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This study aims to explore the flexural behavior of crushed clay brick (CCB) lightweight
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Department, Faculty concrete (LWC) beams strengthened with rubberized strain-hardening cementitious
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and fechnology, bamasa, £gyp crack pattern, ultimate load, mid-span defection, and ductility. The results show

that increasing the number of layers of GFTM and the thickness of RSHCC gener-

ally leads to an increase in the ultimate loads and ductility, up to 68% and 83%,
respectively, compared to the control beam. Finally, a proposed equation consider-

ing the contribution of the GFTM-RSHCC layer was developed to predict the flexural
capacity of the strengthened beams. The proposed equation showed good agreement
with the experimental results.
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Introduction

Over the last few decades, as development and urbanization have expanded in devel-
oping countries, there has been a huge growth in demand for concrete, resulting in
its widespread use in the construction sector. However, there are a lot of sustainabil-
ity and environmental problems generated by the exploitation of coarse aggregate for
concrete. Furthermore, some countries have a deficit of normal aggregates due to
the consumption of countless tons from many different locations [1]. Lightweight
concrete (LWC), essentially composed of lightweight aggregate (LWA), recently
presented a challenge for regular-weight concrete (NWC). A great way to lower the
building’s self-weight is by using LWC [2]. To meet the criteria for LWC status, its
density has to exceed 1840 kg/m? or below. In addition, LWC provides a large variety
of structural and architectural alternatives, and its use in the construction industry

is rapidly growing. LWC has been more popular for structural applications in recent
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years, particularly in multi-story structures and long-span bridges with high dead
loads as outlined in ASTM-C330 [3].

Natural, industrial, and recyclable materials are used as lightweight aggregates
[4]. In recent years, construction and demolition (C&D) trash, or waste from build-
ing and destroying structures, has grown significantly [5]. Construction and dem-
olition (C&D) trash encompasses materials such as concrete, bricks, tiles, pottery,
glass, plastic, wood, and other similar substances [6]. Brick manufacturing waste is a
worldwide source of coarse crushed brick (CCB), a lightweight aggregate. Recycling
waste as a lightweight aggregate may protect the environment. CCB crushing and
sorting produce fine (FCBA) and coarse lightweight aggregate (CCBA). PCB powder
may be replaced with cement to increase pozzolanic activity and surface area [7].
Several researches used bricks as coarse aggregate [4] and fine aggregate. Fracture
toughness, elastic modulus, and tensile strength are all lower in LWC compared to
NWC. These differences might impact the serviceability of structural members [8].
The mix’s lightweight aggregate type and supply greatly affect LWC performance [9].

Over decades, a significant number of reinforced concrete (RC) buildings have suf-
fered deterioration as a result of design errors, higher live loads, steel bar corrosion,
carbonation, construction defects, and chloride attacks. Enhancing the structural
integrity of current reinforced concrete (RC) buildings has become an increasingly
important objective to achieve modern design standards. The construction industry
has faced a significant challenge in recent years: the need to repair and replace dete-
riorating reinforced concrete (RC) constructions using different types of composite
materials. Currently, there are cementitious materials that are developed to solve the
constraints of materials used for repairs or retrofitting. These materials are generally
referred to as high-performance fiber reinforced cementitious composites (HPFRCCs)
[10]. The capacity to display strain-hardening behavior is one of the main benefits
that often motivates the use of High-performance fiber-reinforced cementitious com-
posites or HPFRCC. An example of an HPFRCC is a SHCC (standard strain-harden-
ing cementitious composite). SHCC exhibits enhanced ductility, making it a desirable
material for applications such as surface repair and strengthening [11].

Incorporating rubber aggregate into SHCC may improve its ductility, energy
absorption, and impact resistance because of its low stiffness and great pliability.
Research has shown that using rubber in concrete may enhance its durability by mak-
ing it more resistant to freezing and thawing, abrasion, and cracking [12]. There are
typically three different sizes of rubber aggregates: shredded, crumb, and powder. The
use of rubber degrades mechanical qualities, according to previous research [13].

