63 10.00 24.00 0.24

4.5. The relationship model of bond-stressbond-stress and slip- in the bamboo reinforced concrete beam

Fig. 22 shows the bond-stress and slip relationship of BRC beam with a hese—elamphose-clamp on bamboo
reinforcement, where point a is the friction bond limit (x,), and d is the ultimate bond strength (u,). The ratio average
of the friction bond limit (u;) with the ultimate bond strength (u,) of the BRC beam is 24%, and a minimum ratio of
21% occurs on the BRC-s1 beam, while a maximum ratio of 27% occurs on the BRC-s3 beam. The proposed u; /u,
ratio is taken with Eq. (8) [33].

& Ru-23(0) = 18.43% ~ 20% (®)
The bamboo reinforced concrete beam (BRC) in Fig. 17 and Fig. 20 does not show elasto-plastic or plastic
boundaries, so the boundaries point of proof bond strength (u,,) and bend-stressbond-stress at pre-cracking become
nothing. This is in accordance with the stress-strain characteristic of bamboo reinforcement, that is-no length yield
region occurs as it does in saeh-as-steel reinforcement. Thus, the region of post-friction bond limit (i) is a linear line
until reaching ultimate bond strength (u,). The value of the friction bond limit (u,) point up to the ultimate bond
strength (u,) point is estimated at about 80%. If based on ASTM E 2126-09 [37]. which eentains—sets out how to
determine the yielding point of a wooden structure, then u, is taken at 0.8, then-and the ultimate bond strength (u,)
point is estimated at about 60%. While:-Diab et al. [33], with a steel pull-out test, proposeding the u,/u, ratio for the
point (a) friction bond limit () of 50%, (b) pProof bond strength (u,,) of 60%, and (c) Bend-stressbond-stress at pre-
cracking by 70%.

Fig. 22. The idealization of the bond-stress and slip relationship of the BRC beam

The difference ef-between the relationship diagram of bend-stressbond-stress and slip and the friction bond limit
value (uy) is far enough between the BRC beam-and the SRC beam. This is due to a faster initial crack in the BRC
beam. Initial cracks occur faster due to several reasons, including (1) the presence of microcracks around hese
elamphose-clamps due—caused byte air bubbles during the cement hydration process, (2) shrinkage occurrings in
bamboo reinforcement because the defects are not coated with a waterproof coating, especially during execution, and
(3) the modulus of elasticity of bamboo is lower than concrete. Points (1) and (2) above are possible; if work is not
dene-carried out underwith strict supervision.




4.6. The-Vverification with the finite element method

Fhe-Naumerical verification is dene-carried out in order to control the compatibility of the crack pattern of the BRC
beam with the stress contour that occurs. The nNumerical methods used-employed is the finite element method, using
with the Fortran PowerStation 4.0 program. Theoretical analysis to calculate the load that causes the initial crack using
uses elastic theory (linear analysis) with a transformation section. For linear analysis, the material data included is the
elastic modulus (£) and the Poisson ratio (v). While-Tthe non-linear phase is approached by giving a decrease in the
strength of concrete 0.25-0.5 for the calculation of effective stiffness in the plastic area [42]. FEM analysis has not
modeled the bond between bamboo reinforcement and concrete, where bamboo and concrete are considered to have
the same displacement, with a different modulus of elasticity (£), so that they experience different stress. FEM
analysis in this study has not been explained in detail and stib-needs further analysis. In the constitutive relationship of
finite element analysis, the problem-solving method has used the theory of plane-stress. Triangle elements are used to
model plane-stress elements with two-way primary displacement at each point, so that the element has six degrees of
freedom. Whereas—forT-the discretization of the beam plane was carried out usingwith the triangle element shown in
Fig. 23.

Fig. 23. Finite Element idealization of BRC beam

The mModulus of elasticity (E), for each layer was calculated according to the conditions of the material. The
layers consisting of the concrete and the bamboo reinforcement are calculated using the following Eq. (9) [43].

E =EV,+EUV ©)
with E, = equivalent elasticity modulus of BRC beam, E, = modulus of elasticity of bamboo reinforcement,
E. = modulus of elasticity of concrete, V;, = relative volume of bamboo reinforcement in the calculated layer, and

V.= relative volume of concrete in the calculated layer. The stress-strain relationship for plane-stress problems has the
form of an equation like Eq. (10 ).

o, 1L v 0 |le
} E (10)
o, r=——|v 1 0 &
iy (1+v?) 1-vIl 7
T, 00 —/— |7y
2

where E is the modulus of elasticity of the BRC beam and v is Poisson'’s ratio. And the principal stress in two
dimensions is be calculated with Eq. (11).

2
o +o o -0 5
i Yy X Y _
O1p = + ( ] +7,° =0, (11)

2 2

Fig. 24 shows that the-stiffness decreases after the initial crack, according to the loading stage of each mesh layer ,
and this is very influential on the results of the analysis-earried—eut. The average stiffness of the BRC beam was
reduced from 26324.76 MPa before cracking to 6581.20 MPa after the collapse [42], w—While the average value of
the stiffness of the SRC beam was reduced from 30334.11 MPa before cracking to 16873.35 MPa after the collapse.
From-the-diagram-Fig. 24 shows that the results of the load-deflection relationship model from the analysis are quite
close to the experimental results.

Fig. 24. The behavior of the load-deflection relationship of
the BRC beam and the SRC beam with-using the finite
element method

Along with increasing load, deflection and moments will continue to increase. When the crack moment (#,,) is
exceeded, the initial crack will occur, especially at the maximum moment. After the initial crack occurs, bend
stressbond-stress will occur on bamboo reinforcement and concrete. Bend-stressBond-stress and cracks will continue
to propagate at the weak point of the beam section.

Fig. 25. The crack pattern of the BRC beam



Fig. 26. The stress contour of the BRC beam

Fig. 27. The stress contour of the SRC beam

Fig. 28. The crack pattern of the SRC beam

Fig. 29. Failure of bond-slip of the BRC beam [21]

Fig. 25 and Fig. 26 show the crack pattern of the experimental result BRC beam and the contour stress result from
the Ssurfer 9.8 program simulation. The position of the crack line and crack propagation is-are in accordance with the
tensile stress contours of the simulation results, ie at coordinates 15 to 95. Visualization-eftThe red eelorrepresentsis
the maximum tensile stress, and the grayish blue eeler—representsis—the maximum compressive stress. After initial
cracking in the middle of the span, branching cracks occur in the position of the bamboo reinforcement. New cracks
arise and branch tewards-upwards, right, and left. However, the-majority-ef-mere-erack-propagationmost additional
cracks propagates to the right and left, following the direction of bamboo reinforcement, this-is-in accordance with the
maximum tensile stress contour resulting from the simulation. #a—At this stage of branching cracks, the hese
elamphose-clamp serves as a slip barrier and transfers the force to the concrete, this-as is evidenced by the many
upward cracks that occur at the hese-elamphose-clamp position, and the increasing spread of cracks spread-meore.
Documentation of the crack process can be seen by clicking the following link: https://goo.gl/6AVWmP.

The contribution of the hese—elamphose-clamp to the bend-stressbond-stress can be seen in the difference in
between the crack pattern ef-in the results of this study with-and that of Agarwal’s [21] study, as shown in Fig. 25 and
Fig. 29. The crack line in the direction of the bamboo reinforcement proves the slip between bamboo reinforcement
and concrete. The occurrence of slip proves that the elasticity modulus of bamboo is lower than that of concrete,
causinges low bend-stressbond-stress. Therefore, the calculation of the BRC beam cross-sectional capacity must be
based on the bamboo reinforcement shear area, not based-on the tensile strength of the bamboo reinforcement;; this is
in accordance with Ghavami’s [1] research on the stress-strain distribution analysis of bamboo reinforced concrete
beams.

Fig. 27 and Fig. 28 show the stress contours of the SRC beam efresulting from the simulation efin the Ssurfer 9.8
program and the crack pattern of the experimental result ef-for the SRC beam. The coordinates of the crack pattern
and the maximum tensile stress coordinates of the simulation results show suitability, which occurs at coordinates 35
to 75. Patterns of cracks and collapse are flexural cracks and flexural collapse. This proves that the bond strength of
steel reinforcement is higher than the bond strength of bamboo reinforcement. After the initial crack occurs, along
with increasing load, cracks continue to propagate upwards until collapse occurs.

5. Conclusions

Based on experimental, verification using thewith finite element method, and evaluation results on bamboo reinforced
concrete beams with reinforcement using a hese—elamphose-clamp, the following conclusions can be drawn—the

(1) Installation of hese-elamphose-clamps on bamboo reinforcement serves as a shear connector, can increase bend
stressbond-stress, and reduce the slip between efbamboo reinforcement and concrete.

(2) The BRC beam load-deflection relationship model has a gap that is far enough with the SRC beam load-
deflection diagram. The stiffness of the BRC beam is lower than the stiffness of the SRC beam. The principle of
the theory of confined concrete and shear reinforcement can be a solution to overcome the low rigidity of the
BRC beam.

(3) The relationship model of bond-stress and slip ef-in a BRC beam is different from the bond-stress and slip
relationship model ef-in an SRC beam. The friction bond limit of the BRC beam occurs at 0.2P,u. and the
friction bond limit of the SRC beam occurs at 0.4P,,... This difference is due to the stress-strain characteristics
and the elastic modulus of the materials from the two different test objects.

(4) The stress-strain characteristics of the materials, the modulus of elasticity of the materials, and the test method of



the specimens are very influential to the relationship model of the bend-stressbond-stress and slip.
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Abstract

Bamboo can be used as reinforcement for concrete, especially in simple construction because of
its high tensile strength. Any collapse that occurs in a bamboo reinforced concrete beam is often
caused by the failure of the bond between bamboo and concrete. Many researchers have
suggested using adhesive coating and roughness modification to the bamboo reinforcement, but a
slip failure pattern still appears. The aim of this research is to increase bond-stress and slip
resistance using a hose-clamp, and to obtain a relationship model of load deflection and bond-
stress and slip between the bamboo reinforcement and the concrete. The experiment uses a 75 mm
x 150 mm x 1100 mm concrete beam. Concrete beam specimens consist of 24 pieces of bamboo
reinforced beam, one piece with [1 8 mm steel reinforcement, and one without reinforcement. The
hose-clamp distance varies by 0 cm, 15 cm, 20 cm, and 25 cm. The beam test uses the four-point
loading method. The test result shows an increase in bond-stress and flexural capacity, and
reduced slip between bamboo reinforcement and concrete. There are differences in the
relationship of load-deflection and bond-stress and slip between bamboo reinforced concrete
beams and steel reinforced concrete beams.

Keywords: bond-stress, slip resistance, bamboo reinforced concrete, hose-clamp

1. Introduction

Exploiting industrial building materials with an indifference to using renewable building materials can cause
permanent environmental pollution. Bamboo, as a renewable building material, can minimize energy consumption,
protect non-renewable natural resources, reduce pollution and maintain a healthy environment. Bamboo is a material
with an economic advantage because growth is relatively fast, allowing it to achieve maximum mechanical resistance
within a few years. In addition, bamboo is very abundant in the tropics and subtropics throughout the world [1].

Bamboo can be used for concrete reinforcement for modest housing communities in areas where it is abundant,
especially underdeveloped villages. However, bamboo is considered unprofitable because of the methods required to
prepare it for such use. Researchers have tried to simplify bamboo treatment and eliminate operational problems in
using it as the main structural component. Many of them focus on examining whether bamboo reinforcement is really
cheaper than steel reinforcement, taking into account operational costs, depreciation losses, required skills, and on-the-
job training needs for long-term use [2]. Other researchers discuss the feasibility of bamboo in technical, cost,
durability, and other terms [3-10].

A frequent barrier to developing bamboo reinforced concrete is the failure of the bond between the bamboo
reinforcement and the concrete. This occurs because of the slippery nature of the bamboo surface, and imperfect
attempts to modify its roughness. Treatments to counteract the slipperiness have included soaking, drying, waterproof
coating, and sprinkling with dry sand. Nevertheless, the collapse pattern is still dominated by slip failure between
bamboo reinforcement and concrete. Tripura and Singh [11] recently proposed a column reinforcement technique to
increase the strength and performance of bamboo reinforcement, but the user must pay attention to humidity, and bond
properties need to be determined for better results.

The aim of this research is to increase bond-stress and slip resistance using a hose-clamp, and to obtain a
relationship model of load deflection and bond-stress and slip between the bamboo reinforcement and the concrete.
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The concept of installing a hose-clamp on to bamboo reinforcement is similar to the concept of using deformed bar
reinforcement in concrete [12] as shown in Fig. 1 and Fig. 2, where there are frictional force interaction and the
bearing force between bamboo reinforcement and concrete. Installing hose-clamps in this way will increase slip
resistance and bond-stress. The frictional force of the bamboo reinforcement surface will be distributed on the hose-
clamp that functions as a shear connector. Strengthened bamboo reinforcement using a hose-clamp is then applied to
concrete beams and evaluated by flexural testing.

Bamboo reinforcement coated with sikadur®-752 and sand

Adhesion and

friction force

Hose-clamp

< s
Bearing force at hose-clamp

Fig. 1. Bamboo reinforcement with a hose-clamp

Adbesion and friction forces
along the bar's surface

|’ - s : T 47 Axhesion and friction force Z
- Reinforcing bar T — Bearing force
e o et G e il | « Radial splitting force |- |, »
*. ., Resultat fine B0 force | -

Friction force

Bearing force

(a) (b
Fig. 2. The friction force and bearing force of a deformed bar [12]

2. Theory

The reinforced concrete bond is formed by the mechanism of adhesion, friction and mechanical interlock between the
reinforcement and the concrete. Bond strength is strongly influenced by fracture energy [13] as well as complex
interactions between local deformation, chemical adhesion, and other factors [14]. The shear forces transferred
between the bamboo reinforcement and the concrete is the dominant factor after the adhesive bond. A good bond
between concrete and reinforcing bamboo is essential so that the system can behave as planned, and also to fulfill the
required performance of the structure in the long run. The bamboo reinforcement surface condition and the shearing
surface area are important factors in the shear stress value.

Roughness modification of bamboo reinforcement is carried out by notching [15], wire and coir winding [16], the
addition of hooks [17], or installation of hose-clamps [18-20]. These methods can increase the bearing capacity of a
bamboo reinforcement concrete beam, but still have drawbacks, such as difficult implementation, and a notching
process can weaken bamboo reinforcement. Agarwal et al. [21] conducted research on a bamboo reinforced concrete
beam using waterproof coating Sikadur 32 Gel and sand. The capacity of the beam load increased by up to 29.41% for
a 1.49% bamboo reinforcement area, but slip failure still occurred. Gisleiva C.S. [22] tested bamboo reinforced
concrete beams using a two points load method, and showed that the beam crack occurs due to bond failure between
bamboo reinforcement and concrete, followed by sliding failure and slip.

The bamboo reinforcement adhesive should also serve as an impermeable layer and sand sheathing binder to the
bamboo reinforcement. Some types of adhesives that have been used include: Negrolin, Sikadur 32 Gel [1]; Sikadur-
31CFN [23]; Araldite, Tepecrete P-151, Anti Corr RC, and Sikadur 32 Gel [21]; Araldite, epoxy resin, and coal tar
[24]; paint and dry sand [25]; layer asphalt and sand on bamboo reinforcement [26]; asphalt layer and coir rope coiled
[27]; Concresive Master Inject 1315 [28]; synthetic resin and synthetic rubber [29]; water-based epoxy coating with
fine sand, water based epoxy coating with coarse sand, TrueGrip EP with coarse sand, TrueGrip BP with coarse sand,
Exaphen with coarse sand, and enamel [30]; and lime water treated bamboo mat coated with epoxy and sand [31].

In the pull-out testing of concrete, the bond strength decreases as the steel reinforcement diameter increases; the
deeper the embedded reinforcement steel, the higher the bond-stress value [32-33]. Javadian et al. [30] investigated
bamboo pull-out, using a type of epoxy coating, to determine the bonding behavior between bamboo reinforcement
and concrete. The results showed that bamboo-composite reinforcement without layers has sufficient ties with the
concrete matrix, but with the epoxy base layer and sand particles provides extra protection without loss of bond
strength. Where failure occurs, it is at the bond between reinforcing steel with concrete, and slippage. The pull-out
testing results by Muhtar et al. [19] on bamboo reinforced concrete with Sikadur®-752 coating and hose-clamps
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embedded in concrete cylinders indicated an increase of tensile stress of up to 240% compared to untreated bamboo
reinforced concrete. The pattern of collapse indicates the collapse pattern of bond and concrete cone failure and
Bamboo failure of a node. This shows that using a hose-clamp on bamboo reinforcement works well, with the
concrete remaining attached to the bamboo reinforcement.

Installation of hose-clamps increases slip resistance along the bamboo reinforcement. The frictional force of the
bamboo reinforcement surface is distributed on the hose-clamp that serves as a shear connector. The bonding stress
parameter between bamboo reinforcement and concrete can be shown in flexural capacity, crack pattern, and beam
failure pattern.

Hose-clamp installation on bamboo reinforcement serves as anchoring friction between bamboo reinforcement
with concrete. The friction strength, 7, of the bamboo pullout test can be calculated using Eq. (1) [30]:

P
Tb == (1)
(2a+2b)L,
where P is the pullout force, (2a + 2b) is the dimension of the bamboo cross-section, and L, is the length of bamboo

surface attachment.
The bond-stress () of the BRC beam can be calculated by Eq. (2) and Eq. (3) [25, 34]:

V
u = .
Jjd=(d-)a) 3)

where V is the shearing force of the beam, Yo is the circumference of the nominal surface area of the bamboo
reinforcement in length units, d is the distance from the maximum press fiber to the center of the bamboo tensile
reinforcement area, and a is the height of concrete stress block equivalent.

3. Materials and methods
3.1. Preparation of bamboo reinforcement.

This research uses bamboo petung (Dendrocalamus asper) between three and five years old [21], six meters long from
its base. Bamboo is cut and separated according to the planned size, then soaked in water to remove the starch content
for approximately 30 days. After soaking, bamboo is dried in free air for about 30 days [21, 35]. The dried bamboo is
cleaned on the inner side and trimmed with a grinding machine to the required shape for bamboo reinforcement
measuring 7 x 10 mm?, 10 x 10 mm? and 15 x 15 mm?. The number of bamboo reinforcement nodes used varies
between two and three pieces.

3.2. The waterproof coating Sikadur®-752 and installation of hose-clamp.

After the bamboo reinforcement preparation process is complete, the next step is the waterproof coating and
installation of hose-clamps. The waterproof coating used was Sikadur®-752, and the coating was carried out twice.
Sikadur®-752 is applied to the bamboo reinforcement to prevent water absorption; the effectiveness and durability of
Sikadur®-752 adhesive require further research. The specification of Sikadur®-752 is shown in Table 1. Hose-clamps
installation is carried out after the first stage Sikadur®-752 waterproof coating is dry. The second layer of
waterproofing is applied with the aim of making the first stage impermeable, and of strengthening the bond between
hose-clamps and bamboo reinforcement. The hose-clamp used is a %" diameter stainless steel unit made in Taiwan
specifications are not available. The distance variation of the hose-clamp setting is 0 cm, 15 cm, 20 ¢cm, and 25 cm. To
overcome bamboo node disturbance, hose-clamps are installed in one of two ways, either by stretching the hose-clamp
bolt and inserting directly from the tip of the bamboo reinforcement, or by opening the hose-clamp bolt first and
installing the unit using a screwdriver. Nearly one-third of the surface of bamboo reinforcement is slippery. To
increase its roughness, sand is sprinkled on [30] after the Sikadur®-752 waterproof coating is half-dry. The sand used
is fine volcanic dust sand from Raung Mountain, Jember, Indonesia, which contains particles of iron. The process of
preparing bamboo, including waterproof coating and sprinkling sand, up to hose-clamp installation, is shown in Fig. 3
and Fig. 4.



