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Abstract: The need to reduce carbon emissions has recently become prevalent in light of concerns
related to climate change. Since the cement industry causes approximately 8% of global CO; emis-
sions, it might be an urgent necessity to include cement replacement materials within the concrete
industry. An important question arises about if such replacement negatively affects the cyclic or
seismic behavior of reinforced concrete (RC) elements. This research presents an experimental inves-
tigation of the effect of using different percentages of metakaolin replacement on the monotonic and
cyclic behavior of RC beams. The investigated parameters include the flexural strength, ductility and
energy dissipation capacity of the tested beams. The current paper also aims to study the effect of
using the CFRP-strengthening technique with 15% metakaolin replacement on the behavior of RC
beams under the same loading protocols. The experimental results reveal that metakaolin can be
used as a partial substitute for cement up to 20% without negative effect on the concrete behavior
under both loading protocols. For cyclic loading, the percentage of replacement did not negatively
affect the ductility; rather, it provided some improvement.

Keywords: environmentally friendly concrete; partial replacement of cement; metakaolin; RC beams;
cyclic loading; monotonic loading; CFRP stripping; strengthened beams

1. Introduction

The cement production industry contributes significantly to the problem of climate
change. More than four billion tons of cement produced annually is responsible for about
8% of global CO, emissions [1]. Moreover, annual cement production is expected to
increase up to 5 billion tons over the next 30 years. Consequently, there has arisen an urgent
necessity to include cement replacement materials within the concrete industry. Several
materials such as metakaolin, silica fume, fly ash and rice husk ash have been studied as
substitutes for a portion of cement [2,3]. An improvement in the porosity, concrete strength
and workability of the concrete mixture were observed by using these materials. Moreover,
they resulted in a reduction in the calcium hydroxide concentration during pozzolanic
reactions [4-6].

Metakaolin is basically refined kaolin clay that is fired under carefully controlled
conditions to create an amorphous aluminosilicate that is reactive in concrete. The particle
size of metakaolin is generally smaller than cement particles. As a pozzolanic material, it
consists of highly efficient pozzolana and reacts rapidly with the excess calcium hydroxide
resulting from cement hydration to produce calcium silicate hydrates (CSH) and calcium
aluminosilicate hydrates [7-9]. Among its benefits are its low cost and the fact that it saves
energy and reduces the emission of carbon dioxide into the atmosphere.
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The effect of using metakaolin (MK) as a cement replacement with different per-
centages (10 and 15%) was studied by Muralinathan et al. [10]. The results show an
improvement in the strength of concrete with 10% metakaolin compared to 15% as well as
conventional concrete. It is also observed that the addition of metakaolin led to the acceler-
ation of the hydration process and the formation of C-5-H gel which led to an increase in
concrete strength. Saboo et al. [11] studied the effect of using both fly ash and metakaolin as
partial replacements of cement. Different concrete properties such as porosity, permeability,
density and compressive strength were tested. A significant increase in the density and
decrease in porosity was observed when adding 2% of metakaolin.

The addition of 10% of metakaolin improved the 7-day compressive strength 4 times
higher than the conventional concrete [12]. Moreover, the micro-filler effect as well as the
additional C-S5-H gel formation enhanced the binders’ interfacial bond. Using both alkali-
resistant glass fibers and 10% metakaolin increased the concrete flexural strength up to
19% [13]. Increasing the percentage of metakaolin up to 15% increased both the compressive
and flexural strength of concrete, whereas it reduced the concrete workability where the
slump values decreased from 63 mm for 0% metakaolin to 40 mm for 25% of metakaolin
as cement replacement [14]. Much research has been conducted to determine the optimal
percentage of metakaolin as a partial cement replacement; some have recommended
15% [15], while others have found that 10% is the optimal ratio [16-18].