By laying a very thin coating of fiber-reinforced concrete, Martinola et al. [14]
observed how strengthened beams affected the structure. Tests conducted by them
demonstrated that the suggested method improved the load-bearing capability under
strengthening and maintenance scenarios. Baraghith et al. created strain-hardening
cementitious composites (SHCC) strengthened with glass fiber textile mesh (GFTM)
[15] as an innovative alternative to conventional SHCC that improves upon its per-
formance. On top of that, GFTM-SHCC is often thought of as the perfect corrosion
preventive.
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Research objective

The flexural behavior of crushed clay brick (CCB) lightweight concrete (LWC) beams
strengthened with strain-hardening cementitious composite reinforced with glass fiber
textile mesh layers (GFTM-RSHCC) at the tension zone. At shear side, strengthened
beams were constructed with carbon fiber sheet (CES) to prevent the likelihood of pre-
mature debonding failure and to significantly enhance the utilization of the adopted
strength system. This paper presents an investigation of the flexural behavior of light-
weight concrete (LWC) reinforced concrete (RC) beams utilizing crushed clay brick
(CCB) as an alternative aggregate. CCB, a significant waste material in construction,
offers enticing opportunities for sustainable material adoption. Furthermore, this study
examines the efficacy of GFTM-RSHCC concerning various crack patterns, ultimate
flexure capacity, load—deflection, failure modes, and the enhancement of ductility. The
experimental findings demonstrated the successful use of the GFTM-RSHCC strength-
ening technique, resulting in enhanced ultimate flexural capacity and improved defor-
mation properties of the specimens under investigation. However, it is important to note
that the observed behavior was contingent upon the specific test settings employed. The
LWC beams reinforced with GFTM-RSHCC exhibit superior flexural capacity and duc-
tility compared to the control specimen.

Methods

The experimental plan included Seven beams that manufactured using CCB material
and subjected to testing using a four-point loading configuration. GFTM-RSHCC layers
were incorporated within the tension zone, accompanied by carbon fiber sheets (CFES) to
mitigate premature debonding and maximize system strength. Key parameters explored
included the number of GFTM-SHCC layers (1, 2, and 3) and RSHCC thickness (20, 30,
and 40 mm).

Materials

The design blends shown in Table 1 used crushed clay brick (CCB) aggregate as an eco-
friendly substitute for manufacturing lightweight concrete units. Our goal was to find
material that was both easily accessible and environmentally friendly that could be used

Table 1 Mix properties of LWC and RSHCC materials (kg/m?)

Material Lwc RSHCC
Coarse aggregate 520 —
Fine aggregate 500 —
Crushed clay powder 165 —
Cement 460 1243
Silka fume 44 223
Water 260 292
Superplasticizer 9 14.9
Water-to-binder 048 0.20
Quartz sand - 149
Polypropylene fiber (12 mm) — 14.6

Crumb rubber — 10.7
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as aggregate. To use the CCB shown in Fig. 1 as coarse aggregate (CCBA), they have
particle sizes ranging from 5 to 10 mm. Similarly, for it to function as fine aggregate
(FCBA), the particle sizes should be between 250 micromillimeters and 5 mm. Lastly, if
the CCB is to be used as crushed clay powder (CCP), the particle sizes should be below
250 micromillimeters.. The strengthening material, rubberized strain-hardening cemen-
titious composites (RSHCC), was mixed according to the quantities shown in Table 1.
The RSHCC mix included the utilization of low-heat Portland cement, which has a den-
sity of 3.14 g/cm?®. The water-to-binder ratio used was 0.20, and 15% of the cement con-
tent was replaced with silica fume in the design. Quartz sand with a particle size less
than half a millimeter made up the fine aggregate. A mixture of polypropylene (PP) com-
posed of 2.0% was used to create the fiber that was used for GFTM-RSHCC. The length
of the PP fibers was 12 mm, and their diameter was 0.012 mm. Crumb rubber (CR) was
substituted for 20% of the amount of silica sand (CR/SS=0.2 by volume).CR has a spe-
cific gravity of 0.95.