181
182
183 Table 1 The specification of Sikadur®-752

184 -
185 Components Properties

186 Aspect Yellowish
Mix density Approx. 1.08 kg/l
187 Mix ratio, by weight/volume 2:1
188 Pot life 30°C 35 minutes
189 Compressive strength 620 kg/cm? at 7 days
190 640 kg/cm? at 28 days
Tensile strength 270 kg/cm? at 28 days
191 Bond strength, to concrete >20 kg/cm? (concrete failure, over mechanically prepared
192 concrete surface)
193 Flexural strength 400 kg/cm? at 28 days
194 Modulus of elasticity 10,600 kg/cm?

195
196
197
198
199
200
201
202
203
205 Fig. 3. Tidying a bamboo bar with a grinding Fig. 4. Processing a waterproof coating, a sand
206 machine coating, and a hose-clamp installation

207

208
209

210
211 The dimensions of bamboo reinforcement used in the pull-out tests are 15 mm x 15 mm x 400 mm, while the size of

212 th§ concrete cylinder is a diameFer of 150 mm and a length gf 300 mm. A bamboo reinforcement is. inserted into the
middle of a concrete cylinder with a depth of 200 mm. Specimens are tested after 28 days; 15 test pieces were made,

213 with five treatments, namely (a) normal, (b) hose-clamp with span 10 c¢m, (¢) Sikadur®-752, (d) Sikadur®-752 and

214 hose-clamp with span 15 cm, and (e) Sikadur®-752 and hose-clamp with span 20 cm. The purpose of the treatment on

215 the specimen is to increase the bond-strength between bamboo and concrete. Specimen details from the pull-out test

216 are shown in Fig. 5, while the manufacture of specimens and pull-out test settings are shown in Fig. 6.
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231 Fig. 5. Specimen details of the pull-out test
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3.3. Pull-out tests

Bamboo, section zise

15 mm x 50 mm
Bamboo with Sikadur -752

coat, and sand coat
Hose clamp Hose clamp

Concrete

Bamboo, section
zise 15 x 15 mm
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Fig. 6. Manufacture of specimens and pull-out test settings

3.4. Testing methods

The mix design of normal concrete for this research comprised Portland Pozzolana Cement (PPC), sand, coarse
aggregate, and water with a proportion of 1:1.8, 1:2.8, 2:0.52. Sand and gravel are from the Malang area. The cylinder

specimen measured 150 mm diameter and 300 mm height. A universal testing machine (UTM) with 2000

kN capacity

was used for a compression test. The values of the concrete compressive strength test and the bamboo tensile strength

test were used as the basis for the theoretical calculation of the beam.
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Information:
SRC = Steel reinforced concrete
PC = Plain concrete

BRCy) = Bamboo reinforced concrete (BRC) — spacing hose-clamp 0 cm (s)

BRCs; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 15 cm (s;)

BRCs; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 20 cm (s,)

BRCy; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 25 cm (s3)

As = Area of steel reinforced (4s = 100,48 mm?)

Ab = Area of bamboo reinforced (Variation of 45 = 140 mm?, 200 mm?, and 450 mm?)

Fig. 7. Geometry and distance variations of beams with hose-clamp

110 mm

| 15 mm

25 mm

The beam test specimen comprised 26 pieces with a size of 75 mm x 150 mm x 1100 mm, as shown in Fig. 7,
consisting of 24 pieces of the bamboo reinforced concrete beam (BRC), one steel reinforced concrete beam (SRC),
and one concrete beam without reinforcement (PC). Bamboo reinforcement is installed as tensile reinforcement with a
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variation of reinforcement area of 140 mm?2, 200 mm?2, and 450 mm?2. The steel bars used are 8 mm in diameter with an
A = 100.48 mm? reinforcement area. The use of two bars of 8 mm diameter is not equivalent to the bamboo
reinforcement area used; if equalized it must be made in non-dimensional conditions, but this is not fully suitable
because its behavior will not be the same if it has reached post-crack. This requires further research.

The flexural beam test is carried out using a four-point technique [36]. There are two points loads with spacing /5L
from the beam support, using a WF load spreader. The strain gauge is mounted on bamboo reinforcement 2L from the
beam support. The strain gauge is connected to the digital strain meter. The deflection that occurs in the beam is
detected using LVDT (linear variable displacement transducers) 2L from the beam support. A hydraulic jack is used
for beam loading and 200 kN load cell connected to the load indicator. Load indicator readings are used as hydraulic
jack controllers, deflection readings, and strain readings, according to load control methods. After the test beam
reaches its ultimate load, readings are taken according to the deflection control method. The pattern of collapse is
observed and identified through cracks that occur, starting from the first crack until the beam collapses. The test
equipment settings and load scheme are shown in Fig. 8.

LOADING FRAME

Hinge support Roller support

Load spreader of WF

Beam specimens

l50 mm gy 1 Y%L 1 %L ?0 rnm Hydraulic jacks
T T

| [
T

1000 mm

>

Fig. 8. The setting of the flexural beam test

4. Results and Discussion
4.1. Material test and pull-out test

The bamboo tensile test returned an average tensile stress of 126.68 N/mm? and an average strain of 0.0074. The
average of the modulus of bamboo elasticity is calculated based on the formula E = o/g, and 17235.74 MPa was
obtained. Modulus of steel elasticity was 207735.92 MPa. In bamboo tensile testing, the majority of failures of
bamboo reinforcement occur at the point of the bamboo node as shown in Fig. 9, so that the modulus of elasticity is
taken as an average test result of bamboo reinforcement with nodes and without nodes. Fig. 10 and Fig. 11 show a
graph of the stress-strain relationship of bamboo and steel, a graph of the stress-strain relationship of bamboo tends to
be linear until fracture stress occurs, so there are difficulties in determining the yielding point, especially if bamboo
has been used as concrete reinforcement. So in this study, the method for determining the yield point of bamboo
reinforcement in the concrete beam was based on ASTM E2126-09 [37] scope 1.2, which is for specimens constructed
from wood or metal framing, braced with solid sheathing. Compression tests were carried out in accordance with
ASTM C 39 [38] after 28 days of concrete age. The compressive strength of the average cylinder is 31.31 MPa and
the average weight of the cylinder is 125.21 N.

e failure at
node bamboo  “-f

Fig. 9. The pattern of failure in bamboo reinforcement
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Fig. 10. The stress-strain relationship of Fig. 11. The stress-strain relationship of steel
normal bamboo reinforcement reinforcement

The data from the pull-out test results of bamboo reinforcement, treated with waterproof coating Sikadur®-752,
sand and hose-clamp rings embedded in concrete cylinders, showed an increase in bond-stress of 214% and 200%
compared to bamboo without treatment, with a distance of hose-clamps of 15 ¢cm and 20 cm, respectively; with the
loading rate, respectively 39.5 kN and 37.5 kN. For bamboo reinforcement without waterproof coating Sikadur®-752
and sand, but using hose-clamps with a distance of 10 cm, this increased by 8%, whereas bamboo reinforcement with
waterproof coating Sikadur®-752 and sand without hose-clamps increased by 125% compared to untreated bamboo, as
shown in Fig. 12.
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Treatment of Bamboo Reinforcement
Fig. 12. Variation of the bamboo bond-stress Fig. 13. The failure mode of the pull-out test

Test specimens with waterproof coating Sikadur®-752, sand, and hose-clamps showed a collapse pattern of “bond
and concrete cone failure” as shown in Fig. 13a. This shows that the waterproof coating Sikadur®-752 and the hose-
clamps on the bamboo reinforcement have worked well, as indicated by the concrete attached to the bamboo
reinforcement. Test specimens with waterproof coating Sikadur®-752 and sand, but without hose-clamps, show a
collapse pattern of “bond-slip failure”, but have a fairly high bond strength, as shown in Fig.13b. Whereas the
specimen with hose-clamps without waterproof coating Sikadur®-752 or sand show a collapse pattern of the “bond-
slip failure” with bond-stress similar to that of untreated bamboo reinforcement. This shows that there is an action of
absorbing water between bamboo reinforcement and concrete. When the concrete is wet, the bamboo reinforcement
absorbs water so that the bamboo reinforcement swells. When the concrete is dry, the water in the bamboo
reinforcement is absorbed by the concrete, so that the bamboo reinforcement shrinks and the hose-clamp becomes
loose. This causes a slip to occur and the hose-clamp has no effect on bond-stress. The pattern of the collapse is shown
in Fig. 13b.

The analysis of the test results and the pattern of collapse shows that the use of waterproof coating is absolutely
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necessary; the installation of hose-clamps on bamboo reinforced concrete without waterproof coating has no
significant effect.

4.2. The flexural capacity of the bamboo reinforced concrete beam

Theoretical analysis of beam flexural capacity is based on Ghavami (2005) [1]. From the analysis of stress and strain
distribution of flexural beam elements, the balance between the concrete compressive force (C) and the tensile force
(T) must be fulfilled. The tensile strength of bamboo reinforcement (T) was obtained by multiplying bond-stress from
the pull-out test results by the shear area of bamboo reinforcement; this is because, based on the results of the study,
the collapse of bamboo reinforced concrete was caused by the loss of bond between bamboo reinforcement and
concrete. Data from theoretical calculations and BRC beam experimental results are shown in Table 2.

The initial crack of BRC beams from theoretical calculations occurred at a load of 6.87 kN, while ultimate loads
occurred at 29.62 kN, 33.73 kN, and 45.27 kN respectively on BRC beams with bamboo reinforcement areas of
140 mm?, 200 mm?, and 450 mm?. The average load of the initial crack of the experimental results occurs at a load of
7.35 kN. Fig. 14 shows the average initial crack load and the average ultimate load of a BRC beam from theoretical
calculations and experimental results. The average ultimate load of the experimental results is 90% of the ultimate
load resulting from the theoretical calculations. This is one solution to the problem of the low capacity of bamboo
reinforced concrete beams, as reported by several previous researchers. They concluded that the flexural capacity of
bamboo reinforced concrete beams reached only 56% of its capacity if the tensile strength of bamboo was full [17],
only 29% to 39% of the capacity of steel reinforced concrete beams with the same reinforcement dimensions and
width [39], and only 35% of steel reinforced concrete beams at the same strength level [40].

350 7 s 2
300 T &
@Theoretical initial crack 35 1
®0T W Initial crack of experiment 30 o o
% 200 1 mAverage failure load (Theoretical) o 7§
=2 25 |
D Average failure load (Experiment) z ] \/
g sl £ W ; Q ::
3 T 20 B N N OBRC ; Ab = 140 mm?
3 = W N BBRC ; Ab =200 mm?
100 1 =N 2 15 B N\
3 S 88 ‘sE? 1 s : : :: OBRC ; Ab =450 mm?
50 4 K] v N My SSRC ; As = 100,48 mm?
5 10 B BN N
W N N
0.0 5 :/ N W
BRC-s, BRC-sl BRC-s2 BRC-s3  SRC PC \; o ; :
0 X [
Reinforced Concrete Specimens 0 15 20 25
Spacing of hose-clamp (cm)
Fig. 14. The ultimate load of theoretical and Fig. 15. The comparison of the ultimate load of BRC
experimental results of the BRC beam beams and SRC beams, based on reinforcement area

and hose-clamp distance

Fig. 15 shows a comparison of the ultimate load of BRC beams and SRC beams, based on reinforcement area
variation and hose-clamp distance. BRC beams with a reinforcement area of 450 mm? have the highest ultimate load
for all variations in the distance of the hose-clamps. Whereas when viewed from the variation in the distance of the
hose-clamps, BRC beams with a distance of 20 cm hose-clamps have the highest ultimate load, 33.25 kN. BRC beams
with a ratio of 4% bamboo reinforcement area exceed the ultimate load of steel reinforced SRC beams by up to
38.54% with a steel reinforcement area ratio of 0.89%.

The results of the analysis of variance on all data from the flexural test show the non-significant effect of hose-
clamps on the beam capacity, whereas from the pull-out test results, as shown in Fig. 12, the effect of hose-clamps is
significant. This indicates that: (1) the distance of the installation of the hose-clamps has not been optimum or is still
too tight for flexural tensile reinforcement. Installation of tight hose-clamps will reduce the elastic properties of
bamboo and bamboo reinforcement becomes more rigid. Bamboo has high tensile strength in the direction of the fiber
(longitudinal direction), but is weak in the transverse direction, so that when receiving a flexural tensile force, there
will be a concentration of stress, and bamboo reinforcement ruptures, especially at the point of the bamboo node and
the position of the hose-clamp; (2) installation of effective hose-clamps if used on pure tensile elements, such as truss
elements or as the length of distribution (L4) for bamboo reinforcement; (3) waterproof coating Sikadur®-752 and sand
have a significant effect on bond-stress. This is indicated by the ultimate load of BRC-s0 beam approaching the
ultimate load of BRC-s1, BRC-s2, and BRC-s3 beams. The installation of hose-clamps without waterproof coating
treatment does not have an effect on the bond-stress or beam capacity. The installation of hose-clamps as flexural
tensile reinforcement needs further research, with the hose-clamps distance larger and more effective.
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Table 2
Flexural beam test results

Theoretical calculations Flexural test results
First Ultimate Ultimate load ~ First crack ~ Average first Failure load Average Deflection at Average
No Specimens code crack  load base on  base on the load (kN) crack load (kN) failure load  failure (mm)  deflection
load the tensile shear area of (kN) (kN) at failure
(kN) strength of bamboo (mm)
bamboo reinforcement
(kN) (kN)
1 AlBI 8.50 22.00 12.10
A %Rﬁ(; s0 ) 6.87 11.39 29.61 8.25 21.75 12.40
2 §= 4l mm AlB1 8.00 21.50 12.69
3 Al1B2 7.00 21.00 6.08
A %Rﬁ(; s1 ) 6.87 11.39 29.61 6.75 18.50 6.40
4 §= 4l mm Al1B2 6.50 16.00 6.72
5 AlB3 6.00 22.00 9.09
A %Rﬁ(; $2 ) 6.87 11.39 29.61 6.25 2225 9.20
6 §= 4l mm AlB3 6.50 22.50 931
7 AlB4 8.00 19.50 10.21
A %Rﬁ(; $3 ) 6.87 11.39 29.61 7.75 20.75 11.57
8 §= 4l mm Al1B4 7.50 22.00 12.92
9 A2BI 6.50 26.50 10.21
A IiRz%(; s0 ) 6.87 15.86 33.73 6.75 27.75 11.17
10 §= 00U mm A2B1 7.00 29.00 12.12
11 A2B2 6.50 33.00 14.84
A IiRz%(; s1 ) 6.87 15.86 33.73 7.00 30.75 13.39
12 §= 00U mm A2B2 7.50 28.50 11.94
13 A2B3 6.50 31.00 13.25
A IiRgOE)SZ ) 6.87 15.86 33.73 6.75 31.50 13.50
14 §= S0 mm A2B3 7.00 32.00 13.74
15 A2B4 8.50 29.50 9.66
A ?Rgobﬁ ) 6.87 15.86 33.73 8.00 29.00 10.80
16 §= S0 mm A2B4 7.50 28.50 11.94
17 A3BI 8.50 31.50 10.92
A B}‘g& s0 ) 6.87 32.19 4527 8.25 30.25 11.41
18 §=aUmm A3B1 8.00 29.00 11.90
19 A3B2 7.00 31.00 12.18
A B}‘g& s1 ) 6.87 32.19 4527 7.25 32.00 12.60
20 §=aUmm A3B2 7.50 33.00 13.02
21 A3B3 8.00 33.50 14.69
A ERESE)SZ ) 6.87 32.19 4527 7.75 33.25 12.01
22 s mm A3B3 7.50 33.00 9.32
23 A3B4 7.50 29.50 7.61
AbIB:RA(I:S_()Sri - 6.87 32.19 4527 7.50 29.75 9.15
24 A3B4 7.50 30.00 10.69
SRC
25 As = 100,48 SRC 6.51 16.63 10.00 24.00 6.33
mm? 10.00 24.00 6.33
26 PC PC 6.39 9.42 8.00 8.00 1.29

4.3. The load-deflection relationship model of the bamboo reinforced concrete beam

The pattern of the load-deflection relationship between BRC and SRC beams is strongly influenced by the mechanical
properties of bamboo and steel reinforcement materials. The different characteristics of stress and strain in bamboo
and steel are the dominant factors in determining the characteristics of load-deflection relationships. On the stress-
strain characteristics of bamboo, it does not have a long initial melting point. This means the service load range point
or the proof bond strength point cannot be directly determined. The relationship between load and deflection was
carried out on BRC beams with a bamboo reinforcement area of 450 mm? with a hose-clamp distance of 0 cm, 15 cm,
20 cm, and 25 cm. This is because it has the highest ultimate load and good data consistency.

Fig. 16 and Fig. 17 show the differences in the behavior of load-deflection and load-strain relationships of BRC
and SRC beams. The BRC beam has a much higher deflection. This shows higher energy absorption, but lower
stiffness. The SRC beams can directly determine the initial yield point of reinforcement. A graph of the load-
deflection relationship of the SRC beam shows the elastic area or friction bond limit (I), elasto-plastic (II), and plastic
(III), while the BRC beam does not clearly show plastic areas — the BRC beam load-deflection graph tends to be
linear. However, the crack moment (#,,), which is the point of friction bond limit, can be known directly through the
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initial crack that occurs.
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Fig. 16. Load-deflection relationship of BRC
beams
The service load range is determined based on ASTM E 2126-09 [37], that is by drawing a vertical line through

the 0.4P,jimae line meeting with a 0.8 P, ;4 horizontal line. From the analysis results, the average value of Py, load
is 18.79 kN or about 60% of P, ma.. While the elastic range or friction bond limit points using Eq. (4) [33]:

Strain of Bamboo Reinforcement (& x 107)

Fig. 17. Load-strain relationship of BRC beams

PL = Ru—2.3(c’) = 20.08% ~ 20% “)

ultimate

Table 3
Load-displacement relationship calculation data.