The effect of metakaolin on different concrete properties was studied [19]. An im-
provement in the compressive strength when using (5, 10, 15 and 20%) of metakaolin
was observed as it was (10.0, 21.0, 28.3 and 25.2%) at an age of 28 days, respectively, for
350Kg/ m3 cementitious content, whereas the improvement was (11.7, 23.1, 30.7 and 27.1%)
when using (5, 10, 15 and 20%) of metakaolin, respectively, at 450 Kg/ m?> cementitious con-
tent. The effect of different percentage of metakaolin (5, 10 and 15%) on various properties
of concrete was also studied [20]. The results revealed that an enhancement in the strength
of concrete at all ages was observed when increasing the replacement level. An experimen-
tal investigation [21] studied the effect of metakaolin as a partial cement replacement on
the behavior of a concrete pier. The results show that the maximum concrete strength was
obtained with 10% metakaolin after both 7 and 28 days.

Several studies experimentally investigated the effect of the cyclic loading on the
response of beams. For example, Chalioris et al. [22] studied the effect of using different
volumetric volume of steel fibers (1% and 3%) on the cyclic response of RC beams. Three
beams of 200 x 200 x 2500 mm were experimentally tested under four-point bending load.
The results show an improvement in the overall hysteretic response. The flexural behavior
of high-strength concrete beams reinforced with basalt fiber-reinforced polymer (BFRP)
was investigated by [23]. A total of five concrete beams of 150 x 300 x 2100 mm were
tested under the effect of four-point bending cyclic loading. Different reinforcement ratios
(pg) of BERP were used and one conventional beam was the control beam (577). The results
show that in beams with larger BFRP ratios, residual stiffnesses were higher. More studies
considering the effect of cyclic loading on the response of different concrete types and
members were conducted by [24,25].

The effect of loading rate on the cyclic behavior of reinforced concrete beams was
studied by Xio et al. [26]. Displacement control loading with different loading rate from
0.1 to 10 mm/s was applied to the tested beams. The results revealed that the same failure
mode was observed for the tested beams and more uniform distribution of the crack was
observed with increasing loading rate. Furthermore, increasing the loading rate increased
the strength, displacement and energy dissipation. On the contrary, a reduction in the
ductility was observed with increasing loading rate.

According to the authors” knowledge, the experimental studies on both strengthened
and non-strengthened beams with different percentage of metakaolin as a cement replace-
ment under cyclic loading are very limited. For example, Shankar and Suji [27] investigated
the flexural behavior of high-performance concrete beams under static cyclic loading. A
total of eight reinforced concrete beams were tested; four of them were conventional con-
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crete and the others were replaced by 10% metakaolin as a cement replacement and 30% of
quarry dust as a sand replacement. The results indicated that the capacity of the load is
increased by 8.33% to 26.67% after 28 and 56 days as compared to concrete beams without
replacements. Moreover, it slowed down the first crack formation and a smaller deflection
was observed. The results also showed an increase in both the compressive strength as well
as the tensile strength with the increase in concrete age.

Different strengthening techniques for RC beams, such as jacketing, FRP stripping,
textile-reinforced matrix (TRM) shells, woven fiber bonding, externally bonded steel plates
(EBSP) and near-surface mounted (NSM) steel rebar are used and some of them were
presented in different research [28-34]. Moubarak et al. [31] experimentally studied the
effect of using metakaolin and silica fume as cement replacement materials on the behavior
of RC beams. Different percentages of both materials ranging from 8 to 20% were used.
Moreover, the test was performed under the effect of two equal monotonic loads. The
results revealed that the optimum cement replacement ratio was about 8-12% for the
relatively large-scale beams. While this research focused on the monotonic behavior of
beams constructed via metakaolin replacement, it raised the need for the current study
where the cyclic behavior of such beams is investigated. Tarigan et al. [32] experimentally
compared the effect of using steel plates, CFRP and GFRP on the flexural strength of RC
beams. The conclusion was that CFRP as an external reinforcement was a better choice than
the others. Nine FRP-strengthened beams as well as three non-strengthened RC beams
under cyclic loading were tested by Shrivastava R. et al. [35] to determine the stability point.
Different configurations of tension face externally bonded FRP were used. The results show
that FRP increased the flexural strength of beams and reduced the ductility as it showed
catastrophic brittle failure.