The experimental program involves using two-dimensional glass fiber strands to create
the Sika fiber mesh 1000 as shown in Fig. 2. These fibers have rectangular cross-sectional
dimensions, with a width of 0.85 mm and a thickness of 0.12 mm. Each horizontal and
vertical orientation of the mesh had a gap of 5 mm between the individual glass fibers
that made up the mesh. Per the manufacturer-supplied datasheet, Table 2 shows the
mechanical properties of the glass fiber textile mesh GFTM. Furthermore, the shear and
flexural reinforcements have been executed using reinforced bars with dimensions of 10
and 12 mm in diameter, respectively. Uniaxial tensile tests on the bars were done accord-
ing to ASTM standard citation [16] to establish reinforcement stress—strain parameters.
The 10 mm and 12 mm bars showed yield strengths of 452 and 431 MPa and ultimate
strengths of 619 and 605 MPa.

Figure 3 shows the steps required to make and apply the epoxy glue. The present study
employed MasterBrace 1414 epoxy resin, a product of the local BASF Company. It con-
nected the LWC beams and GTM-RSHCC surfaces. The components for the Master-
Brace 1414 epoxy were mixed according to the instructions on the manufacturer’s data
sheet using a slow-speed mixer with the right paddle. Next, a steel trowel was used to
spread a layer of RSHCC. Then, the initial layer of GFTM was progressively encased in

(a) CCBA (b) FCBA (c) CBP
Fig. 1 Crushed clay brick: a coarse crushed clay brick aggregate, b fine crushed clay brick aggregate, and c
clay brick powder
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Smm

Fig. 2 The used glass fiber textile mesh (GFTM)

Table 2 Geometric and mechanical properties of the used GFTM

One layer nominal thickness (mm) E; (GPa) f¢ (MPa) £,¢ (%)

0.12 70 900 1.2

Fig. 3 Applying epoxy resin

the RSHCC. Finally, the GFTM was placed on the specified sides of the LWC beams in
the appropriate configurations. If more GFTM layers were needed, identical procedures
were followed.

The carbon fiber sheet was shaped to fit the designated area after being cut to size. As
shown in Fig. 4, the roller was repeatedly rolled in the direction of the fibers to eliminate
bubbles. After the surface has dried, paste the carbon fiber sheet again using the previ-
ous steps. Then, evenly distribute the dipping glue over the surface. Prior to conducting

Page 5 of 20
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Fig.4 Carbon fiber sheet (CFS)

Table 3 Mechanical properties of both LWC and RSHCC materials

Mechanical properties LWC RSHCC
Dry density Kg/m? 1830 -
Compressive strength, MPa 325 79.8
Splitting tensile strength, MPa 267 6.6
Flexural strength, MPa 32 8.05
Bonding strength between LWC and RSHCC, MPa - 2.19

the flexural experiment, the specimens were allowed to naturally dry in the lab for one
week after the pasting technique was finished.

LWC and RSHCC Tests
According to ASTM standard [17], three standard cylinders were cast throughout the
manufacturing processes of LWC and RSHCC to measure their compressive strengths.
There were three cylindrical forms; each has a diameter of 150 mm and a height of
300 mm. The RSHCC materials’ tensile stress—strain relationship was determined in
the work by Elnagar et al. [18] using the uniaxial tensile testing method. One of the six
prisms tested had dimensions of 50-mm thick, 150-mm wide, and 500-mm high. The
results are shown in Table 3.

Figure 5 shows the crack mapping that was done for both LWC and RSHCC materi-
als following complete tensile failure to quantify their cracking properties. A finely dis-
persed pattern of fractures appeared in the RSHCC prism.