Theoretical calculations Flexural test results

Specimens / Code No - ;
First Ultimate First crack Failure load, Deflection at o
crack Joad (kN) load, P (N) failure (mm) P/ Puimare (%0)
load (kN) Pc,(kN) ultimate
1 8.50 31.50 10.92 26.98
(a) BRC-s0 / A3B1 ) 6.87 32.19 3.00 29.00 11.90 2759
1 7.00 31.00 13.02 22.58
(6) BRC-s1/ A3B2 2 6.87 32.19 7.50 33.00 12.18 22.73
1 8.00 33.25 14.69 23.88
(c) BRC-s2/ A3B3 > 6.87 32.19 750 33.00 932 2273
1 7.50 29.50 7.61 25.42
(d) BRC-s3/ A3B4 ’ 6.87 32.19 750 30.00 10.69 25.00
Mean values (Ru) 7.69 31.31 11.29 24.61
Standard deviation (o) 0.46 1.73 1.97
P P
Py :
PUltimate Yitimate ! Shows the difference in
! the stiffness of the BRC ,*
Proof bond strength Ultimate bond strength | beamand e beam/'//
2 w
& & g
'g' P_ . . E‘ Pservice
S S fe e fe - Y 100% 3
First crack “ Nominal load strength 100%
(Friction bond Iimit P=0,4Pgimic
L oeow 60%
P, :SEr\:;cr]ceg Load ?Rc Beam Py 2 40% ::g :eam
20% SRC Beam : 20%
Elastic range
A - ‘A'SBC Displacement, A A
Displacement, A | Buere

Fig. 19. The difference in stiffness between the BRC
beam and the SRC beam

Fig. 18. The idealization of the load- deflection
relationship model of BRC beam

Table 3 shows that the lowest elastic value, 22.58%, occurred in the BRC-sl beam, the highest, 27.59%, in the
BRC-s0 beam. The average value of the elastic range is 24.61% of the ultimate load. From the calculation using Eq.
(4), the value of the elastic limit is obtained by 20% of the ultimate load. The elastic limit on the SRC beam is 41.67%
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of the ultimate load. It can be concluded that the point of the elastic limit is 20% of the ultimate load, and the service
load range is 60% of the ultimate load. The idealization of the BRC beam load-deflection relationship model is shown
in Fig. 18.

In Fig. 19, if horizontal lines are drawn at service limits P, and linear lines are parallel to the SRC beam load-
deflection diagram, it will be seen that the BRC beam stiffness is much lower than SRC beam stiffness. The average
value of the BRC beam stiffness was lower — 43.92% — compared to the SRC beam. Whereas if we take when the
initial crack load of the SRC beam, or 0.4P,;;, is obtained, the BRC beam stiffness is lower than 75% of the SRC
beam stiffness, as shown in Fig. 19. This is a weakness of the BRC beam that needs to be considered in future studies.
The principle of the theory of confined concrete and shear reinforcement can be a solution to overcome the low
rigidity of the BRC beam.

4.4. The bond-stress of flexural beam.

Measurements and observations of slip (s) are carried out from when the initial crack occurs until the beam has
collapsed. The measurement of slip (s) is taken in two ways, namely direct measurement through a strain gauge
attached to a bamboo reinforcement for elongation of bamboo reinforcement (e,,), and measurement through force
analysis or curvature moment for elongation of the concrete (e.,). The readings from the strain gauge installed on
bamboo reinforcement can still be carried out even though the concrete has been cracked, because when the concrete
cracked, the bamboo reinforcement was still not yielding or was still in an elastic condition. Direct measurement
through strain gauge and measurement through force analysis is carried out as control and comparison. Slip (s,) at the
point where the bond-stress occurs is calculated based on Eq. (5) [41].

So = ebo - eco (5)

where e, = elongation of bamboo reinforcement, and e, = elongation of concrete. The elongation of concrete (e,,) is
calculated using Eq. (6) [41].
eco = ec,co + ec,bo (6)

where e, ., = elongation of concrete due to the compressive force, and e, 5, = elongation of concrete due to bond force.

The purpose of installing hose-clamps on bamboo reinforcement is to increase slip resistance between bamboo and
concrete reinforcement. The test results and the calculations of bond-stress and slip can be seen in Table 4 and Table
5. Fig. 20 shows the relationship between bond-stress and slip in the BRC beam, divided into two stages. The first is
the linear elastic stage, where the linear line curve shows the full elastic behavior of the BRC beam. The shear force
that occurs on the reinforcement surface of bamboo is transferred to concrete. The maximum tensile stress on the
beam is smaller than the flexural tensile strength, or smaller than the concrete collapse modulus. The second stage is a
combination of elasto-plastic and plastic stages; this is consistent with the characteristics of the stress-strain of
bamboo reinforcement which does not have a long yielding point, as shown in Fig. 10. This stage is the beginning of
the micro slip of bamboo reinforcement and concrete.

04 T

04 T
u =0,027s,+ 0,026
. 03 R?=10,925
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< £
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202 ; p
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o BRC-sO 5 SRC Beam
3] e SRC
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0 + + + + + t J y 1
0 2 4 6 8 10 12 14 12 14
Slip, s, (mm) Slip, s, (mm)
Fig. 20. Relocation bond-stress and slip on a BRC Fig. 21. The relationship of bond-stress and slip on a
beam BRC beam

The bond-stress of bamboo reinforcement starting to work up to ultimate bond-stress. The tensile stress that occurs
is completely retained by bamboo reinforcement with its friction strength. Bond-stress increases with increasing slip
resistance force. Likewise, the cracks increase and widen as the slip increases. The ultimate tension occurs when the
maximum slip occurs on the bamboo reinforcement. The ultimate bond-stress occurs when the maximum slip occurs
on the bamboo reinforcement.

From Table 5, the ratio between the friction bond limit and ultimate bond strength (i, /u,) ranges from 21% to
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27%. While the bond-stress (#) from the friction bond limit up to ultimate bond strength can be approximated by the
Eq. (7), with the limit of s, <, < s,, where s, is slip on the initial crack of the beam, and s, is the slip at the ultimate
load as shown in Fig. 21.

u=0.027s, +0.026 @)
Table 4
Bond-stress and slip of the flexural beam test.
Theoret} cal Flexural test results
calculations Flexural
i beam .
Specimens /  Sample . . Average . Slip, s
bond-
Code no First Ultima First first Failure Av'erage Deflectio Average on (mm)
crack crack failure n at deflection stress
te load crack load . .
load &N) load load kN) load failure  at failure (MPa)
(kN) (kN) (kN) (mm) (mm)
(kN)
X 1 8.50 31.50 10.92
(&) BRC-s0 687  32.19 825 30.25 1141 031 9.05
/ A3BI 2 8.00 29.00 11.90
_ 1 7.00 31.00 13.02
(b) BRC-s1 687  32.19 725 32.00 12.60 033 1085
/ A3B2 2 7.50 33.00 12.18
- 1 8.00 33.50 14.69
(¢) BRC-s2 687  32.19 8.00 33.25 12.01 033 976
/ A3B3 2 7.50 33.00 9.32
_ 1 7.50 29.50 7.61
(d) BRO3 687  32.19 7.50 29.75 9.15 030 1012
A3B4 2 7.50 30.00 10.69
(e) SRC 1 6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33 0.24 12.53
Table 5
Bond-stress calculation.
Theoretical calculations Flexural test results
Specimens/Code
First crack Ultimate First crack Failure Flexural beam bond- uy /e, (%)
load (kN) load (kN) load (kN) load (kN) stress, u, (MPa) (MPa) S l7o
(a) BRC-s0 / A3Bl1 6.87 32.19 8.50 31.50 0.311 0.079 25
6.87 32.19 8.00 29.00 0.306 0.074 24
(b) BRC-s1 / A3B2 6.87 32.19 7.00 31.00 0.326 0.069 21
6.87 32.19 7.50 33.00 0.321 0.064 20
(c) BRC-s2 / A3B3 6.87 32.19 8.00 33.50 0.331 0.079 24
6.87 32.19 7.50 33.00 0.321 0.084 26
(d) BRC-s3/ A3B4 6.87 32.19 7.50 29.50 0.296 0.074 25
6.87 32.19 7.50 30.00 0.291 0.079 27
Mean values (Eu ) 0.313 24
Standard deviation (o) 0.01 242
(e) SRC 6.51 16.63 10.00 24.00 0.24

4.5. The relationship model of bond-stress and slip in the bamboo reinforced concrete beam

Fig. 22 shows the bond-stress and slip relationship of BRC beam with a hose-clamp on bamboo reinforcement, where
point a is the friction bond limit (u/), and d is the ultimate bond strength (u,). The ratio average of the friction bond
limit (u;) with the ultimate bond strength (u,) of the BRC beam is 24%, and a minimum ratio of 21% occurs on the
BRC-s1 beam, while a maximum ratio of 27% occurs on the BRC-s3 beam. The proposed u,/u, ratio is taken with Eq.

(8) [33].

u

u ., —
—L = Ru-2.3(c) =18.43% ~ 20%

@®)
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The bamboo reinforced concrete beam (BRC) in Fig. 17 and Fig. 20 does not show elasto-plastic or plastic
boundaries, so the boundaries point of proof bond strength (u,.) and bond-stress at pre-cracking become nothing. This
is in accordance with the stress-strain characteristic of bamboo reinforcement, that no length yield region occurs as it
does in steel reinforcement. Thus, the region of post-friction bond limit () is a linear line until reaching ultimate bond
strength (u,). The value of the friction bond limit (u,) point up to the ultimate bond strength (u,) point is estimated at
about 80%. If based on ASTM E 2126-09 [37], which sets out how to determine the yielding point of a wooden
structure, then u, is taken at 0.81,.., and the ultimate bond strength (u,) point is estimated at about 60%. Diab et al.
[33], with a steel pull-out test, proposed the u,/u, ratio for the point (a) friction bond limit (#,) of 50%, (b) proof bond
strength (u,,) of 60%, and (c) bond-stress at pre-cracking by 70%.

a = Friction bond limit u=0,027s+0,026
b = Proof bond strength R2=0,925

c = Bond stress at pre-cracking 5, <S<s
d = Ultimate bond strength " d y v
d
. —o

180%

Bond stress (MPa)

Diab et al, 2014 (Pull-out test)
——— BRCBeam
SRC Beam

Slip, s (mm)

Fig. 22. The idealization of the bond-stress and slip relationship of the BRC beam

The difference between the relationship diagram of bond-stress and slip and the friction bond limit value (i) is far
enough between the BRC and the SRC beam. This is due to a faster initial crack in the BRC beam. Initial cracks occur
faster due to several reasons, including (1) the presence of microcracks around hose-clamps caused by air bubbles
during the cement hydration process, (2) shrinkage occurring in bamboo reinforcement because the defects are not
coated with a waterproof coating, especially during execution, and (3) the modulus of elasticity of bamboo is lower
than concrete. Points (1) and (2) above are possible if work is not carried out under strict supervision.

4.6. Verification with the finite element method

Numerical verification is carried out in order to control the compatibility of the crack pattern of the BRC beam with
the stress contour that occurs. The numerical method employed is the finite element method, using the Fortran
PowerStation 4.0 program. Theoretical analysis to calculate the load that causes the initial crack uses elastic theory
(linear analysis) with a transformation section. For linear analysis, the material data included is the elastic modulus (E)
and the Poisson ratio (v). The non-linear phase is approached by giving a decrease in the strength of concrete 0.25-0.5
for the calculation of effective stiffness in the plastic area [42]. FEM analysis has not modeled the bond between
bamboo reinforcement and concrete, where bamboo and concrete are considered to have the same displacement, with
a different modulus of elasticity (E), so that they experience different stress. FEM analysis in this study has not been
explained in detail and needs further analysis. In the constitutive relationship of finite element analysis, the problem-
solving method has used the theory of plane-stress. Triangle elements are used to model plane-stress elements with
two-way primary displacement at each point, so that the element has six degrees of freedom. The discretization of the
beam plane was carried out using the triangle element shown in Fig. 23.

ly’P }:%P
150 mm-— (53)—(52) &) (56) (57) 58 59 0 61 (s2) (63) 64)—(55
%6y [<oa > & <> 7 4" mesh layer
) <7 <> L
100 mm —+— (52 40
== S e 2y S 271 3 e taver
- =z > =
40 mm 4—(27, —_—t e e — — e R & e B e o — — 439
e A A e T [ [ [ s [ s [ A ey R 2 mesh layer
A <> <z <> K ks > <> <7 > <> ES “
7 =0 (TS e T <% > i > 1% mesh layer
omm +— (1 2 3 4 5 6 7 \Bj 9 10 11 12 13

omm _50mm 150 mm 250 mm 380 mm 480 mm 550 mm 620 mm 720 mm 850 mm 950 mm 105 mm 1100 mm
+ + + + + + + + + + + +

Information:

- = Bamboo reinforcement

- = Normal concrete

Fig. 23. Finite Element idealization of BRC beam

The modulus of elasticity (E), for each layer was calculated according to the conditions of the material. The layers
consisting of the concrete and the bamboo reinforcement are calculated using the following Eq. (9) [43].
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E,=EV, +E.V, )
with E, = equivalent elasticity modulus of BRC beam, E, = modulus of elasticity of bamboo reinforcement,
E. = modulus of elasticity of concrete, ¥, = relative volume of bamboo reinforcement in the calculated layer, and
V.= relative volume of concrete in the calculated layer. The stress-strain relationship for plane-stress problems has the
form of an equation like Eq. (10 ).

o 1 0 &

§ E

I Sairwayy 0 ne
1+v7) 1-v

» RN

' (10)

o ¥

(=

<

where E is the modulus of elasticity of the BRC beam and v is Poisson’s ratio. And the principal stress in two
dimensions is be calculated with Eq. (11).

2
o._+0 oO.—0
o,=—2"+¢ * 47 =0 (11)
1,2 2 2 Xy max

Fig. 24 shows that stiffness decreases after the initial crack, according to the loading stage of each mesh layer , and
this is very influential on the results of the analysis. The average stiffness of the BRC beam was reduced from
26324.76 MPa before cracking to 6581.20 MPa after the collapse [42], while the average value of the stiffness of the
SRC beam was reduced from 30334.11 MPa before cracking to 16873.35 MPa after the collapse. Fig. 24 shows that
the results of the load-deflection relationship model from the analysis are quite close to the experimental results.

35 1

30 T+

25 +

20 +

15 +

@ SRC Beam
——&— FEM- BRC Beam
et BRC Beam

——&— FEM - SRC Beam

Load, P (kN)

10 +

o 2 4 6 8 10 2 4 -6 -8
Displacement, A (mm)
Fig. 24. The behavior of the load-deflection relationship of

the BRC beam and the SRC beam using the finite element
method

Along with increasing load, deflection and moments will continue to increase. When the crack moment (M,,) is
exceeded, the initial crack will occur, especially at the maximum moment. After the initial crack occurs, bond-stress
will occur on bamboo reinforcement and concrete. Bond-stress and cracks will continue to propagate at the weak point

of the beam section.
%P
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Fig. 26. The stress contour of the BRC beam
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Fig. 27. The stress contour of the SRC beam

l 4P %P

Fig. 28. The crack pattern of the SRC beam

Fig. 29. Failure of bond-slip of the BRC beam [21]

Fig. 25 and Fig. 26 show the crack pattern of the experimental result BRC beam and the contour stress result from
the Surfer 9.8 program simulation. The position of the crack line and crack propagation are in accordance with the
tensile stress contours of the simulation results, ie at coordinates 15 to 95. The red represents the maximum tensile
stress, and the grayish blue represents maximum compressive stress. After initial cracking in the middle of the span,
branching cracks occur in the position of the bamboo reinforcement. New cracks arise and branch upwards, right, and
left. However, most additional cracks propagate to the right and left, following the direction of bamboo reinforcement,
in accordance with the maximum tensile stress contour resulting from the simulation. At this stage of branching
cracks, the hose-clamp serves as a slip barrier and transfers the force to the concrete, as is evidenced by the many
upward cracks that occur at the hose-clamp position, and the increasing spread of cracks spread. Documentation of the
crack process can be seen by clicking the following link: https://goo.gl/6AVWmP.

The contribution of the hose-clamp to the bond-stress can be seen in the difference between the crack pattern in the
results of this study and that of Agarwal’s [21] study, as shown in Fig. 25 and Fig. 29. The crack line in the direction
of the bamboo reinforcement proves the slip between bamboo reinforcement and concrete. The occurrence of slip
proves that the elasticity modulus of bamboo is lower than that of concrete, causing low bond-stress. Therefore, the
calculation of the BRC beam cross-sectional capacity must be based on the bamboo reinforcement shear area, not on
the tensile strength of the bamboo reinforcement; this is in accordance with Ghavami’s [1] research on the stress-strain
distribution analysis of bamboo reinforced concrete beams.

Fig. 27 and Fig. 28 show the stress contours of the SRC beam resulting from the simulation in the Surfer 9.8
program and the crack pattern of the experimental result for the SRC beam. The coordinates of the crack pattern and
the maximum tensile stress coordinates of the simulation results show suitability, which occurs at coordinates 35 to
75. Patterns of cracks and collapse are flexural cracks and flexural collapse. This proves that the bond strength of steel
reinforcement is higher than the bond strength of bamboo reinforcement. After the initial crack occurs, along with
increasing load, cracks continue to propagate upwards until collapse occurs.

5. Conclusions

Based on experiment, verification using the finite element method, and evaluation results on bamboo reinforced

concrete beams with reinforcement using a hose-clamp, the following conclusions can be drawn:

(1) Installation of hose-clamps on bamboo reinforcement serves as a shear connector, can increase bond-stress, and
reduce the slip between bamboo reinforcement and concrete.

(2) The BRC beam load-deflection relationship model has a gap that is far enough with the SRC beam load-
deflection diagram. The stiffness of the BRC beam is lower than the stiffness of the SRC beam. The principle of
the theory of confined concrete and shear reinforcement can be a solution to overcome the low rigidity of the
BRC beam.
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(3) The relationship model of bond-stress and slip in a BRC beam is different from the bond-stress and slip
relationship model in an SRC beam. The friction bond limit of the BRC beam occurs at 0.2P,,nq and the friction
bond limit of the SRC beam occurs at 0.4P,;;;,.q- This difference is due to the stress-strain characteristics and the
elastic modulus of the materials from the two different test objects.

(4) The stress-strain characteristics of the materials, the modulus of elasticity of the materials, and the test method of
the specimens are very influential to the relationship model of the bond-stress and slip.
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Abstract

Bamboo can be used as reinforcement for concrete, especially in simple construction, because of
its high tensile strength. Any collapse that occurs in a bamboo reinforced concrete beam is often
caused by failure of the bond between bamboo and concrete. Many researchers have suggested
using adhesive coatings or roughness modifications to bamboo reinforcement, but a slip failure
pattern still appears. The aim of this research is to increase bond-stress and slip resistance by
using a hose-clamp, and to obtain a relationship model of load vs. deflection and bond-stress vs.
slip between bamboo reinforcement and concrete. The experiments use 75 mm x 150 mm x 1100
mm concrete beams. Concrete beam specimens comprise 24 bamboo-reinforced beams, one beam
with 8 mm diameter steel reinforcement, and one without reinforcement. Hose-clamp spacing
varies by 0 cm, 15 cm, 20 cm, and 25 cm. Beam testing uses a four-point loading method. Test
results show an increase in bond-stress and flexural capacity, and reduced slip between bamboo
reinforcement and concrete, when hose-clamps are used. There are differences in the relationship
of load vs. deflection and bond-stress vs. slip between bamboo reinforced concrete beams and
steel reinforced concrete beams.

Keywords: bond-stress, slip resistance, bamboo reinforced concrete, hose-clamp

1. Introduction

Exploiting industrial building materials with an indifference to using renewable building materials can cause
permanent environmental pollution. Bamboo, as a renewable building material, can minimize energy consumption,
protect non-renewable natural resources, reduce pollution and maintain a healthy environment. Bamboo is a material
with an economic advantage because growth is relatively fast, allowing it to achieve maximum mechanical resistance
within a few years. In addition, bamboo is very abundant in the tropics and subtropics throughout the world [1].