2. Research Significance

As previously shown in the literature review, almost all the conducted studies focused
on the response of beams with metakaolin as cement replacement under the effect of mono-
tonic load. To the authors” knowledge, the experimental studies on both strengthened and
non-strengthened beams with different percentage of metakaolin as a cement replacement
under cyclic loading have not been conducted so far. This study is mainly concerned with
reducing carbon dioxide “CO,” emissions by using metakaolin as a cement substitute
without affecting the concrete strength. Moreover, the study covers the lack of knowl-
edge regarding the effect of downward cyclic loads on RC beams that contain different
percentages of metakaolin as a cement replacement. These beams represent actual cases
of simply supported beams in bridges or factories where the load is always acting down-
wards (vehicle loads in bridges and Clark loads in multistory factories where the loads
can be represented by cyclic loading); see Ref. [36]. To accomplish this, static (monotonic)
loading was conducted first to obtain reference deformation as well as information about
the load deflection curve especially in the post-elastic phase; refer to NEHRP [37]. Then, a
displacement-controlled cyclic loading protocol was designed such that the loading will
always act downwards taking into consideration the expected plastic deflection. Moreover,
to obtain a preliminary insight about any future need to strengthen beams constructed via
metakaolin replacement and whether the existence of metakaolin will cause an adverse
effect, a beam containing metakaolin was strengthened using external CFRP and tested
under the effect of cyclic loading.

The current investigation aims to:

1. Assess the most environmentally friendly concrete mix through the optimum cement
replacement by metakaolin.

2. Study the effect of metakaolin as a partial substitute for cement on the cyclic perfor-
mance of RC beams.

3. Explore the applicability of strengthening beams constructed using metakaolin re-
placement and figure out whether the existence of metakaolin will cause a negative
effect on their cyclic performance.
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4. To perform an experimental investigation utilizing relatively larger-scale specimens
to capture closer behavior to real life applications.

3. Research Program

In the current research, ten simply supported concrete beams with a cross section of
120 x 200 mm and 2000 mm length were tested (see Figure 1). Two loading programs
“Cyclic/monotonic” with four-point bending load were applied on eight non-strengthened
“bare” beams as well as two CFRP-strengthened beams, as summarized in Table 1. The
load was applied using a pinned-end hydraulic actuator for cyclic load and a loading
jack for monotonic load connected to a load cell. The mid-span deflection of beams was
measured by linear variable differential transformers (LVDTs) (see Figure 2). In the cyclic
loading, a displacement-controlled protocol with loading frequency of 0.05 HZ was used
according to the cycles shown in Figure 3. Three cycles of loading were applied at each
displacement amplitude according to NEHRP recommendation [37]. Special care was taken
to assure that the specimen was always loaded in compression only (i.e., loading is always
downwards). In both monotonic and cyclic tests, loading continued until reaching a failure
condition. Both loads and deflections were continuously recorded during the experiment
up to failure using a computerized data acquisition system. Different metakaolin “MK”
cement replacements ranging from 8% to 20% were tested. Two beams were casted for
each percent of “MK” cement replacement: one for the monotonic loading test and the
other for the cyclic loading test. The casted mixes for one cubic meter of concrete and the
corresponding characteristic strengths are shown in Table 2. Both physical and chemical
properties of the used ordinary Portland cement (CEM-I 42.5) as well as the used aggregates
and the properties of the local metakaolin “MK” are shown in Table 3. The used sand
“fine aggregate” and the 5-12 mm well-graded dolomite “coarse aggregate” were chosen
according to ASTM C33 [38]. In order to enhance the workability of the low water content
admixture, Sikament 163 M (ASTM C-494 Type F) was used as a superplasticizer [39].

Table 1. Description of tested specimens.

Cement Replacement % Specimens Loading Criteria
0 RC
8 MKS8
15 MK15 Monotonic
20 MK20
15 MK15-CERP *
0 RC
8 MKS
15 MK15 Cyclic
20 MK?20
15 MK15-CFRP *

* CERP strips with end U-shaped wrapping.