Specimens’ preparation

Seven lightweight concrete beams were fabricated and subjected to failure testing. Each
beam has dimensions of about 120 mm in width and 250 mm in depth, respectively. For
internal longitudinal reinforcement, all of the beams that were tested had two 12-mm
diameter longitudinal bars stretched across the entire span length on the tension side
and two 10-mm diameter longitudinal bars stretched across the entire span length on
the compression side. To avoid early shearing of the beams, they have been reinforced
by using 10-mm-diameter stirrups placed at intervals of 200 mm. The test for four-point
bending test was conducted on all beams with a 2200 mm support-to-support spacing,
as seen in Fig. 6.
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Test Setup Cracks’ distribution in RSHCC

Fig. 5 Setup and tensile behavior responses of LWC versus RSHCC

T10@200mm 2T10

# 800mm # 600mm # 800mm
CFS

e =
Roller » (GFTM-RSHCC) p— Hinged
+~100—— 2200 mm ~100—
’ 2400 mm 3

Fig. 6 The concrete dimensions and reinforcement of all specimens

LWC
. H GFTM sheet

——————p "t

Fig. 7 Strengthening scheme

Installing GFTM-RSHCC laminates

Figure 7 shows a systematic step that was used to construct the strengthening process.
To enhance the adhesion between the RSHCC and the bottom surface of the LWC, the
tension side surface of each beam was roughened. Preparing the surface primarily aims
at “cleaning” the surface by eliminating all potential contaminants, including oil, foreign
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particles, dust, laitance, dampness, oxides, and more. The base of the concrete is wet-
ted with water for 24 h before this procedure is applied. For the strengthened speci-
mens: firstly, a layer (5 mm) of RSHCC is applied with a trowel. Secondly, immerse the
GFTM sheet in an additional RSHCC layer covered the fiber sheet. The lab photos for
the strengthening process are presented in Fig. 8. To prevent debonding of the RSHCC
layer, U-wrapping CFRP sheets were applied to the right and left sides of the beam far
from two supports at a distance of 100 mm with a width of 50 mm.

Details of specimens
The experimental program included the testing of seven beams. The beams were catego-
rized into two groups, as seen in Table 4.

Test setup

Figure 9 shows the test setup of the monotonic loading tests conducted on all specimens
using a four-point loading approach. There was a 600-mm space between the loads, and
the beams’ effective span was 2200 mm. Utilizing the 900 kN load cell, measure the loads
on the beams.

At various loading levels, the vertical deflections were measured using four LVDTs, or
linear variable differential transformers. A total of four LVDTs were positioned above the
supporting points, two under the span’s midpoint and loading point, and one under each
of the specimens to calculate their net deflection. Electrical strain gauges, each measur-
ing 6.0 mm in length, were attached to the tensile reinforcement in the mid-span zone to
measure the axial strain that was produced by the bars. All experimental measures, such
as loads, deflections, and strains, were collected by a data-collecting device while each
specimen was being tested.

Results and discussion
Crack pattern and ultimate load
Figure 10 shows the crack pattern of all tested beams. Flexural failure and steel yielding
in the mid-spanzone have been observed in the control specimen. At a load of 18.0 kN,
cracks developed in the soffit beam section. According to strain data recorded during
the test, at a load of 63.0 kN, the beam began to fail when the tension steel yielded, and
it finally crushed the concrete on the compression side. During the loading procedure,
in the central third of the beam, flexure cracks appeared in the underlying concrete on
the tension side. These cracks appeared at loads of 20.0, 21.0, 23.0, and 28.0 kN for the
strengthened specimens B2, B3, B4, and B5, respectively. With the growing load, cracks
began to form in the strengthening layer and spread upwards into the underlying con-
crete. The beam sustained the applied load until it failed, with ultimate loads of 70.0,
76.0, 87.0, and 106.0 kN for the strengthened specimens B2, B3, B4, and B5, respectively.
According to strain measurements performed during the test, rupture of the strengthen-
ing layer occurred at the mid-span, after the yielding of the reinforcing steel bars and
before the compression zone concrete crushing.