Bamboo can be used for concrete reinforcement for modest housing communities in areas where it is abundant,
especially underdeveloped villages. However, bamboo is considered unprofitable because of the methods required to
prepare it for such use. Researchers have tried to simplify bamboo treatment and eliminate operational problems in
using it as the main structural component. Many of them focus on examining whether bamboo reinforcement is really
cheaper than steel reinforcement, taking into account operational costs, depreciation losses, required skills, and on-the-
job training needs for long-term use [2]. Other researchers discuss the feasibility of bamboo in technical, cost,
durability, and other terms [3-10].

A frequent barrier to developing bamboo reinforced concrete is the failure of the bond between the bamboo
reinforcement and the concrete. This occurs because of the slippery nature of the bamboo surface, and imperfect
attempts to modify its roughness. Treatments to counteract the slipperiness have included soaking, drying, waterproof
coating, and sprinkling with dry sand. Nevertheless, the collapse pattern is still dominated by slip failure between
bamboo reinforcement and concrete. Tripura and Singh [11] recently proposed a column reinforcement technique to
increase the strength and performance of bamboo reinforcement, but the user must pay attention to humidity, and bond
properties need to be determined for better results.

The aim of this research is to increase bond-stress and slip resistance using a hose-clamp, and to obtain a
relationship model of load deflection and bond-stress and slip between the bamboo reinforcement and the concrete.
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The concept of installing a hose-clamp on to bamboo reinforcement is similar to the concept of using deformed bar
reinforcement in concrete [12] as shown in Fig. 1 and Fig. 2, where there are frictional force interaction and the
bearing force between bamboo reinforcement and concrete. Installing hose-clamps in this way will increase slip
resistance and bond-stress. The frictional force of the bamboo reinforcement surface will be distributed on the hose-
clamp that functions as a shear connector. Strengthened bamboo reinforcement using a hose-clamp is then applied to
concrete beams and evaluated by flexural testing.

Bamboo reinforcement coated with sikadur®-752 and sand

Adhesion and

friction force

Hose-clamp

< s
Bearing force at hose-clamp

Fig. 1. Bamboo reinforcement with a hose-clamp

Adbesion and friction forces
along the bar's surface

|’ - s : T 47 Axhesion and friction force Z
- Reinforcing bar T — Bearing force
e o et G e il | « Radial splitting force |- |, »
*. ., Resultat fine B0 force | -

Friction force

Bearing force

(a) (b
Fig. 2. The friction force and bearing force of a deformed bar [12]

2. Theory

The reinforced concrete bond is formed by the mechanism of adhesion, friction and mechanical interlock between the
reinforcement and the concrete. Bond strength is strongly influenced by fracture energy [13] as well as complex
interactions between local deformation, chemical adhesion, and other factors [14]. The shear forces transferred
between the bamboo reinforcement and the concrete is the dominant factor after the adhesive bond. A good bond
between concrete and reinforcing bamboo is essential so that the system can behave as planned, and also to fulfill the
required performance of the structure in the long run. The bamboo reinforcement surface condition and the shearing
surface area are important factors in the shear stress value.

Roughness modification of bamboo reinforcement is carried out by notching [15], wire and coir winding [16], the
addition of hooks [17], or installation of hose-clamps [18-20]. These methods can increase the bearing capacity of a
bamboo reinforcement concrete beam, but still have drawbacks, such as difficult implementation, and a notching
process can weaken bamboo reinforcement. Agarwal et al. [21] conducted research on a bamboo reinforced concrete
beam using waterproof coating Sikadur 32 Gel and sand. The capacity of the beam load increased by up to 29.41% for
a 1.49% bamboo reinforcement area, but slip failure still occurred. Gisleiva C.S. [22] tested bamboo reinforced
concrete beams using a two points load method, and showed that the beam crack occurs due to bond failure between
bamboo reinforcement and concrete, followed by sliding failure and slip.

The bamboo reinforcement adhesive should also serve as an impermeable layer and sand sheathing binder to the
bamboo reinforcement. Some types of adhesives that have been used include: Negrolin, Sikadur 32 Gel [1]; Sikadur-
31CFN [23]; Araldite, Tepecrete P-151, Anti Corr RC, and Sikadur 32 Gel [21]; Araldite, epoxy resin, and coal tar
[24]; paint and dry sand [25]; layer asphalt and sand on bamboo reinforcement [26]; asphalt layer and coir rope coiled
[27]; Concresive Master Inject 1315 [28]; synthetic resin and synthetic rubber [29]; water-based epoxy coating with
fine sand, water based epoxy coating with coarse sand, TrueGrip EP with coarse sand, TrueGrip BP with coarse sand,
Exaphen with coarse sand, and enamel [30]; and lime water treated bamboo mat coated with epoxy and sand [31].

In the pull-out testing of concrete, the bond strength decreases as the steel reinforcement diameter increases; the
deeper the embedded reinforcement steel, the higher the bond-stress value [32-33]. Javadian et al. [30] investigated
bamboo pull-out, using a type of epoxy coating, to determine the bonding behavior between bamboo reinforcement
and concrete. The results showed that bamboo-composite reinforcement without layers has sufficient ties with the
concrete matrix, but with the epoxy base layer and sand particles provides extra protection without loss of bond
strength. Where failure occurs, it is at the bond between reinforcing steel with concrete, and slippage. The pull-out
testing results by Muhtar et al. [19] on bamboo reinforced concrete with Sikadur®-752 coating and hose-clamps
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embedded in concrete cylinders indicated an increase of tensile stress of up to 240% compared to untreated bamboo
reinforced concrete. The pattern of collapse indicates the collapse pattern of bond and concrete cone failure and
Bamboo failure of a node. This shows that using a hose-clamp on bamboo reinforcement works well, with the
concrete remaining attached to the bamboo reinforcement.

Installation of hose-clamps increases slip resistance along the bamboo reinforcement. The frictional force of the
bamboo reinforcement surface is distributed on the hose-clamp that serves as a shear connector. The bonding stress
parameter between bamboo reinforcement and concrete can be shown in flexural capacity, crack pattern, and beam
failure pattern.

Hose-clamp installation on bamboo reinforcement serves as anchoring friction between bamboo reinforcement
with concrete. The friction strength, 7, of the bamboo pullout test can be calculated using Eq. (1) [30]:

P
Tb == (1)
(2a+2b)L,
where P is the pullout force, (2a + 2b) is the dimension of the bamboo cross-section, and L, is the length of bamboo

surface attachment.
The bond-stress () of the BRC beam can be calculated by Eq. (2) and Eq. (3) [25, 34]:

V
u = .
Jjd=(d-)a) 3)

where V is the shearing force of the beam, Yo is the circumference of the nominal surface area of the bamboo
reinforcement in length units, d is the distance from the maximum press fiber to the center of the bamboo tensile
reinforcement area, and a is the height of concrete stress block equivalent.

3. Materials and methods
3.1. Preparation of bamboo reinforcement.

This research uses bamboo petung (Dendrocalamus asper) between three and five years old [21], six meters long from
its base. Bamboo is cut and separated according to the planned size, then soaked in water to remove the starch content
for approximately 30 days. After soaking, bamboo is dried in free air for about 30 days [21, 35]. The dried bamboo is
cleaned on the inner side and trimmed with a grinding machine to the required shape for bamboo reinforcement
measuring 7 x 10 mm?, 10 x 10 mm? and 15 x 15 mm?. The number of bamboo reinforcement nodes used varies
between two and three pieces.

3.2. The waterproof coating Sikadur®-752 and installation of hose-clamp.

After the bamboo reinforcement preparation process is complete, the next step is the waterproof coating and
installation of hose-clamps. The waterproof coating used was Sikadur®-752, and the coating was carried out twice.
Sikadur®-752 is applied to the bamboo reinforcement to prevent water absorption; the effectiveness and durability of
Sikadur®-752 adhesive require further research. The specification of Sikadur®-752 is shown in Table 1. Hose-clamps
installation is carried out after the first stage Sikadur®-752 waterproof coating is dry. The second layer of
waterproofing is applied with the aim of making the first stage impermeable, and of strengthening the bond between
hose-clamps and bamboo reinforcement. The hose-clamp used is a %" diameter stainless steel unit made in Taiwan
specifications are not available. The distance variation of the hose-clamp setting is 0 cm, 15 cm, 20 ¢cm, and 25 cm. To
overcome bamboo node disturbance, hose-clamps are installed in one of two ways, either by stretching the hose-clamp
bolt and inserting directly from the tip of the bamboo reinforcement, or by opening the hose-clamp bolt first and
installing the unit using a screwdriver. Nearly one-third of the surface of bamboo reinforcement is slippery. To
increase its roughness, sand is sprinkled on [30] after the Sikadur®-752 waterproof coating is half-dry. The sand used
is fine volcanic dust sand from Raung Mountain, Jember, Indonesia, which contains particles of iron. The process of
preparing bamboo, including waterproof coating and sprinkling sand, up to hose-clamp installation, is shown in Fig. 3
and Fig. 4.
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182
183 Table 1 The specification of Sikadur®-752

184 -
185 Components Properties

186 Aspect Yellowish
Mix density Approx. 1.08 kg/l
187 Mix ratio, by weight/volume 2:1
188 Pot life 30°C 35 minutes
189 Compressive strength 620 kg/cm? at 7 days
190 640 kg/cm? at 28 days
Tensile strength 270 kg/cm? at 28 days
191 Bond strength, to concrete >20 kg/cm? (concrete failure, over mechanically prepared
192 concrete surface)
193 Flexural strength 400 kg/cm? at 28 days
194 Modulus of elasticity 10,600 kg/cm?

195
196
197
198
199
200
201
202
203
205 Fig. 3. Tidying a bamboo bar with a grinding Fig. 4. Processing a waterproof coating, a sand
206 machine coating, and a hose-clamp installation

207

208
209

210
211 The dimensions of bamboo reinforcement used in the pull-out tests are 15 mm x 15 mm x 400 mm, while the size of

212 th§ concrete cylinder is a diameFer of 150 mm and a length gf 300 mm. A bamboo reinforcement is. inserted into the
middle of a concrete cylinder with a depth of 200 mm. Specimens are tested after 28 days; 15 test pieces were made,

213 with five treatments, namely (a) normal, (b) hose-clamp with span 10 c¢m, (¢) Sikadur®-752, (d) Sikadur®-752 and

214 hose-clamp with span 15 cm, and (e) Sikadur®-752 and hose-clamp with span 20 cm. The purpose of the treatment on

215 the specimen is to increase the bond-strength between bamboo and concrete. Specimen details from the pull-out test

216 are shown in Fig. 5, while the manufacture of specimens and pull-out test settings are shown in Fig. 6.
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231 Fig. 5. Specimen details of the pull-out test
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3.3. Pull-out tests

Bamboo, section zise

15 mm x 50 mm
Bamboo with Sikadur -752

coat, and sand coat
Hose clamp Hose clamp

Concrete

Bamboo, section
zise 15 x 15 mm
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Fig. 6. Manufacture of specimens and pull-out test settings

3.4. Testing methods

The mix design of normal concrete for this research comprised Portland Pozzolana Cement (PPC), sand, coarse
aggregate, and water with a proportion of 1:1.8, 1:2.8, 2:0.52. Sand and gravel are from the Malang area. The cylinder

specimen measured 150 mm diameter and 300 mm height. A universal testing machine (UTM) with 2000

kN capacity

was used for a compression test. The values of the concrete compressive strength test and the bamboo tensile strength

test were used as the basis for the theoretical calculation of the beam.
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Information:
SRC = Steel reinforced concrete
PC = Plain concrete

BRCy) = Bamboo reinforced concrete (BRC) — spacing hose-clamp 0 cm (s)

BRCs; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 15 cm (s;)

BRCs; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 20 cm (s,)

BRCy; = Bamboo reinforced concrete (BRC) — spacing hose-clamp 25 cm (s3)

As = Area of steel reinforced (4s = 100,48 mm?)

Ab = Area of bamboo reinforced (Variation of 45 = 140 mm?, 200 mm?, and 450 mm?)

Fig. 7. Geometry and distance variations of beams with hose-clamp

110 mm

| 15 mm

25 mm

The beam test specimen comprised 26 pieces with a size of 75 mm x 150 mm x 1100 mm, as shown in Fig. 7,
consisting of 24 pieces of the bamboo reinforced concrete beam (BRC), one steel reinforced concrete beam (SRC),
and one concrete beam without reinforcement (PC). Bamboo reinforcement is installed as tensile reinforcement with a
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variation of reinforcement area of 140 mm?2, 200 mm?2, and 450 mm?2. The steel bars used are 8 mm in diameter with an
A = 100.48 mm? reinforcement area. The use of two bars of 8 mm diameter is not equivalent to the bamboo
reinforcement area used; if equalized it must be made in non-dimensional conditions, but this is not fully suitable
because its behavior will not be the same if it has reached post-crack. This requires further research.

The flexural beam test is carried out using a four-point technique [36]. There are two points loads with spacing /5L
from the beam support, using a WF load spreader. The strain gauge is mounted on bamboo reinforcement 2L from the
beam support. The strain gauge is connected to the digital strain meter. The deflection that occurs in the beam is
detected using LVDT (linear variable displacement transducers) 2L from the beam support. A hydraulic jack is used
for beam loading and 200 kN load cell connected to the load indicator. Load indicator readings are used as hydraulic
jack controllers, deflection readings, and strain readings, according to load control methods. After the test beam
reaches its ultimate load, readings are taken according to the deflection control method. The pattern of collapse is
observed and identified through cracks that occur, starting from the first crack until the beam collapses. The test
equipment settings and load scheme are shown in Fig. 8.

LOADING FRAME

Hinge support Roller support

Load spreader of WF

Beam specimens

l50 mm gy 1 Y%L 1 %L ?0 rnm Hydraulic jacks
T T

| [
T

1000 mm

>

Fig. 8. The setting of the flexural beam test

4. Results and Discussion
4.1. Material test and pull-out test

The bamboo tensile test returned an average tensile stress of 126.68 N/mm? and an average strain of 0.0074. The
average of the modulus of bamboo elasticity is calculated based on the formula E = o/g, and 17235.74 MPa was
obtained. Modulus of steel elasticity was 207735.92 MPa. In bamboo tensile testing, the majority of failures of
bamboo reinforcement occur at the point of the bamboo node as shown in Fig. 9, so that the modulus of elasticity is
taken as an average test result of bamboo reinforcement with nodes and without nodes. Fig. 10 and Fig. 11 show a
graph of the stress-strain relationship of bamboo and steel, a graph of the stress-strain relationship of bamboo tends to
be linear until fracture stress occurs, so there are difficulties in determining the yielding point, especially if bamboo
has been used as concrete reinforcement. So in this study, the method for determining the yield point of bamboo
reinforcement in the concrete beam was based on ASTM E2126-09 [37] scope 1.2, which is for specimens constructed
from wood or metal framing, braced with solid sheathing. Compression tests were carried out in accordance with
ASTM C 39 [38] after 28 days of concrete age. The compressive strength of the average cylinder is 31.31 MPa and
the average weight of the cylinder is 125.21 N.

e failure at
node bamboo  “-f

Fig. 9. The pattern of failure in bamboo reinforcement
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Fig. 10. The stress-strain relationship of Fig. 11. The stress-strain relationship of steel
normal bamboo reinforcement reinforcement

The data from the pull-out test results of bamboo reinforcement, treated with waterproof coating Sikadur®-752,
sand and hose-clamp rings embedded in concrete cylinders, showed an increase in bond-stress of 214% and 200%
compared to bamboo without treatment, with a distance of hose-clamps of 15 ¢cm and 20 cm, respectively; with the
loading rate, respectively 39.5 kN and 37.5 kN. For bamboo reinforcement without waterproof coating Sikadur®-752
and sand, but using hose-clamps with a distance of 10 cm, this increased by 8%, whereas bamboo reinforcement with
waterproof coating Sikadur®-752 and sand without hose-clamps increased by 125% compared to untreated bamboo, as
shown in Fig. 12.
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Treatment of Bamboo Reinforcement
Fig. 12. Variation of the bamboo bond-stress Fig. 13. The failure mode of the pull-out test

Test specimens with waterproof coating Sikadur®-752, sand, and hose-clamps showed a collapse pattern of “bond
and concrete cone failure” as shown in Fig. 13a. This shows that the waterproof coating Sikadur®-752 and the hose-
clamps on the bamboo reinforcement have worked well, as indicated by the concrete attached to the bamboo
reinforcement. Test specimens with waterproof coating Sikadur®-752 and sand, but without hose-clamps, show a
collapse pattern of “bond-slip failure”, but have a fairly high bond strength, as shown in Fig.13b. Whereas the
specimen with hose-clamps without waterproof coating Sikadur®-752 or sand show a collapse pattern of the “bond-
slip failure” with bond-stress similar to that of untreated bamboo reinforcement. This shows that there is an action of
absorbing water between bamboo reinforcement and concrete. When the concrete is wet, the bamboo reinforcement
absorbs water so that the bamboo reinforcement swells. When the concrete is dry, the water in the bamboo
reinforcement is absorbed by the concrete, so that the bamboo reinforcement shrinks and the hose-clamp becomes
loose. This causes a slip to occur and the hose-clamp has no effect on bond-stress. The pattern of the collapse is shown
in Fig. 13b.

The analysis of the test results and the pattern of collapse shows that the use of waterproof coating is absolutely
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necessary; the installation of hose-clamps on bamboo reinforced concrete without waterproof coating has no
significant effect.

4.2. The flexural capacity of the bamboo reinforced concrete beam

Theoretical analysis of beam flexural capacity is based on Ghavami (2005) [1]. From the analysis of stress and strain
distribution of flexural beam elements, the balance between the concrete compressive force (C) and the tensile force
(T) must be fulfilled. The tensile strength of bamboo reinforcement (T) was obtained by multiplying bond-stress from
the pull-out test results by the shear area of bamboo reinforcement; this is because, based on the results of the study,
the collapse of bamboo reinforced concrete was caused by the loss of bond between bamboo reinforcement and
concrete. Data from theoretical calculations and BRC beam experimental results are shown in Table 2.

The initial crack of BRC beams from theoretical calculations occurred at a load of 6.87 kN, while ultimate loads
occurred at 29.62 kN, 33.73 kN, and 45.27 kN respectively on BRC beams with bamboo reinforcement areas of
140 mm?, 200 mm?, and 450 mm?. The average load of the initial crack of the experimental results occurs at a load of
7.35 kN. Fig. 14 shows the average initial crack load and the average ultimate load of a BRC beam from theoretical
calculations and experimental results. The average ultimate load of the experimental results is 90% of the ultimate
load resulting from the theoretical calculations. This is one solution to the problem of the low capacity of bamboo
reinforced concrete beams, as reported by several previous researchers. They concluded that the flexural capacity of
bamboo reinforced concrete beams reached only 56% of its capacity if the tensile strength of bamboo was full [17],
only 29% to 39% of the capacity of steel reinforced concrete beams with the same reinforcement dimensions and
width [39], and only 35% of steel reinforced concrete beams at the same strength level [40].
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Fig. 14. The ultimate load of theoretical and Fig. 15. The comparison of the ultimate load of BRC
experimental results of the BRC beam beams and SRC beams, based on reinforcement area

and hose-clamp distance

Fig. 15 shows a comparison of the ultimate load of BRC beams and SRC beams, based on reinforcement area
variation and hose-clamp distance. BRC beams with a reinforcement area of 450 mm? have the highest ultimate load
for all variations in the distance of the hose-clamps. Whereas when viewed from the variation in the distance of the
hose-clamps, BRC beams with a distance of 20 cm hose-clamps have the highest ultimate load, 33.25 kN. BRC beams
with a ratio of 4% bamboo reinforcement area exceed the ultimate load of steel reinforced SRC beams by up to
38.54% with a steel reinforcement area ratio of 0.89%.

The results of the analysis of variance on all data from the flexural test show the non-significant effect of hose-
clamps on the beam capacity, whereas from the pull-out test results, as shown in Fig. 12, the effect of hose-clamps is
significant. This indicates that: (1) the distance of the installation of the hose-clamps has not been optimum or is still
too tight for flexural tensile reinforcement. Installation of tight hose-clamps will reduce the elastic properties of
bamboo and bamboo reinforcement becomes more rigid. Bamboo has high tensile strength in the direction of the fiber
(longitudinal direction), but is weak in the transverse direction, so that when receiving a flexural tensile force, there
will be a concentration of stress, and bamboo reinforcement ruptures, especially at the point of the bamboo node and
the position of the hose-clamp; (2) installation of effective hose-clamps if used on pure tensile elements, such as truss
elements or as the length of distribution (L4) for bamboo reinforcement; (3) waterproof coating Sikadur®-752 and sand
have a significant effect on bond-stress. This is indicated by the ultimate load of BRC-s0 beam approaching the
ultimate load of BRC-s1, BRC-s2, and BRC-s3 beams. The installation of hose-clamps without waterproof coating
treatment does not have an effect on the bond-stress or beam capacity. The installation of hose-clamps as flexural
tensile reinforcement needs further research, with the hose-clamps distance larger and more effective.
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Table 2
Flexural beam test results

Theoretical calculations Flexural test results
First Ultimate Ultimate load ~ First crack ~ Average first Failure load Average Deflection at Average
No Specimens code crack  load base on  base on the load (kN) crack load (kN) failure load  failure (mm)  deflection
load the tensile shear area of (kN) (kN) at failure
(kN) strength of bamboo (mm)
bamboo reinforcement
(kN) (kN)
1 AlBI 8.50 22.00 12.10
A %Rﬁ(; s0 ) 6.87 11.39 29.61 8.25 21.75 12.40
2 §= 4l mm AlB1 8.00 21.50 12.69
3 Al1B2 7.00 21.00 6.08
A %Rﬁ(; s1 ) 6.87 11.39 29.61 6.75 18.50 6.40
4 §= 4l mm Al1B2 6.50 16.00 6.72
5 AlB3 6.00 22.00 9.09
A %Rﬁ(; $2 ) 6.87 11.39 29.61 6.25 2225 9.20
6 §= 4l mm AlB3 6.50 22.50 931
7 AlB4 8.00 19.50 10.21
A %Rﬁ(; $3 ) 6.87 11.39 29.61 7.75 20.75 11.57
8 §= 4l mm Al1B4 7.50 22.00 12.92
9 A2BI 6.50 26.50 10.21
A IiRz%(; s0 ) 6.87 15.86 33.73 6.75 27.75 11.17
10 §= 00U mm A2B1 7.00 29.00 12.12
11 A2B2 6.50 33.00 14.84
A IiRz%(; s1 ) 6.87 15.86 33.73 7.00 30.75 13.39
12 §= 00U mm A2B2 7.50 28.50 11.94
13 A2B3 6.50 31.00 13.25
A IiRgOE)SZ ) 6.87 15.86 33.73 6.75 31.50 13.50
14 §= S0 mm A2B3 7.00 32.00 13.74
15 A2B4 8.50 29.50 9.66
A ?Rgobﬁ ) 6.87 15.86 33.73 8.00 29.00 10.80
16 §= S0 mm A2B4 7.50 28.50 11.94
17 A3BI 8.50 31.50 10.92
A B}‘g& s0 ) 6.87 32.19 4527 8.25 30.25 11.41
18 §=aUmm A3B1 8.00 29.00 11.90
19 A3B2 7.00 31.00 12.18
A B}‘g& s1 ) 6.87 32.19 4527 7.25 32.00 12.60
20 §=aUmm A3B2 7.50 33.00 13.02
21 A3B3 8.00 33.50 14.69
A ERESE)SZ ) 6.87 32.19 4527 7.75 33.25 12.01
22 s mm A3B3 7.50 33.00 9.32
23 A3B4 7.50 29.50 7.61
AbIB:RA(I:S_()Sri - 6.87 32.19 4527 7.50 29.75 9.15
24 A3B4 7.50 30.00 10.69
SRC
25 As = 100,48 SRC 6.51 16.63 10.00 24.00 6.33
mm? 10.00 24.00 6.33
26 PC PC 6.39 9.42 8.00 8.00 1.29

4.3. The load-deflection relationship model of the bamboo reinforced concrete beam

The pattern of the load-deflection relationship between BRC and SRC beams is strongly influenced by the mechanical
properties of bamboo and steel reinforcement materials. The different characteristics of stress and strain in bamboo
and steel are the dominant factors in determining the characteristics of load-deflection relationships. On the stress-
strain characteristics of bamboo, it does not have a long initial melting point. This means the service load range point
or the proof bond strength point cannot be directly determined. The relationship between load and deflection was
carried out on BRC beams with a bamboo reinforcement area of 450 mm? with a hose-clamp distance of 0 cm, 15 cm,
20 cm, and 25 cm. This is because it has the highest ultimate load and good data consistency.

Fig. 16 and Fig. 17 show the differences in the behavior of load-deflection and load-strain relationships of BRC
and SRC beams. The BRC beam has a much higher deflection. This shows higher energy absorption, but lower
stiffness. The SRC beams can directly determine the initial yield point of reinforcement. A graph of the load-
deflection relationship of the SRC beam shows the elastic area or friction bond limit (I), elasto-plastic (II), and plastic
(III), while the BRC beam does not clearly show plastic areas — the BRC beam load-deflection graph tends to be
linear. However, the crack moment (#,,), which is the point of friction bond limit, can be known directly through the
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initial crack that occurs.

40 1
35 4 P=-0,1256 A% - 4,1374 A + 0,517
L . R®=0,9988
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Z 25 - z
=) 2z
A, 20 a
< -}
g 15 BRC Beam 3
~ s SRC Beam
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5 4
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Displacement, A (mm)

Fig. 16. Load-deflection relationship of BRC
beams
The service load range is determined based on ASTM E 2126-09 [37], that is by drawing a vertical line through

the 0.4P,jimae line meeting with a 0.8 P, ;4 horizontal line. From the analysis results, the average value of Py, load
is 18.79 kN or about 60% of P, ma.. While the elastic range or friction bond limit points using Eq. (4) [33]:

Strain of Bamboo Reinforcement (& x 107)

Fig. 17. Load-strain relationship of BRC beams

PL = Ru—2.3(c’) = 20.08% ~ 20% “)

ultimate

Table 3
Load-displacement relationship calculation data.

Theoretical calculations Flexural test results

Specimens / Code No - ;
First Ultimate First crack Failure load, Deflection at o
crack Joad (kN) load, P (N) failure (mm) P/ Puimare (%0)
load (kN) Pc,(kN) ultimate
1 8.50 31.50 10.92 26.98
(a) BRC-s0 / A3B1 ) 6.87 32.19 3.00 29.00 11.90 2759
1 7.00 31.00 13.02 22.58
(6) BRC-s1/ A3B2 2 6.87 32.19 7.50 33.00 12.18 22.73
1 8.00 33.25 14.69 23.88
(c) BRC-s2/ A3B3 > 6.87 32.19 750 33.00 932 2273
1 7.50 29.50 7.61 25.42
(d) BRC-s3/ A3B4 ’ 6.87 32.19 750 30.00 10.69 25.00
Mean values (Ru) 7.69 31.31 11.29 24.61
Standard deviation (o) 0.46 1.73 1.97
P P
Py :
PUltimate Yitimate ! Shows the difference in
! the stiffness of the BRC ,*
Proof bond strength Ultimate bond strength | beamand e beam/'//
2 w
& & g
'g' P_ . . E‘ Pservice
S S fe e fe - Y 100% 3
First crack “ Nominal load strength 100%
(Friction bond Iimit P=0,4Pgimic
L oeow 60%
P, :SEr\:;cr]ceg Load ?Rc Beam Py 2 40% ::g :eam
20% SRC Beam : 20%
Elastic range
A - ‘A'SBC Displacement, A A
Displacement, A | Buere

Fig. 19. The difference in stiffness between the BRC
beam and the SRC beam

Fig. 18. The idealization of the load- deflection
relationship model of BRC beam

Table 3 shows that the lowest elastic value, 22.58%, occurred in the BRC-sl beam, the highest, 27.59%, in the
BRC-s0 beam. The average value of the elastic range is 24.61% of the ultimate load. From the calculation using Eq.
(4), the value of the elastic limit is obtained by 20% of the ultimate load. The elastic limit on the SRC beam is 41.67%
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of the ultimate load. It can be concluded that the point of the elastic limit is 20% of the ultimate load, and the service
load range is 60% of the ultimate load. The idealization of the BRC beam load-deflection relationship model is shown
in Fig. 18.

In Fig. 19, if horizontal lines are drawn at service limits P, and linear lines are parallel to the SRC beam load-
deflection diagram, it will be seen that the BRC beam stiffness is much lower than SRC beam stiffness. The average
value of the BRC beam stiffness was lower — 43.92% — compared to the SRC beam. Whereas if we take when the
initial crack load of the SRC beam, or 0.4P,;;, is obtained, the BRC beam stiffness is lower than 75% of the SRC
beam stiffness, as shown in Fig. 19. This is a weakness of the BRC beam that needs to be considered in future studies.
The principle of the theory of confined concrete and shear reinforcement can be a solution to overcome the low
rigidity of the BRC beam.

4.4. The bond-stress of flexural beam.

Measurements and observations of slip (s) are carried out from when the initial crack occurs until the beam has
collapsed. The measurement of slip (s) is taken in two ways, namely direct measurement through a strain gauge
attached to a bamboo reinforcement for elongation of bamboo reinforcement (e,,), and measurement through force
analysis or curvature moment for elongation of the concrete (e.,). The readings from the strain gauge installed on
bamboo reinforcement can still be carried out even though the concrete has been cracked, because when the concrete
cracked, the bamboo reinforcement was still not yielding or was still in an elastic condition. Direct measurement
through strain gauge and measurement through force analysis is carried out as control and comparison. Slip (s,) at the
point where the bond-stress occurs is calculated based on Eq. (5) [41].

So = ebo - eco (5)

where e, = elongation of bamboo reinforcement, and e, = elongation of concrete. The elongation of concrete (e,,) is
calculated using Eq. (6) [41].
eco = ec,co + ec,bo (6)

where e, ., = elongation of concrete due to the compressive force, and e, 5, = elongation of concrete due to bond force.

The purpose of installing hose-clamps on bamboo reinforcement is to increase slip resistance between bamboo and
concrete reinforcement. The test results and the calculations of bond-stress and slip can be seen in Table 4 and Table
5. Fig. 20 shows the relationship between bond-stress and slip in the BRC beam, divided into two stages. The first is
the linear elastic stage, where the linear line curve shows the full elastic behavior of the BRC beam. The shear force
that occurs on the reinforcement surface of bamboo is transferred to concrete. The maximum tensile stress on the
beam is smaller than the flexural tensile strength, or smaller than the concrete collapse modulus. The second stage is a
combination of elasto-plastic and plastic stages; this is consistent with the characteristics of the stress-strain of
bamboo reinforcement which does not have a long yielding point, as shown in Fig. 10. This stage is the beginning of
the micro slip of bamboo reinforcement and concrete.

04 T

04 T
u =0,027s,+ 0,026
. 03 R?=10,925
© -
< £
2 :
202 ; p
H ! Elastoplastic and BRC-s3 4
s | plastic stage e BRC - 51 E
% o1 —BRC-s2 e BRC Beam
o BRC-sO 5 SRC Beam
3] e SRC
‘ Linear elastic stage
0 + + + + + t J y 1
0 2 4 6 8 10 12 14 12 14
Slip, s, (mm) Slip, s, (mm)
Fig. 20. Relocation bond-stress and slip on a BRC Fig. 21. The relationship of bond-stress and slip on a
beam BRC beam

The bond-stress of bamboo reinforcement starting to work up to ultimate bond-stress. The tensile stress that occurs
is completely retained by bamboo reinforcement with its friction strength. Bond-stress increases with increasing slip
resistance force. Likewise, the cracks increase and widen as the slip increases. The ultimate tension occurs when the
maximum slip occurs on the bamboo reinforcement. The ultimate bond-stress occurs when the maximum slip occurs
on the bamboo reinforcement.

From Table 5, the ratio between the friction bond limit and ultimate bond strength (i, /u,) ranges from 21% to
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27%. While the bond-stress (#) from the friction bond limit up to ultimate bond strength can be approximated by the
Eq. (7), with the limit of s, <, < s,, where s, is slip on the initial crack of the beam, and s, is the slip at the ultimate
load as shown in Fig. 21.

u=0.027s, +0.026 @)
Table 4
Bond-stress and slip of the flexural beam test.
Theoret} cal Flexural test results
calculations Flexural
i beam .
Specimens /  Sample . . Average . Slip, s
bond-
Code no First Ultima First first Failure Av'erage Deflectio Average on (mm)
crack crack failure n at deflection stress
te load crack load . .
load &N) load load kN) load failure  at failure (MPa)
(kN) (kN) (kN) (mm) (mm)
(kN)
X 1 8.50 31.50 10.92
(&) BRC-s0 687  32.19 825 30.25 1141 031 9.05
/ A3BI 2 8.00 29.00 11.90
_ 1 7.00 31.00 13.02
(b) BRC-s1 687  32.19 725 32.00 12.60 033 1085
/ A3B2 2 7.50 33.00 12.18
- 1 8.00 33.50 14.69
(¢) BRC-s2 687  32.19 8.00 33.25 12.01 033 976
/ A3B3 2 7.50 33.00 9.32
_ 1 7.50 29.50 7.61
(d) BRO3 687  32.19 7.50 29.75 9.15 030 1012
A3B4 2 7.50 30.00 10.69
(e) SRC 1 6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33 0.24 12.53
Table 5
Bond-stress calculation.
Theoretical calculations Flexural test results
Specimens/Code
First crack Ultimate First crack Failure Flexural beam bond- uy /e, (%)
load (kN) load (kN) load (kN) load (kN) stress, u, (MPa) (MPa) S l7o
(a) BRC-s0 / A3Bl1 6.87 32.19 8.50 31.50 0.311 0.079 25
6.87 32.19 8.00 29.00 0.306 0.074 24
(b) BRC-s1 / A3B2 6.87 32.19 7.00 31.00 0.326 0.069 21
6.87 32.19 7.50 33.00 0.321 0.064 20
(c) BRC-s2 / A3B3 6.87 32.19 8.00 33.50 0.331 0.079 24
6.87 32.19 7.50 33.00 0.321 0.084 26
(d) BRC-s3/ A3B4 6.87 32.19 7.50 29.50 0.296 0.074 25
6.87 32.19 7.50 30.00 0.291 0.079 27
Mean values (Eu ) 0.313 24
Standard deviation (o) 0.01 242
(e) SRC 6.51 16.63 10.00 24.00 0.24

4.5. The relationship model of bond-stress and slip in the bamboo reinforced concrete beam

Fig. 22 shows the bond-stress and slip relationship of BRC beam with a hose-clamp on bamboo reinforcement, where
point a is the friction bond limit (u/), and d is the ultimate bond strength (u,). The ratio average of the friction bond
limit (u;) with the ultimate bond strength (u,) of the BRC beam is 24%, and a minimum ratio of 21% occurs on the
BRC-s1 beam, while a maximum ratio of 27% occurs on the BRC-s3 beam. The proposed u,/u, ratio is taken with Eq.

(8) [33].

u

u ., —
—L = Ru-2.3(c) =18.43% ~ 20%

@®)
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The bamboo reinforced concrete beam (BRC) in Fig. 17 and Fig. 20 does not show elasto-plastic or plastic
boundaries, so the boundaries point of proof bond strength (u,.) and bond-stress at pre-cracking become nothing. This
is in accordance with the stress-strain characteristic of bamboo reinforcement, that no length yield region occurs as it
does in steel reinforcement. Thus, the region of post-friction bond limit () is a linear line until reaching ultimate bond
strength (u,). The value of the friction bond limit (u,) point up to the ultimate bond strength (u,) point is estimated at
about 80%. If based on ASTM E 2126-09 [37], which sets out how to determine the yielding point of a wooden
structure, then u, is taken at 0.81,.., and the ultimate bond strength (u,) point is estimated at about 60%. Diab et al.
[33], with a steel pull-out test, proposed the u,/u, ratio for the point (a) friction bond limit (#,) of 50%, (b) proof bond
strength (u,,) of 60%, and (c) bond-stress at pre-cracking by 70%.

a = Friction bond limit u=0,027s+0,026
b = Proof bond strength R2=0,925

c = Bond stress at pre-cracking 5, <S<s
d = Ultimate bond strength " d y v
d
. —o

180%

Bond stress (MPa)

Diab et al, 2014 (Pull-out test)
——— BRCBeam
SRC Beam

Slip, s (mm)

Fig. 22. The idealization of the bond-stress and slip relationship of the BRC beam

The difference between the relationship diagram of bond-stress and slip and the friction bond limit value (i) is far
enough between the BRC and the SRC beam. This is due to a faster initial crack in the BRC beam. Initial cracks occur
faster due to several reasons, including (1) the presence of microcracks around hose-clamps caused by air bubbles
during the cement hydration process, (2) shrinkage occurring in bamboo reinforcement because the defects are not
coated with a waterproof coating, especially during execution, and (3) the modulus of elasticity of bamboo is lower
than concrete. Points (1) and (2) above are possible if work is not carried out under strict supervision.

4.6. Verification with the finite element method

Numerical verification is carried out in order to control the compatibility of the crack pattern of the BRC beam with
the stress contour that occurs. The numerical method employed is the finite element method, using the Fortran
PowerStation 4.0 program. Theoretical analysis to calculate the load that causes the initial crack uses elastic theory
(linear analysis) with a transformation section. For linear analysis, the material data included is the elastic modulus (E)
and the Poisson ratio (v). The non-linear phase is approached by giving a decrease in the strength of concrete 0.25-0.5
for the calculation of effective stiffness in the plastic area [42]. FEM analysis has not modeled the bond between
bamboo reinforcement and concrete, where bamboo and concrete are considered to have the same displacement, with
a different modulus of elasticity (E), so that they experience different stress. FEM analysis in this study has not been
explained in detail and needs further analysis. In the constitutive relationship of finite element analysis, the problem-
solving method has used the theory of plane-stress. Triangle elements are used to model plane-stress elements with
two-way primary displacement at each point, so that the element has six degrees of freedom. The discretization of the
beam plane was carried out using the triangle element shown in Fig. 23.

ly’P }:%P
150 mm-— (53)—(52) &) (56) (57) 58 59 0 61 (s2) (63) 64)—(55
%6y [<oa > & <> 7 4" mesh layer
) <7 <> L
100 mm —+— (52 40
== S e 2y S 271 3 e taver
- =z > =
40 mm 4—(27, —_—t e e — — e R & e B e o — — 439
e A A e T [ [ [ s [ s [ A ey R 2 mesh layer
A <> <z <> K ks > <> <7 > <> ES “
7 =0 (TS e T <% > i > 1% mesh layer
omm +— (1 2 3 4 5 6 7 \Bj 9 10 11 12 13

omm _50mm 150 mm 250 mm 380 mm 480 mm 550 mm 620 mm 720 mm 850 mm 950 mm 105 mm 1100 mm
+ + + + + + + + + + + +

Information:

- = Bamboo reinforcement

- = Normal concrete

Fig. 23. Finite Element idealization of BRC beam

The modulus of elasticity (E), for each layer was calculated according to the conditions of the material. The layers
consisting of the concrete and the bamboo reinforcement are calculated using the following Eq. (9) [43].
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E,=EV, +E.V, )
with E, = equivalent elasticity modulus of BRC beam, E, = modulus of elasticity of bamboo reinforcement,
E. = modulus of elasticity of concrete, ¥, = relative volume of bamboo reinforcement in the calculated layer, and
V.= relative volume of concrete in the calculated layer. The stress-strain relationship for plane-stress problems has the
form of an equation like Eq. (10 ).

o 1 0 &

§ E

I Sairwayy 0 ne
1+v7) 1-v

» RN

' (10)

o ¥

(=

<

where E is the modulus of elasticity of the BRC beam and v is Poisson’s ratio. And the principal stress in two
dimensions is be calculated with Eq. (11).