For the tested group (II), specimens that have been strengthened showed the
same failure mechanism as specimens in group (I). Additionally, the flexural cracks
appeared at loads of 28.0 and 30.0 kN for the strengthened specimens B6 and B7,
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ng with GFTM layers

(g) Applying CFS (h) Final strengthened specimen

Fig. 8 Strengthening processes in laboratory

respectively. With the growing load, cracks began to form in the strengthening layer
and spread upwards into the underlying concrete. The specimen sustained the applied
load until it failed, with ultimate loads of 92 and 96.0 kN for the strengthened speci-

mens B6 and B7, respectively. The ultimate, cracking, and yielding loads are shown in
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Table 4 Detail parameters of the tested specimens

Group No Specimen RSHCC thickness No. of GFTM Objective
(mm)
Control B1 — 0 Reference
G1 B2 20 0 No. of GFTM
B3 20 1
B4 20 2
B5 20 3
G2 B6 30 2 Thickness
B7 40 P of RSHCC
Layer
Load cell
100 00
_: LVDT3 Spreader beam Lm'n

Roller LVDT2 LVDT1 s Hiied
il = (%) Straingague I'en
m i
# LVDT I
- mfu.-_'il‘:,f.:,-,_
\ SR . TIT
- i Strong girder i =
i
i_ 2200mm

Fig. 9 Test setup and instrumentation

Table 5. The experimental findings, which are presented, demonstrate that the crack-
ing load for each of the strengthened specimens increased to different extents in com-
parison to the control beam.

Crack width

The maximum width of the crack in the middle third was determined by measuring
the crack width with a special microscope. This measurement was done for all beams
and plotted against the applied load as shown in Figs. 11 and 12. Regardless of the
load, the control beam showed much bigger cracks. When the applied load reached
around 18.0 kN, the control beam showed its first cracking. Near the maximum
load of 63.0 kN, the crack width reached 0.8 mm on the constant moment region.
The beams B2, B3, B4, and B5, which were strengthened with GFTM-RSHCC, had
crack widths of 1.1 mm, 0.70 mm, 0.60 mm, and 0.45 mm at the maximum load point,
respectively. When compared to the control beam, these numbers show a 78% nar-
rowing of the cracking width. The decrease in width is a result of the strengthening
layer’s higher layer number which regulates the crack’s width. Table 6 summarizes the
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(a) Specimen Bl

J2en ﬁ\;

(g) Specimen B7

Fig. 10 Cracks pattern of all tested specimens
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Table 5 Cracking and failure loads for each specimen

Group no Specimen Load capacity (kN) Mode of failure
Pcr Acr Py Ay Pu Au
Control B1 18 1.51 54 1171 63 28.14 Flexural
G1 B2 20 1.26 61 10.75 70 46.78 Flexural
B3 21 1.53 66 11.03 76 4051 Flexural
B4 23 141 78 9.78 87 359 Flexural
B5 28 1.83 85 8.51 106 28.55 Flexural
G2 B6 28 1.0 78 82 92 339 Flexural
B7 30 0.8 84 10.8 96 278 Flexural
120
0.472 mm
100 A
0.613 mm
80 - 0.702 mm

1.093 mm

j BS
1

N T 1 T T T

0 0.2 0.4 0.6 0.8 1 1.2

Crack width, mm
Fig. 11 Load-crack width relationship for group (1)

crack observations made immediately prior to failure for all strengthened specimens,
The parameters considered in this study include the average crack spacing (S,,), the
maximum crack spacing (S,,,,) seen in the strengthening layer, and the number of
formed cracks (N) inside the middle third span at failure (P). In an overview of the
results, it clearly shows that as the number of glass fiber textile meshes increases,
average crack spacing steadily decreases, while the number of produced cracks
increases. Beams B2, B3, B4, and B5 developed 27, 38, 35, and 36 cracks, respec-
tively. Increasing the thickness of beams B6 and B7 to 30 and 40 mm allowed them
to develop 31 and 37 cracks, respectively. The results presented indicate that a higher
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120
100 -
0.702 mm
80 -
2
= .802 mm
- 60 A
5+
o
|
40 4 —8—B1
g == B4
& B6
20
B7
)|
O u T 1 T T T
0 0.2 0.4 0.6 0.8 1 1.2
Crack width, mm
Fig. 12 Load-crack width relationship for group (Il)
Table 6 Cracking characteristics of the GFTM-RSHCC layer
Specimen S,v (mm) Siax (MM)
B1 50 115
B2 25 75
B3 20 47
B4 35 44
B5 25 40
B6 50 100
B7 30 40

concentration of GFTM in the strengthening layer improves the flexural behavior by

reducing crack width and facilitating more uniform crack distribution.