2
o._+0 oO.—0
o,=—2"+¢ * 47 =0 (11)
1,2 2 2 Xy max

Fig. 24 shows that stiffness decreases after the initial crack, according to the loading stage of each mesh layer , and
this is very influential on the results of the analysis. The average stiffness of the BRC beam was reduced from
26324.76 MPa before cracking to 6581.20 MPa after the collapse [42], while the average value of the stiffness of the
SRC beam was reduced from 30334.11 MPa before cracking to 16873.35 MPa after the collapse. Fig. 24 shows that
the results of the load-deflection relationship model from the analysis are quite close to the experimental results.

35 1

30 T+

25 +

20 +

15 +

@ SRC Beam
——&— FEM- BRC Beam
et BRC Beam

——&— FEM - SRC Beam

Load, P (kN)

10 +

o 2 4 6 8 10 2 4 -6 -8
Displacement, A (mm)
Fig. 24. The behavior of the load-deflection relationship of

the BRC beam and the SRC beam using the finite element
method

Along with increasing load, deflection and moments will continue to increase. When the crack moment (M,,) is
exceeded, the initial crack will occur, especially at the maximum moment. After the initial crack occurs, bond-stress
will occur on bamboo reinforcement and concrete. Bond-stress and cracks will continue to propagate at the weak point

of the beam section.
%P
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34— 3
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Fig. 26. The stress contour of the BRC beam
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Fig. 27. The stress contour of the SRC beam

l 4P %P

Fig. 28. The crack pattern of the SRC beam

Fig. 29. Failure of bond-slip of the BRC beam [21]

Fig. 25 and Fig. 26 show the crack pattern of the experimental result BRC beam and the contour stress result from
the Surfer 9.8 program simulation. The position of the crack line and crack propagation are in accordance with the
tensile stress contours of the simulation results, ie at coordinates 15 to 95. The red represents the maximum tensile
stress, and the grayish blue represents maximum compressive stress. After initial cracking in the middle of the span,
branching cracks occur in the position of the bamboo reinforcement. New cracks arise and branch upwards, right, and
left. However, most additional cracks propagate to the right and left, following the direction of bamboo reinforcement,
in accordance with the maximum tensile stress contour resulting from the simulation. At this stage of branching
cracks, the hose-clamp serves as a slip barrier and transfers the force to the concrete, as is evidenced by the many
upward cracks that occur at the hose-clamp position, and the increasing spread of cracks spread. Documentation of the
crack process can be seen by clicking the following link: https://goo.gl/6AVWmP.

The contribution of the hose-clamp to the bond-stress can be seen in the difference between the crack pattern in the
results of this study and that of Agarwal’s [21] study, as shown in Fig. 25 and Fig. 29. The crack line in the direction
of the bamboo reinforcement proves the slip between bamboo reinforcement and concrete. The occurrence of slip
proves that the elasticity modulus of bamboo is lower than that of concrete, causing low bond-stress. Therefore, the
calculation of the BRC beam cross-sectional capacity must be based on the bamboo reinforcement shear area, not on
the tensile strength of the bamboo reinforcement; this is in accordance with Ghavami’s [1] research on the stress-strain
distribution analysis of bamboo reinforced concrete beams.

Fig. 27 and Fig. 28 show the stress contours of the SRC beam resulting from the simulation in the Surfer 9.8
program and the crack pattern of the experimental result for the SRC beam. The coordinates of the crack pattern and
the maximum tensile stress coordinates of the simulation results show suitability, which occurs at coordinates 35 to
75. Patterns of cracks and collapse are flexural cracks and flexural collapse. This proves that the bond strength of steel
reinforcement is higher than the bond strength of bamboo reinforcement. After the initial crack occurs, along with
increasing load, cracks continue to propagate upwards until collapse occurs.

5. Conclusions

Based on experiment, verification using the finite element method, and evaluation results on bamboo reinforced

concrete beams with reinforcement using a hose-clamp, the following conclusions can be drawn:

(1) Installation of hose-clamps on bamboo reinforcement serves as a shear connector, can increase bond-stress, and
reduce the slip between bamboo reinforcement and concrete.

(2) The BRC beam load-deflection relationship model has a gap that is far enough with the SRC beam load-
deflection diagram. The stiffness of the BRC beam is lower than the stiffness of the SRC beam. The principle of
the theory of confined concrete and shear reinforcement can be a solution to overcome the low rigidity of the
BRC beam.
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(3) The relationship model of bond-stress and slip in a BRC beam is different from the bond-stress and slip
relationship model in an SRC beam. The friction bond limit of the BRC beam occurs at 0.2P,,nq and the friction
bond limit of the SRC beam occurs at 0.4P,;;;,.q- This difference is due to the stress-strain characteristics and the
elastic modulus of the materials from the two different test objects.

(4) The stress-strain characteristics of the materials, the modulus of elasticity of the materials, and the test method of
the specimens are very influential to the relationship model of the bond-stress and slip.
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ARTICLE INFO ABSTRACT

Bamboo can be used as reinforcement for concrete, especially in simple construction, because of its high tensile
strength. Any collapse that occurs in a bamboo reinforced concrete beam is often caused by failure of the bond
between bamboo and concrete. Many researchers have suggested using adhesive coatings or roughness mod-
ifications to bamboo reinforcement, but a slip failure pattern still appears. The aim of this research is to increase
bond-stress and slip resistance by using a hose-clamp, and to obtain a relationship model of load vs. deflection
and bond-stress vs. slip between bamboo reinforcement and concrete. The experiments use 75 mm x 150 mm x
1100 mm concrete beams. Concrete beam specimens comprise 24 bamboo-reinforced beams, one beam with
8 mm diameter steel reinforcement, and one without reinforcement. Hose-clamp spacing varies by 0 cm, 15 cm,
20 cm, and 25 cm. Beam testing uses a four-point loading method. Test results show an increase in bond-stress
and flexural capacity, and reduced slip between bamboo reinforcement and concrete, when hose-clamps are
used. There are differences in the relationship of load vs. deflection and bond-stress vs. slip between bamboo
reinforced concrete beams and steel reinforced concrete beams.

Keywords:

Bond-stress

Slip resistance

Bamboo reinforced concrete
Hose-clamp

1. Introduction

Exploiting industrial building materials with an indifference to
using renewable building materials can cause permanent environ-
mental pollution. Bamboo, as a renewable building material, can
minimize energy consumption, protect non-renewable natural re-
sources, reduce pollution and maintain a healthy environment. Bamboo
is a material with an economic advantage because growth is relatively
fast, allowing it to achieve maximum mechanical resistance within a
few years. In addition, bamboo is very abundant in the tropics and
subtropics throughout the world [1].

Bamboo can be used for concrete reinforcement for modest housing
communities in areas where it is abundant, especially underdeveloped
villages. However, bamboo is considered unprofitable because of the
methods required to prepare it for such use. Researchers have tried to
simplify bamboo treatment and eliminate operational problems in using
it as the main structural component. Many of them focus on examining
whether bamboo reinforcement is really cheaper than steel reinforce-
ment, taking into account operational costs, depreciation losses, re-
quired skills, and on-the-job training needs for long-term use [2]. Other
researchers discuss the feasibility of bamboo in technical, cost, dur-
ability, and other terms [3-10].

" Corresponding author.
E-mail address: muhtar@unmuhjember.ac.id (Muhtar).
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A frequent barrier to developing bamboo reinforced concrete is the
failure of the bond between the bamboo reinforcement and the con-
crete. This occurs because of the slippery nature of the bamboo surface,
and imperfect attempts to modify its roughness. Treatments to coun-
teract the slipperiness have included soaking, drying, waterproof
coating, and sprinkling with dry sand. Nevertheless, the collapse pat-
tern is still dominated by slip failure between bamboo reinforcement
and concrete. Tripura and Singh [11] recently proposed a column re-
inforcement technique to increase the strength and performance of
bamboo reinforcement, but the user must pay attention to humidity,
and bond properties need to be determined for better results.

The aim of this research is to increase bond-stress and slip resistance
using a hose-clamp, and to obtain a relationship model of load deflec-
tion and bond-stress and slip between the bamboo reinforcement and
the concrete. The concept of installing a hose-clamp on to bamboo re-
inforcement is similar to the concept of using deformed bar reinforce-
ment in concrete [12] as shown in Fig. 1 and Fig. 2, where there are
frictional force interaction and the bearing force between bamboo re-
inforcement and concrete. Installing hose-clamps in this way will in-
crease slip resistance and bond-stress. The frictional force of the
bamboo reinforcement surface will be distributed on the hose-clamp
that functions as a shear connector. Strengthened bamboo

Received 18 February 2019; Received in revised form 23 July 2019; Accepted 24 July 2019
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Fig. 2. The friction force and bearing force of a deformed bar [12].

reinforcement using a hose-clamp is then applied to concrete beams and
evaluated by flexural testing.

2. Theory

The reinforced concrete bond is formed by the mechanism of ad-
hesion, friction and mechanical interlock between the reinforcement
and the concrete. Bond strength is strongly influenced by fracture en-
ergy [13] as well as complex interactions between local deformation,
chemical adhesion, and other factors [14]. The shear forces transferred
between the bamboo reinforcement and the concrete is the dominant
factor after the adhesive bond. A good bond between concrete and re-
inforcing bamboo is essential so that the system can behave as planned,
and also to fulfill the required performance of the structure in the long
run. The bamboo reinforcement surface condition and the shearing
surface area are important factors in the shear stress value.

Roughness modification of bamboo reinforcement is carried out by
notching [15], wire and coir winding [16], the addition of hooks [17],
or installation of hose-clamps [18-20]. These methods can increase the
bearing capacity of a bamboo reinforcement concrete beam, but still
have drawbacks, such as difficult implementation, and a notching
process can weaken bamboo reinforcement. Agarwal et al. [21] con-
ducted research on a bamboo reinforced concrete beam using water-
proof coating Sikadur 32 Gel and sand. The capacity of the beam load
increased by up to 29.41% for a 1.49% bamboo reinforcement area, but
slip failure still occurred. Gisleiva C.S [22]. tested bamboo reinforced
concrete beams using a two points load method, and showed that the
beam crack occurs due to bond failure between bamboo reinforcement
and concrete, followed by sliding failure and slip.

The bamboo reinforcement adhesive should also serve as an im-
permeable layer and sand sheathing binder to the bamboo reinforce-
ment. Some types of adhesives that have been used include: Negrolin,
Sikadur 32 Gel [1]; Sikadur-31CFN [23]; Araldite, Tepecrete P-151,
Anti Corr RC, and Sikadur 32 Gel [21]; Araldite, epoxy resin, and coal
tar [24]; paint and dry sand [25]; layer asphalt and sand on bamboo
reinforcement [26]; asphalt layer and coir rope coiled [27]; Concresive
Master Inject 1315 [28]; synthetic resin and synthetic rubber [29];

water-based epoxy coating with fine sand, water based epoxy coating
with coarse sand, TrueGrip EP with coarse sand, TrueGrip BP with
coarse sand, Exaphen with coarse sand, and enamel [30]; and lime
water treated bamboo mat coated with epoxy and sand [31].

In the pull-out testing of concrete, the bond strength decreases as
the steel reinforcement diameter increases; the deeper the embedded
reinforcement steel, the higher the bond-stress value [32,33]. Javadian
et al. [30] investigated bamboo pull-out, using a type of epoxy coating,
to determine the bonding behavior between bamboo reinforcement and
concrete. The results showed that bamboo-composite reinforcement
without layers has sufficient ties with the concrete matrix, but with the
epoxy base layer and sand particles provides extra protection without
loss of bond strength. Where failure occurs, it is at the bond between
reinforcing steel with concrete, and slippage. The pull-out testing re-
sults by Muhtar et al. [19] on bamboo reinforced concrete with Si-
kadur®-752 coating and hose-clamps embedded in concrete cylinders
indicated an increase of tensile stress of up to 240% compared to un-
treated bamboo reinforced concrete. The pattern of collapse indicates
the collapse pattern of bond and concrete cone failure and Bamboo
failure of a node. This shows that using a hose-clamp on bamboo re-
inforcement works well, with the concrete remaining attached to the
bamboo reinforcement.

Installation of hose-clamps increases slip resistance along the
bamboo reinforcement. The frictional force of the bamboo reinforce-
ment surface is distributed on the hose-clamp that serves as a shear
connector. The bonding stress parameter between bamboo reinforce-
ment and concrete can be shown in flexural capacity, crack pattern, and
beam failure pattern.

Hose-clamp installation on bamboo reinforcement serves as an-
choring friction between bamboo reinforcement with concrete. The
friction strength, 7, of the bamboo pullout test can be calculated using
Eq. (1) [30]:

P

= —
(2a + 2b)L, (@D)]

where P is the pullout force, (2a + 2 b) is the dimension of the bamboo
cross-section, and L, is the length of bamboo surface attachment.
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The bond-stress (u) of the BRC beam can be calculated by Eq. (2)
and Eq. (3) [25,34]:

v
U= -
jd. Zo 2)

id = (4~ ra) ®

where V is the shearing force of the beam, Xo is the circumference of the
nominal surface area of the bamboo reinforcement in length units, d is
the distance from the maximum press fiber to the center of the bamboo
tensile reinforcement area, and a is the height of concrete stress block
equivalent.

3. Materials and methods
3.1. Preparation of bamboo reinforcement

This research uses bamboo petung (Dendrocalamus asper) between
three and five years old [21], 6 m long from its base. Bamboo is cut and
separated according to the planned size, then soaked in water to remove
the starch content for approximately 30 days. After soaking, bamboo is
dried in free air for about 30 days [21,35]. The dried bamboo is cleaned
on the inner side and trimmed with a grinding machine to the required
shape for bamboo reinforcement measuring 7 X 10 mm?, 10 x 10 mm?
and 15 x 15 mm? The number of bamboo reinforcement nodes used
varies between two and three pieces.

3.2. The waterproof coating Sikadur®-752 and installation of hose-clamp

After the bamboo reinforcement preparation process is complete,
the next step is the waterproof coating and installation of hose-clamps.
The waterproof coating used was Sikadur®-752, and the coating was
carried out twice. Sikadur®-752 is applied to the bamboo reinforcement
to prevent water absorption; the effectiveness and durability of
Sikadur®-752 adhesive require further research. The specification of
Sikadur®-752 is shown in Table 1. Hose-clamps installation is carried
out after the first stage Sikadur®-752 waterproof coating is dry. The
second layer of waterproofing is applied with the aim of making the
first stage impermeable, and of strengthening the bond between hose-
clamps and bamboo reinforcement. The hose-clamp used is a %" dia-
meter stainless steel unit made in Taiwan specifications are not avail-
able. The distance variation of the hose-clamp setting is 0 cm, 15 cm,
20 cm, and 25 cm. To overcome bamboo node disturbance, hose-clamps
are installed in one of two ways, either by stretching the hose-clamp
bolt and inserting directly from the tip of the bamboo reinforcement, or
by opening the hose-clamp bolt first and installing the unit using a
screwdriver. Nearly one-third of the surface of bamboo reinforcement is
slippery. To increase its roughness, sand is sprinkled on [30] after the
Sikadur®-752 waterproof coating is half-dry. The sand used is fine

Table 1
The specification of Sikadur®-752.
Components Properties
Aspect Yellowish
Mix density Approx. 1.08 kg/1
Mix ratio, by weight/ 2:1
volume

Pot life 30 °C
Compressive strength

35min

620 kg/cm? at 7 days

640kg/cm? at 28 days

270kg/cm? at 28 days

> 20 kg/cm? (concrete failure, over mechanically
prepared concrete surface)

400kg/cm? at 28 days

10,600 kg/cm?

Tensile strength
Bond strength, to concrete

Flexural strength
Modulus of elasticity

Journal of Building Engineering 26 (2019) 100896

Fig. 4. Processing a waterproof coating, a sand coating, and a hose-clamp in-
stallation.

volcanic dust sand from Raung Mountain, Jember, Indonesia, which
contains particles of iron. The process of preparing bamboo, including
waterproof coating and sprinkling sand, up to hose-clamp installation,
is shown in Fig. 3 and Fig. 4.

3.3. Pull-out tests

The dimensions of bamboo reinforcement used in the pull-out tests
are 15mm X 15 mm x 400 mm, while the size of the concrete cylinder
is a diameter of 150 mm and a length of 300 mm. A bamboo re-
inforcement is inserted into the middle of a concrete cylinder with a
depth of 200 mm. Specimens are tested after 28 days; 15 test pieces
were made, with five treatments, namely (a) normal, (b) hose-clamp
with span 10 cm, (c) Sikadur®-752, (d) Sikadur®-752 and hose-clamp
with span 15cm, and (e) Sikadur®-752 and hose-clamp with span
20 cm. The purpose of the treatment on the specimen is to increase the
bond-strength between bamboo and concrete. Specimen details from
the pull-out test are shown in Fig. 5, while the manufacture of speci-
mens and pull-out test settings are shown in Fig. 6.

3.4. Testing methods

The mix design of normal concrete for this research comprised
Portland Pozzolana Cement (PPC), sand, coarse aggregate, and water
with a proportion of 1:1.8, 1:2.8, 2:0.52. Sand and gravel are from the
Malang area. The cylinder specimen measured 150 mm diameter and
300 mm height. A universal testing machine (UTM) with 2000 kN ca-
pacity was used for a compression test. The values of the concrete
compressive strength test and the bamboo tensile strength test were
used as the basis for the theoretical calculation of the beam.

The beam test specimen comprised 26 pieces with a size of
75mm X 150 mm x 1100 mm, as shown in Fig. 7, consisting of 24
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Fig. 5. Specimen details of the pull-out test.

pieces of the bamboo reinforced concrete beam (BRC), one steel re-
inforced concrete beam (SRC), and one concrete beam without re-
inforcement (PC). Bamboo reinforcement is installed as tensile re-
inforcement with a variation of reinforcement area of 140 mm?
200 mm?, and 450 mm?. The steel bars used are 8 mm in diameter with
an A, = 100.48 mm? reinforcement area. The use of 2bars of 8 mm
diameter is not equivalent to the bamboo reinforcement area used; if
equalized it must be made in non-dimensional conditions, but this is not
fully suitable because its behavior will not be the same if it has reached
post-crack. This requires further research.

The flexural beam test is carried out using a four-point technique
[36]. There are two points loads with spacing %4L from the beam sup-
port, using a WF load spreader. The strain gauge is mounted on bamboo
reinforcement 2L from the beam support. The strain gauge is connected
to the digital strain meter. The deflection that occurs in the beam is
detected using LVDT (linear variable displacement transducers) “2L
from the beam support. A hydraulic jack is used for beam loading and
200 kN load cell connected to the load indicator. Load indicator read-
ings are used as hydraulic jack controllers, deflection readings, and
strain readings, according to load control methods. After the test beam
reaches its ultimate load, readings are taken according to the deflection
control method. The pattern of collapse is observed and identified
through cracks that occur, starting from the first crack until the beam
collapses. The test equipment settings and load scheme are shown in
Fig. 8.

el . o 0

4. Results and discussion
4.1. Material test and pull-out test

The bamboo tensile test returned an average tensile stress of
126.68 N/mm? and an average strain of 0.0074. The average of the
modulus of bamboo elasticity is calculated based on formula E = o/,
and 17,235.74 MPa was obtained. Modulus of steel elasticity was
207,735.92 MPa. In bamboo tensile testing, the majority of failures of
bamboo reinforcement occur at the point of the bamboo node as shown
in Fig. 9, so that the modulus of elasticity is taken as an average test
result of bamboo reinforcement with nodes and without nodes. Fig. 10
and Fig. 11 show a graph of the stress-strain relationship of bamboo and
steel, a graph of the stress-strain relationship of bamboo tends to be
linear until fracture stress occurs, so there are difficulties in de-
termining the yielding point, especially if bamboo has been used as
concrete reinforcement. So in this study, the method for determining
the yield point of bamboo reinforcement in the concrete beam was
based on ASTM E2126-09 [37] scope 1.2, which is for specimens con-
structed from wood or metal framing, braced with solid sheathing.
Compression tests were carried out in accordance with ASTM C 39 [38]
after 28 days of concrete age. The compressive strength of the average
cylinder is 31.31 MPa and the average weight of the cylinder is
125.21N.

The data from the pull-out test results of bamboo reinforcement,
treated with waterproof coating Sikadur®-752, sand and hose-clamp
rings embedded in concrete cylinders, showed an increase in bond-
stress of 214% and 200% compared to bamboo without treatment, with

Fig. 6. Manufacture of specimens and pull-out test settings.
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a distance of hose-clamps of 15cm and 20 cm, respectively; with the
loading rate, respectively 39.5kN and 37.5kN. For bamboo reinforce-
ment without waterproof coating Sikadur®-752 and sand, but using
hose-clamps with a distance of 10 cm, this increased by 8%, whereas
bamboo reinforcement with waterproof coating Sikadur®-752 and sand
without hose-clamps increased by 125% compared to untreated
bamboo, as shown in Fig. 12.

Test specimens with waterproof coating Sikadur®-752, sand, and
hose-clamps showed a collapse pattern of “bond and concrete cone
failure” as shown in Fig. 13a. This shows that the waterproof coating

Sikadur®-752 and the hose-clamps on the bamboo reinforcement have
worked well, as indicated by the concrete attached to the bamboo re-
inforcement. Test specimens with waterproof coating Sikadur®-752 and
sand, but without hose-clamps, show a collapse pattern of “bond-slip
failure”, but have a fairly high bond strength, as shown in Fig. 13b.
Whereas the specimen with hose-clamps without waterproof coating
Sikadur®-752 or sand show a collapse pattern of the “bond-slip failure”
with bond-stress similar to that of untreated bamboo reinforcement.
This shows that there is an action of absorbing water between bamboo
reinforcement and concrete. When the concrete is wet, the bamboo
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reinforcement absorbs water so that the bamboo reinforcement swells.
When the concrete is dry, the water in the bamboo reinforcement is
absorbed by the concrete, so that the bamboo reinforcement shrinks
and the hose-clamp becomes loose. This causes a slip to occur and the
hose-clamp has no effect on bond-stress. The pattern of the collapse is
shown in Fig. 13b.

The analysis of the test results and the pattern of collapse shows that
the use of waterproof coating is absolutely necessary; the installation of
hose-clamps on bamboo reinforced concrete without waterproof
coating has no significant effect.

4.2. The flexural capacity of the bamboo reinforced concrete beam

Theoretical analysis of beam flexural capacity is based on Ghavami
(2005) [1]. From the analysis of stress and strain distribution of flexural
beam elements, the balance between the concrete compressive force (C)
and the tensile force (T) must be fulfilled. The tensile strength of
bamboo reinforcement (T) was obtained by multiplying bond-stress
from the pull-out test results by the shear area of bamboo reinforce-
ment; this is because, based on the results of the study, the collapse of
bamboo reinforced concrete was caused by the loss of bond between
bamboo reinforcement and concrete. Data from theoretical calculations
and BRC beam experimental results are shown in Table 2.

The initial crack of BRC beams from theoretical calculations oc-
curred at a load of 6.87 kN, while ultimate loads occurred at 29.62 kN,
33.73 kN, and 45.27 kN respectively on BRC beams with bamboo re-
inforcement areas of 140 mm?, 200 mm?, and 450 mm?. The average
load of the initial crack of the experimental results occurs at a load of
7.35kN. Fig. 14 shows the average initial crack load and the average
ultimate load of a BRC beam from theoretical calculations and experi-
mental results. The average ultimate load of the experimental results is
90% of the ultimate load resulting from the theoretical calculations.
This is one solution to the problem of the low capacity of bamboo re-
inforced concrete beams, as reported by several previous researchers.
They concluded that the flexural capacity of bamboo reinforced con-
crete beams reached only 56% of its capacity if the tensile strength of
bamboo was full [17], only 29%-39% of the capacity of steel reinforced
concrete beams with the same reinforcement dimensions and width
[39], and only 35% of steel reinforced concrete beams at the same
strength level [40].

Fig. 15 shows a comparison of the ultimate load of BRC beams and
SRC beams, based on reinforcement area variation and hose-clamp
distance. BRC beams with a reinforcement area of 450 mm? have the
highest ultimate load for all variations in the distance of the hose-
clamps. Whereas when viewed from the variation in the distance of the
hose-clamps, BRC beams with a distance of 20 cm hose-clamps have the
highest ultimate load, 33.25 kN. BRC beams with a ratio of 4% bamboo
reinforcement area exceed the ultimate load of steel reinforced SRC
beams by up to 38.54% with a steel reinforcement area ratio of 0.89%.

The results of the analysis of variance on all data from the flexural
test show the non-significant effect of hose-clamps on the beam capa-
city, whereas from the pull-out test results, as shown in Fig. 12, the
effect of hose-clamps is significant. This indicates that: (1) the distance
of the installation of the hose-clamps has not been optimum or is still
too tight for flexural tensile reinforcement. Installation of tight hose-
clamps will reduce the elastic properties of bamboo and bamboo re-
inforcement becomes more rigid. Bamboo has high tensile strength in
the direction of the fiber (longitudinal direction), but is weak in the
transverse direction, so that when receiving a flexural tensile force,
there will be a concentration of stress, and bamboo reinforcement
ruptures, especially at the point of the bamboo node and the position of
the hose-clamp; (2) installation of effective hose-clamps if used on pure
tensile elements, such as truss elements or as the length of distribution
(Lqg) for bamboo reinforcement; (3) waterproof coating Sikadur®-752
and sand have a significant effect on bond-stress. This is indicated by
the ultimate load of BRC-sO beam approaching the ultimate load of
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Fig. 13. The failure mode of the pull-out test.

BRC-s1, BRC-s2, and BRC-s3 beams. The installation of hose-clamps
without waterproof coating treatment does not have an effect on the
bond-stress or beam capacity. The installation of hose-clamps as

Table 2
Flexural beam test results.
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Fig. 14. The ultimate load of theoretical and experimental results of the BRC
beam.

flexural tensile reinforcement needs further research, with the hose-
clamps distance larger and more effective.

4.3. The load-deflection relationship model of the bamboo reinforced
concrete beam

The pattern of the load-deflection relationship between BRC and
SRC beams is strongly influenced by the mechanical properties of
bamboo and steel reinforcement materials. The different characteristics
of stress and strain in bamboo and steel are the dominant factors in
determining the characteristics of load-deflection relationships. On the
stress-strain characteristics of bamboo, it does not have a long initial
melting point. This means the service load range point or the proof
bond strength point cannot be directly determined. The relationship
between load and deflection was carried out on BRC beams with a

No Specimens code Theoretical calculations Flexural test results
First Ultimate load Ultimate load base on  First Average first Failure Average Deflection at ~ Average
crack base on the the shear area of crack crack load load (kN) failure load failure (mm)  deflection at
load tensile strength bamboo reinforcement  load (kN) (kN) failure (mm)
(kN) of bamboo (kN)  (kN) (kN)
1 BRC-s0 Al1B1 6.87 11.39 29.61 8.50 8.25 22.00 21.75 12.10 12.40
2 As =140 mm? Al1B1 8.00 21.50 12.69
3 BRC - s1 AlB2 6.87 11.39 29.61 7.00 6.75 21.00 18.50 6.08 6.40
4 As = 140 mm? A1B2 6.50 16.00 6.72
5 BRC-s2 A1B3 6.87 11.39 29.61 6.00 6.25 22.00 22.25 9.09 9.20
6  As=140mm’ A1B3 6.50 22.50 9.31
7 BRC-s3 A1B4 6.87 11.39 29.61 8.00 7.75 19.50 20.75 10.21 11.57
8  As =140 mm? A1B4 7.50 22.00 12.92
9 BRC-s0 A2B1 6.87 15.86 33.73 6.50 6.75 26.50 27.75 10.21 11.17
10  As = 200 mm? A2B1 7.00 29.00 12.12
11 BRC-sl A2B2 6.87 15.86 33.73 6.50 7.00 33.00 30.75 14.84 13.39
12 As = 200 mm® A2B2 7.50 28.50 11.94
13 BRC-s2 A2B3 6.87 15.86 33.73 6.50 6.75 31.00 31.50 13.25 13.50
14  As = 200 mm* A2B3 7.00 32.00 13.74
15 BRC-s3 A2B4 6.87 15.86 33.73 8.50 8.00 29.50 29.00 9.66 10.80
16 As = 200 mm® A2B4 7.50 28.50 11.94
17 BRC-s0 A3B1 6.87 32.19 45.27 8.50 8.25 31.50 30.25 10.92 11.41
18 As = 450 mm? A3B1 8.00 29.00 11.90
19 BRC-sl A3B2 6.87 32.19 45.27 7.00 7.25 31.00 32.00 12.18 12.60
20 As = 450 mm? A3B2 7.50 33.00 13.02
21 BRC-s2 A3B3 6.87 32.19 45.27 8.00 7.75 33.50 33.25 14.69 12.01
22 As = 450 mm? A3B3 7.50 33.00 9.32
23 BRC-s3 A3B4 6.87 32.19 45.27 7.50 7.50 29.50 29.75 7.61 9.15
24 Ab = 450 mm? A3B4 7.50 30.00 10.69
25 SRC SRC  6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33
As = 100,48 mm>
26 PC PC 6.39 9.42 8.00 8.00 1.29
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Fig. 15. The comparison of the ultimate load of BRC beams and SRC beams,
based on reinforcement area and hose-clamp distance.

bamboo reinforcement area of 450 mm? with a hose-clamp distance of
0cm, 15cm, 20 cm, and 25 cm. This is because it has the highest ulti-
mate load and good data consistency.

Fig. 16 and Fig. 17 show the differences in the behavior of load-
deflection and load-strain relationships of BRC and SRC beams. The
BRC beam has a much higher deflection. This shows higher energy
absorption, but lower stiffness. The SRC beams can directly determine
the initial yield point of reinforcement. A graph of the load-deflection
relationship of the SRC beam shows the elastic area or friction bond
limit (I), elasto-plastic (II), and plastic (III), while the BRC beam does
not clearly show plastic areas — the BRC beam load-deflection graph
tends to be linear. However, the crack moment (M,,), which is the point
of friction bond limit, can be known directly through the initial crack
that occurs.

The service load range is determined based on ASTM E 2126-09
[37], that is by drawing a vertical line through the 0.4Pmqe. line
meeting with a 0.8P;mar horizontal line. From the analysis results, the
average value of Py ;.. load is 18.79 kN or about 60% of Py yimace- While
the elastic range or friction bond limit points using Eq. (4) [33]:

F.

—% = Ru - 2.3(0) = 20.08% ~ 20%
Edtimate (4)

Table 3 shows that the lowest elastic value, 22.58%, occurred in the
BRC-s1 beam, the highest, 27.59%, in the BRC-sO beam. The average
value of the elastic range is 24.61% of the ultimate load. From the
calculation using Eq. (4), the value of the elastic limit is obtained by
20% of the ultimate load. The elastic limit on the SRC beam is 41.67%
of the ultimate load. It can be concluded that the point of the elastic
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Fig. 16. Load-deflection relationship of BRC beams.
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Table 3
Load-displacement relationship calculation data.

Specimens/ No  Theoretical Flexural test results

Code calculations

First Ultimate  First Failure  Deflection P/

crack load (kN) crack load, at failure Putimate
load load, Putimate ~ (mm) (%)
(kN) P, (kN) (kN)
(@) BRC-s0/ 1 6.87 32.19 8.50 31.50 10.92 26.98
A3B1 2 8.00 29.00 11.90 27.59
(b) BRC- 1 6.87 32.19 7.00 31.00 13.02 22.58
sl/ 2 7.50 33.00 12.18 22.73
A3B2
(c) BRC-s2/ 1 6.87 32.19 8.00 33.25 14.69 23.88
A3B3 2 7.50 33.00 9.32 22.73
(d) BRC- 1 6.87 32.19 7.50 29.50 7.61 25.42
s3/ 2 7.50 30.00 10.69 25.00
A3B4
Mean values (Ru) 7.69 31.31 11.29 24.61
Standard 0.46 1.73 1.97

deviation (o)
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Fig. 18. The idealization of the load-deflection relationship model of BRC
beam.

limit is 20% of the ultimate load, and the service load range is 60% of
the ultimate load. The idealization of the BRC beam load-deflection
relationship model is shown in Fig. 18.
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In Fig. 19, if horizontal lines are drawn at service limits Pepice, and
linear lines are parallel to the SRC beam load-deflection diagram, it will
be seen that the BRC beam stiffness is much lower than SRC beam
stiffness. The average value of the BRC beam stiffness was lower —
43.92% - compared to the SRC beam. Whereas if we take when the
initial crack load of the SRC beam, or 0.4Pj;imi, iS obtained, the BRC
beam stiffness is lower than 75% of the SRC beam stiffness, as shown in
Fig. 19. This is a weakness of the BRC beam that needs to be considered
in future studies. The principle of the theory of confined concrete and
shear reinforcement can be a solution to overcome the low rigidity of
the BRC beam.

4.4. The bond-stress of flexural beam

Measurements and observations of slip (s) are carried out from
when the initial crack occurs until the beam has collapsed. The mea-
surement of slip (s) is taken in two ways, namely direct measurement
through a strain gauge attached to a bamboo reinforcement for elon-
gation of bamboo reinforcement (ep,), and measurement through force
analysis or curvature moment for elongation of the concrete (e.,). The
readings from the strain gauge installed on bamboo reinforcement can
still be carried out even though the concrete has been cracked, because
when the concrete cracked, the bamboo reinforcement was still not
yielding or was still in an elastic condition. Direct measurement
through strain gauge and measurement through force analysis is carried
out as control and comparison. Slip (s,) at the point where the bond-
stress occurs is calculated based on Eq. (5) [41].

So = €po — €co )

where ey, = elongation of bamboo reinforcement, and e., = elongation
of concrete. The elongation of concrete (e,) is calculated using Eq. (6)
[411.

€co = €cco T €c.bo (6)

where e, ., = elongation of concrete due to the compressive force, and
e.»o = elongation of concrete due to bond force.

The purpose of installing hose-clamps on bamboo reinforcement is
to increase slip resistance between bamboo and concrete reinforcement.
The test results and the calculations of bond-stress and slip can be seen
in Table 4 and Table 5. Fig. 20 shows the relationship between bond-
stress and slip in the BRC beam, divided into two stages. The first is the
linear elastic stage, where the linear line curve shows the full elastic
behavior of the BRC beam. The shear force that occurs on the re-
inforcement surface of bamboo is transferred to concrete. The max-
imum tensile stress on the beam is smaller than the flexural tensile
strength, or smaller than the concrete collapse modulus. The second
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stage is a combination of elasto-plastic and plastic stages; this is con-
sistent with the characteristics of the stress-strain of bamboo re-
inforcement which does not have a long yielding point, as shown in
Fig. 10. This stage is the beginning of the micro slip of bamboo re-
inforcement and concrete.

The bond-stress of bamboo reinforcement starting to work up to
ultimate bond-stress. The tensile stress that occurs is completely re-
tained by bamboo reinforcement with its friction strength. Bond-stress
increases with increasing slip resistance force. Likewise, the cracks in-
crease and widen as the slip increases. The ultimate tension occurs
when the maximum slip occurs on the bamboo reinforcement. The ul-
timate bond-stress occurs when the maximum slip occurs on the
bamboo reinforcement.

From Table 5, the ratio between the friction bond limit and ultimate
bond strength (ug/u,) ranges from 21% to 27%. While the bond-stress
(w) from the friction bond limit up to ultimate bond strength can be
approximated by Eq. (7), with the limit of 5, < s, < s,,, Where s, is slip
on the initial crack of the beam, and s, is the slip at the ultimate load as
shown in Fig. 21.

u = 0.027s, + 0.026 ()

4.5. The relationship model of bond-stress and slip in the bamboo reinforced
concrete beam

Fig. 22 shows the bond-stress and slip relationship of BRC beam
with a hose-clamp on bamboo reinforcement, where point a is the
friction bond limit (up), and d is the ultimate bond strength (u,). The
ratio average of the friction bond limit (up) with the ultimate bond
strength (u,) of the BRC beam is 24%, and a minimum ratio of 21%
occurs on the BRC-s1 beam, while a maximum ratio of 27% occurs on
the BRC-s3 beam. The proposed ug/u, ratio is taken with Eq. (8) [33].

Y Ru = 23(0) = 18.43% ~ 20%
Uy (€)]

The bamboo reinforced concrete beam (BRC) in Figs. 17 and 20 does
not show elasto-plastic or plastic boundaries, so the boundaries point of
proof bond strength (u,) and bond-stress at pre-cracking become
nothing. This is in accordance with the stress-strain characteristic of
bamboo reinforcement, that no length yield region occurs as it does in
steel reinforcement. Thus, the region of post-friction bond limit (uy) is a
linear line until reaching ultimate bond strength (u,). The value of the
friction bond limit (uy) point up to the ultimate bond strength (u,) point
is estimated at about 80%. If based on ASTM E 2126-09 [37], which sets
out how to determine the yielding point of a wooden structure, then u,
is taken at 0.8upeqr, and the ultimate bond strength (u,) point is esti-
mated at about 60%. Diab et al. [33], with a steel pull-out test, pro-
posed the uy/u, ratio for the point (a) friction bond limit (up) of 50%, (b)
proof bond strength (uy,,) of 60%, and (c) bond-stress at pre-cracking by
70%.