Load-deflection response

For beams in group (I), the measurement of load—deflection response is shown in
Fig. 13. In contrast to the specimens strengthened with GFTM-RSHCC, the control
beam (B1) displayed typical elastic and inelastic deflection behavior and ultimately

failed as expected because the tensile steel reinforcement yielded before the concrete

crushed, resulting in much smaller final deflections. Here are some specific character-

istics of each strengthened beam’s load—deflection behavior: At first, the beam exhibits

Page 13 of 20
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150

120

0 = . . . T T
0 10 20 30 40 50 60

Displacement (mm)
Fig. 13 Load-deflection relationships for group |

linear behavior. However, after it reaches the cracking load, cracks begin to appear in the
beam’s mid-region. After this point, the curve starts to deviate from its linear trajectory.
After the strengthened beam reaches its maximum load, the load gradually decreases
until it exceeds the capacity of the control beam (B1). This decrease is caused by a high
strain concentration area in the GFTM-RSHCC layer, which leads to a localized failure
of the strengthening layer. Following this failure, the GFTM (glass fiber textile mesh)
controls the beam’s behavior.

Up to the point of maximum load, beams B3, B4, and B5, which were strengthened
with 1, 2, and 3 layers, respectively, behaved similarly to the control beam B1 in terms
of load deflection. Figure 13 shows that all beams were able to survive inelastic defor-
mation before collapsing after reaching their maximum load, although they did not lose
much resistance in the process. Contrary to what was seen with B2, the strengthened
beams’ load curves softened after reaching their maximum load, and at the peak, the
load decreased progressively until it reached a uniform level.

The load—deflection curve of the group II specimens is shown in Fig. 14. The relation-
ship was shown to be linear up to the cracking stage. Failure occurs with loads of 92.0
and 96.0 kN for specimens B6 and B7, respectively, after the cracking stage, when the
slope of the curves (secant stiffness) declines with increasing load.

Stiffness

According to Marzouk and Hussein [19], the stiffness of test specimens can be assessed
as follows. Initial stiffness, K, is defined as the initial slope of load—deflection curve
and ultimate stiffness, and K, is the slope of load—deflection curve at 90% of peak load.
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150
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Fig. 14 Load-deflection relationships for group Il

Table 7 Stiffness Results for the tested specimens

Group no Specimens Stiffness (Kn/mm) Stiffness (Kn/mm) Stiffness
(Kn/mm)
K; K, K,/ K;
Control B1 12 11.71 097
G1 B2 16 353 0.22
B3 14 432 031
B4 16 4.74 0.29
B5 15 6.57 044
G2 B6 28 853 03
0.3 03 6.94 0.20

Table 7 shows the initial and ultimate stiffness and the stiffness degradation ratio K,/

K for the test specimens. The initial and ultimate stiffness increased as the number of
GTM.

Ductility analysis
To ensure the secure design and strengthening of any structural part, ductility is a neces-
sary need. Understanding how the new strengthening method known as GFTM-RSHCC
affects the ductility of RC components is of the utmost importance. As an indication of
ductility for groups I and II, the ductility index (u,) is defined as the ratio of displace-
ment at the ultimate condition (A,) to curvature at the yield load (AY).