The difference between the relationship diagram of bond-stress and
slip and the friction bond limit value (uy) is far enough between the BRC
and the SRC beam. This is due to a faster initial crack in the BRC beam.
Initial cracks occur faster due to several reasons, including (1) the
presence of microcracks around hose-clamps caused by air bubbles
during the cement hydration process, (2) shrinkage occurring in
bamboo reinforcement because the defects are not coated with a wa-
terproof coating, especially during execution, and (3) the modulus of
elasticity of bamboo is lower than concrete. Points (1) and (2) above are
possible if work is not carried out under strict supervision.

4.6. Verification with the finite element method
Numerical verification is carried out in order to control the com-

patibility of the crack pattern of the BRC beam with the stress contour
that occurs. The numerical method employed is the finite element
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Table 4
Bond-stress and slip of the flexural beam test.
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Specimens/ Sample no Theoretical calculations  Flexural test results Flexural beam  Slip, s,
Code bond-stress (mm)
First Ultimate First Average first  Failure Average Deflection at Average (MPa)
crack load (kN) crack crack load load (kN) failure load failure (mm) deflection at
load (kN) load (kN) (kN) (kN) failure (mm)
(a) BRC-s0/ 1 6.87 32.19 8.50 8.25 31.50 30.25 10.92 11.41 0.31 9.05
A3B1 2 8.00 29.00 11.90
(b) BRC-s1/ 1 6.87 32.19 7.00 7.25 31.00 32.00 13.02 12.60 0.33 10.85
A3B2 2 7.50 33.00 12.18
() BRC-s2/ 1 6.87 32.19 8.00 8.00 33.50 33.25 14.69 12.01 0.33 9.76
A3B3 2 7.50 33.00 9.32
(d) BRC-s3/ 1 6.87 32.19 7.50 7.50 29.50 29.75 7.61 9.15 0.30 10.12
A3B4 2 7.50 30.00 10.69
(e) SRC 1 6.51 16.63 10.00 10.00 24.00 24.00 6.33 6.33 0.24 12.53
method, using the Fortran PowerStation 4.0 program. Theoretical 04 T
analysis to calculate the load that causes the initial crack uses elastic
theory (linear analysis) with a transformation section. For linear ana-
lysis, the material data included is the elastic modulus (E) and the = 03 +
Poisson ratio (v). The non-linear phase is approached by giving a de- Y
crease in the strength of concrete 0.25-0.5 for the calculation of ef- =
fective stiffness in the plastic area [42]. FEM analysis has not modeled 3 02 +
the bond between bamboo reinforcement and concrete, where bamboo b Elastoplasticand ~ — Pre 3
and concrete are considered to have the same displacement, with a 8 plastic stage TTBRCs
different modulus of elasticity (E), so that they experience different T o1 _zzzz
stress. FEM analysis in this study has not been explained in detail and 2 — e
needs further analysis. In the constitutive relationship of finite element =~ g6~
analysis, the problem-solving method has used the theory of plane- od , , , ”;‘eare'a“ic:tage , :
stress. Triangle elements are used to model plane-stress elements with 0 2 4 6 8 10 12 14
two-way primary displacement at each point, so that the element has slip, s, (mm)

six degrees of freedom. The discretization of the beam plane was carried
out using the triangle element shown in Fig. 23.

The modulus of elasticity (E), for each layer was calculated ac-
cording to the conditions of the material. The layers consisting of the
concrete and the bamboo reinforcement are calculated using the fol-
lowing Eq. (9) [43].

E, =E,. V, + E. V, )

with E, = equivalent elasticity modulus of BRC beam, E;, = modulus of
elasticity of bamboo reinforcement, E. = modulus of elasticity of con-
crete, V;, = relative volume of bamboo reinforcement in the calculated
layer, and V, = relative volume of concrete in the calculated layer. The
stress-strain relationship for plane-stress problems has the form of an
equation like Eq. (10).

Oy 1 v O Ex
o\ = E vy1 0 gy
1+ 2 1-v
w) A o0 Sk (10)
Table 5

Bond-stress calculation.

Fig. 20. Relocation bond-stress and slip on a BRC beam.

where E is the modulus of elasticity of the BRC beam and v is Poisson's
ratio. And the principal stress in two dimensions is be calculated with
Eq. (11).

an

Fig. 24 shows that stiffness decreases after the initial crack, ac-
cording to the loading stage of each mesh layer, and this is very in-
fluential on the results of the analysis. The average stiffness of the BRC
beam was reduced from 26,324.76 MPa before cracking to
6581.20 MPa after the collapse [42], while the average value of the
stiffness of the SRC beam was reduced from 30,334.11 MPa before
cracking to 16,873.35MPa after the collapse. Fig. 24 shows that the
results of the load-deflection relationship model from the analysis are

Specimens/Code Theoretical calculations Flexural test results
First crack load (kN)  Ultimate load (kN)  First crack load (kN)  Failure load (kN)  Flexural beam bond-stress, u, (MPa)  uf (MPa)  uy/u, (%)
(a) BRC-s0/A3B1 6.87 32.19 8.50 31.50 0.311 0.079 25
6.87 32.19 8.00 29.00 0.306 0.074 24
(b) BRC-s1/A3B2 6.87 32.19 7.00 31.00 0.326 0.069 21
6.87 32.19 7.50 33.00 0.321 0.064 20
(c) BRC-s2/A3B3 6.87 32.19 8.00 33.50 0.331 0.079 24
6.87 32.19 7.50 33.00 0.321 0.084 26
(d) BRC-s3/A3B4 6.87 32.19 7.50 29.50 0.296 0.074 25
6.87 32.19 7.50 30.00 0.291 0.079 27
Mean values (Ru) 0.313 24
Standard deviation (o) 0.01 2.42
(e) SRC 6.51 16.63 10.00 24.00 0.24

10
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Fig. 22. The idealization of the bond-stress and slip relationship of the BRC
beam.

quite close to the experimental results.

Along with increasing load, deflection and moments will continue to
increase. When the crack moment (M,,) is exceeded, the initial crack
will occur, especially at the maximum moment. After the initial crack
occurs, bond-stress will occur on bamboo reinforcement and concrete.
Bond-stress and cracks will continue to propagate at the weak point of
the beam section.

Fig. 25 and Fig. 26 show the crack pattern of the experimental result
BRC beam and the contour stress result from the Surfer 9.8 program
simulation. The position of the crack line and crack propagation are in
accordance with the tensile stress contours of the simulation results, ie
at coordinates 15 to 95. The red represents the maximum tensile stress,
and the grayish blue represents maximum compressive stress. After
initial cracking in the middle of the span, branching cracks occur in the
position of the bamboo reinforcement. New cracks arise and branch
upwards, right, and left. However, most additional cracks propagate to
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Fig. 24. The behavior of the load-deflection relationship of the BRC beam and
the SRC beam using the finite element method.

the right and left, following the direction of bamboo reinforcement, in
accordance with the maximum tensile stress contour resulting from the
simulation. At this stage of branching cracks, the hose-clamp serves as a
slip barrier and transfers the force to the concrete, as is evidenced by
the many upward cracks that occur at the hose-clamp position, and the
increasing spread of cracks spread. Documentation of the crack process
can be seen by clicking the following link: https://goo.gl/6AVWmP.

The contribution of the hose-clamp to the bond-stress can be seen in
the difference between the crack pattern in the results of this study and
that of Agarwal's [21] study, as shown in Figs. 25 and 29. The crack line
in the direction of the bamboo reinforcement proves the slip between
bamboo reinforcement and concrete. The occurrence of slip proves that
the elasticity modulus of bamboo is lower than that of concrete, causing
low bond-stress. Therefore, the calculation of the BRC beam cross-sec-
tional capacity must be based on the bamboo reinforcement shear area,
not on the tensile strength of the bamboo reinforcement; this is in ac-
cordance with Ghavami's [1] research on the stress-strain distribution
analysis of bamboo reinforced concrete beams.

Figs. 27 and 28 show the stress contours of the SRC beam resulting
from the simulation in the Surfer 9.8 program and the crack pattern of
the experimental result for the SRC beam. The coordinates of the crack
pattern and the maximum tensile stress coordinates of the simulation
results show suitability, which occurs at coordinates 35 to 75. Patterns
of cracks and collapse are flexural cracks and flexural collapse. This
proves that the bond strength of steel reinforcement is higher than the
bond strength of bamboo reinforcement. After the initial crack occurs,
along with increasing load, cracks continue to propagate upwards until
collapse occurs.
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Fig. 23. Finite Element idealization of BRC beam.
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Fig. 25. The crack pattern of the BRC beam.

Fig. 26. The stress contour of the BRC beam.
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Fig. 27. The stress contour of the SRC beam.
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Fig. 28. The crack pattern of the SRC beam.

Fig. 29. Failure of bond-slip of the BRC beam [21].

5. Conclusions

Based on experiment, verification using the finite element method,
and evaluation results on bamboo reinforced concrete beams with re-
inforcement using a hose-clamp, the following conclusions can be
drawn:

(1) Installation of hose-clamps on bamboo reinforcement serves as a
shear connector, can increase bond-stress, and reduce the slip be-
tween bamboo reinforcement and concrete.

(2) The BRC beam load-deflection relationship model has a gap that is
far enough with the SRC beam load-deflection diagram. The stiff-
ness of the BRC beam is lower than the stiffness of the SRC beam.
The principle of the theory of confined concrete and shear re-
inforcement can be a solution to overcome the low rigidity of the
BRC beam.

(3) The relationship model of bond-stress and slip in a BRC beam is
different from the bond-stress and slip relationship model in an SRC
beam. The friction bond limit of the BRC beam occurs at 0.2Pimate
and the friction bond limit of the SRC beam occurs at 0.4P yimate-
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This difference is due to the stress-strain characteristics and the
elastic modulus of the materials from the two different test objects.

(4) The stress-strain characteristics of the materials, the modulus of
elasticity of the materials, and the test method of the specimens are
very influential to the relationship model of the bond-stress and
slip.

Acknowledgments

The research described in this paper was financially supported by
the Domestic Postgraduate Education Scholarship (BPP-DN), at the
University of Brawijaya, Malang, Indonesia.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jobe.2019.100896.

References

[1] K. Ghavami, Bamboo as reinforcement in structural concrete elements, Cement
Concr. Compos. 27 (2005) 637-649.

C. Sabnani, M.V. Latkar, U. Sharma, Bamboo an alternative building material for
modest houses, to increase the stock of affordable housing, for the urban poor living
close to bamboo producing regions in India, Int. J. Civil Environ. Struct. Const.
Archit. Eng. 6 (2012) 977-988.

H. Sakaray, N.V.V.K. Togati, I.V.R. Reddy, Investigation on properties of bamboo as
reinforcing material in concrete, Int. J. Eng. Res. Afr. 2 (2012) 77-83.

P.A. Pratima, M.R. Adit, G.J. Vivek, P.A. Jaymin, M.H. Sunny, Performance eva-
luation of bamboo as reinforcement in design of construction element, Int. Ref. J.
Eng. Sci. (IRJES) 2 (2013) 55-63.

P.K. Imbulana, T. Fernandez, P.A.R.P. Jayawardene, T.P. Levangama, Y.K. Perera,

[2]

[3]

[4]

[5]



Muhtar, et al.

(6]

71

[8]

[91
[10]

[11]

[12]

[13]
[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

H.N.K. Arachchi, R.S. Mallawaarachchi, Bamboo as a low cost and green alternative
for reinforcement in light weight concrete, SAITM Research Symposium on
Engineering Advancements 2013 (SAITM — RSEA 2013), 2013, pp. 166-172 Sri
Lanka.

N. Anurag, S.B. Arehant, J. Abhishek, K. Apoorv, T. Hirdesh, Replacement of steel
by bamboo reinforcement, IOSR J. Mech. Civ. Eng. 8 (2013) 50-61.

A. Kaware, U.R. Awari, M.R. Wakchaure, Review of bamboo as reinforcement
material in concrete structure, Int. J. Innov. Res. Sci. Eng. Technol. 2 (2013)
2461-2464.

G.M. Oka, A. Triwiyono, A. Awaludin, S. Siswosukarto, Effects of node, internode
and height position on the mechanical properties of gigantochloa atroviolacea
bamboo, Procedia Eng. 95 (2014) 31-37.

LK. Khan, Performance of bamboo reinforced concrete beam, Int. J. Sci. Environ.
Technol. 3 (2014) 836-840.

S. Pawar, Bamboo in construction technology, Adv. Electron. Elec. Eng. 4 (2014)
347-352.

D.D. Tripura, K.D. Singh, Mechanical behavior of rammed earth column: a com-
parison between unreinforced, steel and bamboo reinforced columns, Mater.
Construccién 68 (2018) 1-19.

S. Islam, H.M. Afefy, K. Sennah, H. Azimi, Bond characteristics of straight- and
headed-end, ribbed-surface, GFRP bars embedded in high-strength concrete, Constr.
Build. Mater. 83 (2015) 283-298.

M.S. Ahmad, Bond in Flexure: a review of aci code 408R, Int. J. Adv. Technol. Eng.
Sci. 4 (2016) 79-84.

Y. Lee, B. Phares, Bond strength and development length of galvanized reinforcing
steel, Int. J. Civil Struct. Eng. Res. 3 (2015) 311-317.

A.S. Budi, A.P. Rahmadi, E. Rismunarsi, Experimental study of flexural capacity on
bamboo ori strip notched V reinforced concrete beams, AIP Conf. Proc. 1788 -
International Conference on Engineering, Science and Nanotechnology 2016
(ICESNANO 2016), American Institute of Physics, 2016030052-1-030052-7.

A. Dey, N. Chetia, Experimental study of Bamboo Reinforced Concrete beams
having various frictional properties, Mater. Today: Proc. 5 (2016) 436-444.

S.M. Dewi, D. Nuralinah, The recent research on bamboo reinforced concrete,
MATEC Web of Conferences, EDP Sciences, 2017, p. 2001.

Mubhtar, S.M. Dewi, Wisnumurti, A. Munawir, Bond-slip improvement of bamboo
reinforcement in concrete beam using hose clamps, Proceedings The 2nd
International Multidisciplinary Conference, 2016, pp. 385-393 2016.

Muhtar, S.M. Dewi, Wisnumurti, A. Munawir, The stiffness and cracked pattern of
bamboo reinforced concrete beams using a hose clamp, Int. J. Civ. Eng. Technol. 9
(2018).

S.M. Dewi, D. Nuralinah, A. Munawir, M.N. Wijaya, Crack Behavior Study of
Bamboo Reinforced Concrete Beam with Additional Pegs in Reinforcing vol. 9,
(2018), pp. 1632-1640.

A. Agarwal, B. Nanda, D. Maity, Experimental investigation on chemically treated
bamboo reinforced concrete beams and columns, Constr. Build. Mater. 71 (2014)
610-617.

G.C.S. Ferreira, A.L. Beraldo, A.L.J. Moreno, A.O.B. Da Silva, Flexural and shear
behavior of concrete beams reinforced with bamboo, Int. J. Sustain. Mater. Struct.
Syst. 2 (2016) 335.

S. Leelatanon, S. Srivaro, N. Matan, Compressive strength and ductility of short
concrete columns reinforced by bamboo, Songklanakarin J. Sci. Technol. 32 (2010)
419-424.

N.B. Siddhpura, D.B. Shah, J.V. Kapadia, C.S. Agrawal, J.K. Sevalia, Experimental

13

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]
[41]

[42]

[43]

Journal of Building Engineering 26 (2019) 100896

study on a flexural element using bamboo as reinforcement, Int. J. Curr. Eng.
Technol. 3 (2013) 476-483.

Nindyawati, S.M. Dewi, A. Soehardjono, The comparison between pull-out test and
beam bending test to the bond strength of bamboo reinforcement in light weight
concrete, Int. J. Eng. Res. Afr. 3 (2013) 1497-1500.

D. Bhonde, P.B. Nagarnaik, D.K. Parbat, U.P. Waghe, Experimental analysis of
bending stresses in bamboo reinforced concrete beam, Proceedings of 3rd
International Conference on Recent Trends in Engineering & Technology
(ICRTET’2014), Elsevier Ltd., Nagpur, India, 2014, pp. 1-5.

E. Ikponmwosa, F. Falade, C. Fapohunda, J. Okosun, Flexural performance of
bamboo reinforced foamed aerated concrete beams with and without compression
reinforcement, Int. J. Sci. Eng. Res. 5 (2014) 271-278.

P. V Kumar, V. Vasugi, Study on mechanical strength of bamboo reinforced concrete
beams, Int. J. Adv. Sci. Eng. Technol. 2 (2014) 103-105.

K. Terai, Masakazu & Minami, Research and Development on Bamboo Reinforced
Concrete Structure, World Conferences on Earthquake Engineering, (2012), pp.
1-10.

A. Javadian, M. Wielopolski, I.F.C. Smith, D.E. Hebel, Bond-behavior study of newly
developed bamboo-composite reinforcement in concrete, Constr. Build. Mater. 122
(2016) 110-117.

V. Puri, P. Chakrabortty, S. Anand, S. Majumdar, Bamboo reinforced prefabricated
wall panels for low-cost housing, J. Build. Eng. 9 (2017) 52-59, https://doi.org/10.
1016/j.jobe.2016.11.010.

F. Falade, G.L. Oyekan, Bond strength of reinforced laterized concrete bond strength
of reinforced laterized concrete beams, 31st Conference on Our World in Concrete &
Structures, CI-Premier PTE LTD, Singapore, 2006.

A.M. Diab, H.E. Elyamany, M.A. Hussein, H.M. Al Ashy, Bond behavior and as-
sessment of design ultimate bond stress of normal and high strength concrete,
Alexandria Eng. J. 53 (2014) 355-371.

R. Park, T. Paulay, Reinforced Concrete Structures, John Wiley & Sons, New York,
1975, pp. 1-769.

M.M. Rahman, M.H. Rashid, M.A. Hossain, M.T. Hasan, M.K. Hasan, Performance
evaluation of bamboo reinforced concrete beam, Int. J. Eng. Technol. IJET-IJENS 11
(2011) 113-118.

ASTM C 09, Standard Test Method for Flexural Strength of Concrete (Using Simple
Beam with Third-Point Loading), ASTM International, West Conshohocken, 2002.
ASTM E2126-09, Standard Test Methods for Cyclic (Reversed) Load Test for Shear
Resistance of Vertical Elements of the Lateral Force Resisting Systems for
Buildings1, ASTM International, West Conshohocken, 2009.

ASTM C 39, Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens, ASTM International, West Conshohocken, 2003.

S. Nathan, Application of Bamboo for Flexural and Shear Reinforcement in Concrete
Beams, Clemson University, 2014.

L. Khare, Performance Evaluation of Bamboo Reinforced Concrete Beams, (2005).
R. Piyasena, Crack Spacing, Crack Width and Tension Stiffening Effect in Reinforced
Concrete Beams and One-Way Slabs, Griffith University, 2002, https://research-
repository.griffith.edu.au/bitstream/handle/10072/366060/Piyasena_2003_
01Thesis.pdf?sequence =1.

ACI Committee 318, Building Code Requirements for Structural Concrete, (2014)
ACI 318M-14.

C. Avram, I. Facaoaru, I. Filimon, O. Mirsu, I. Tertea, Concrete strength and strain,
Dev. Civ. Eng. 3 (1981).



	Enhancing bamboo reinforcement using a hose-clamp to increase bond-stress-1-82.pdf (p.1-82)
	Enhancing bamboo reinforcement using a hose-clamp to increase bond-stress-102-131.pdf (p.83-112)