Figures 15 and 16 show that GFTM-RSHCC-strengthened beams have higher dis-
placement ductility indexes (p,) than the control beam. However, the displacement
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Fig. 15 Ductility index relationships for group |

ductility index (p,) of strengthened beams (B2 to B7), strengthened with a glass fiber
textile mesh (GFTM-RSHCC) layer, is higher than the one obtained for beam B1. The
findings seem to imply that using a glass fiber textile mesh layer may effectively improve
the ductility of GFTM-RSHCC-strengthened beams. Moreover, one, two, and three lay-
ers permitted beams B3, B4, and B5 to obtain displacement ductility index (u,) of 3.70,

6.0
WB1 “B4 mB6 mB7
5.0
4.1
4.0 3.7 — 36

24

Ductility Index
(O8]
=)

N
o

1.0

0.0

Fig. 16 Ductility index relationships for group Il
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3.70, and 3.40, respectively, which is suitable to ensure good ductility. Additionally, uti-
lize 30- and 40-mm thickness for strengthened beams B6 and B7 to achieve a displace-

ment ductility index of 4.10 and 2.60, respectively.

Analytical study

Flexural capacity formula using ACI

The American Concrete Institute (ACI 440.2R-02,2005) equation provides a common
equation for calculating the theoretical bending strength of simple beams reinforced

with external FRP materials, assuming they only have tension steel inside:

Mn = Afs(ds — Ac/2) + WrAsfr (df — Ac/2)

The (ACI 440.2R-02,2005) equations for strengthened beams are adapted to analyze
beams with GFTM-RSHCC layers, secondary steel, and embedded reinforcement. This
adjustment considers how these elements affect the internal strain and stress patterns
within the beam under force and takes into consideration the equilibrium of the section
under the forces, as seen in Fig. 17.

The equilibrium equation is as follows:

Cc+ Cs' = T + TrsHcc
Mp = Ts x (ds — A¢/2) + TrsHce X (drshee — 4c/2) + Cs x (Ac/2d)

Where,

Co=y xfquxbxic

C/ =A xf/ =A xEgeey (c—d)/c

Ts = Ag x fg = Ag X Eg ¢y (ds — ©) /c

Trsnce = Arsnec X frRsHee = btrsnec % ErsHec * €cu * (drsnec — ©)/c

The flow diagram in Fig. 18 summarizes the analytical model’s predictions for the flex-
ural nominal moment. Several beams that had been experimentally strengthened and
tested up to their failure point were subjected to the proposed equation. For each beam
in groups, I and II, Table 8 shows the nominal moment values (M,, proposed) calcu-

lated using the proposed equation in comparison to the experimental capacity values
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Fig. 17 Stress—strain relationship for RC beams
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, I N |
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~ Q
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YES |
Evaluate the nominal moment (Mn)
Mn =Ts X (ds = A¢/2) + Trsuce X (drsuce — Ac/2)
+ Cs X (Ac/2d")
Fig. 18 Nominal moment calculation flow chart
Table 8 Verification of proposed model and experimental results
Specimen Mn, experimental KN.m M,, proposed kN.m M,,
experimental/
M,, proposed
B2 28 26.88 1.09
B3 304 30 1.07
B4 344 33.04 1.08
B5 40 36 1.077
B6 36.8 34.96 1.08
B7 38 36.88 1.12
Average 1.09

(M,,, experimental). This comparison shows that the analytical model that was used was

able to accurately predict the nominal capacity, which was close to the results of the

experiments.

Conclusions

Based on the abovementioned discussions, the following conclusions can be drawn:

Compared to the un-strengthened beam (B1), the RSHCC system without GFTM
slightly increases cracking (11%), yielding (13%), and ultimate load (11%).

Compared to the control specimen (B1), strengthened beams showed a signifi-

cant improvement in both flexural strength and ductility. Strengthened beams
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using GFTM-RSHCC showed an increase in ductility of 42% to 83% and a flexural

capacity of 11% to 68%.

+ Increasing cracking, yielding, and ultimate loads have all been greatly impacted by

using the GFTM-RSHCC system from one layer to three layers.

+ Compared to the specimen strengthened by a non-layer of GFTM-RSHCC, crack
localization in the increasing number of layers of GFTM-SHCC strengthening was

delayed. In addition, the number of cracks was dramatically increased.

+ Crack width for strengthened beams with GFTM when compared to the control

beam, it shows a 78% narrowing of the cracking width.

+ The nominal moment for beams strengthened with a GFTM-RSHCC layer was

predicted with high accuracy by the used theoretical model.
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