Table 2. Concrete mixes’ proportioning and strength parameters.

s Fi C Metakaolin
ine oarse Replacement Cement Re-
Slump Ec fo o T UPET  water wlc P Cement .
Plast. o Aggregate Aggregate - placement Mix
(cm) (GPa) (MPa) (MPa) (Lit.) (kg) (%) (kg) (kg) % Volume * Weight (kg) o
(kg)

10.50 26.60 2.70 36 - 168 0.42 630 1145 0 0 400 0 RC

11 26.10 2.80 35 32 168 0.42 630 1145 10.24 32 368 8 MKS8
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Table 2. Cont.
s Fi c Metakaolin
Cement Re-
Stmp B g S e we (TS Kebeme o .
- o . placement Mix
(em) (GPa) (MPa) (MPa) (Lit) (kg) (%) (kg) (kg) voVolume * ‘/V(El!(lg)ht (kg) %
8
10 27.50 2.90 37 6 168 0.42 630 1145 18.80 60 340 15 MK15
11 27.90 3.10 40 8 168 0.42 630 1145 24.70 80 320 20 MK20
* Percentage of volume of metakaolin/total volume of cement binder. ** Compressive strength, *** Splitting
tensile strength.
600 | 600 | 600
A4 | !
= = 2T8
' ' & 2T12
A J4—p 120
100 1800 100 - -
2000 Sec. A-A
(a) Typical reinforcement details for all specimens
B 4+—»
P F 2
o r'rrﬁj - 218
= 2 S
) I =] 2T12
b
B 14— CFRP CFRP
Elevation
ﬁr Sec. D-D
e
CFEP

Bottom View

(b) Specimen MK 15-CFRP

(c) CFRP strips with end U-shaped wrapping

Figure 1. Specimen details.
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Figure 3. Displacement-controlled protocol.

Table 3. Properties of used cement, aggregate and MK.

Portland Cement Aggregate MK
(CEM 142.5) Physical Coarse Fine
Specific surface . . e .
area (m?/kg) 362 Specific weight 2.77 2.66 Specific gravity 2.40
Specific weight 3.15 Bulk density (t/ m?) 1.75 1.68 Color Light pink
Soundness (mm) 1.0 Water absorption % 2.28 0.80 SiO, 59.70
Initial setting time (min) 88 Crushing value % 21 — ALOs 30.90
Fe203 2.60
. . . . ici CaO 1.20
Final setting time (min) 165 C;lfglscils;lt /Of 18.5 - Chemical 2
° composition (%) MgO 0.15
Compressive strength of SOs 0.03
standard mortar after 43.0 Fineness modulus — 2.54 KO 0.60
28 days (MPa) TiO, 1.90

Na,O 0.50
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(a) Tension test setup

Steel reinforcement with a 12 mm diameter and a nominal yield stress of 360 MPa
was used as longitudinal bottom steel reinforcement. Moreover, 8 mm steel reinforcement
with nominal yield stress of 240 MPa was used as longitudinal top steel reinforcement
and stirrups. Figure 4 shows the test setup and the obtained stress—strain curve for both
steel grades.

800
700
600 am——me——
)
7 h
500 4
~~
£ /
4
\2_/ 00 i
2 l' //
£ 300 LV e
3 /‘ .
200 Y —=— Mild Steel L
100 / ===~ High Tensile Steel | |
o | | |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Strain (mm/mm)
(b) Stress—strain curves of steel

Figure 4. The Mechanical Properties of the used steel “Experimentally obtained”.

4. Observations on Non-Strengthened RC Beams

The observations of the experimental results for different cases of non-strengthened
specimens listed in Table 1 are presented in this section. Discussions are made in terms of
the results of cyclic loadings, as well as a comparison between the behaviors during cyclic
versus monotonic loading.

4.1. Shape of Failure and Crack Pattern

Regardless of the percentage of cement replacement, the failure mechanism and the
crack pattern tend to be flexural failure, where the first vertical “flexural” crack appeared
at the middle third of the beams due to tension at the bottom of the beam as a result of
the pure bending. By increasing the load, cracks extended towards the top surface of the
beam. Moreover, as a combination between the shear and bending moment, few diagonal
hair cracks appeared closer to the supports (see Figure 5). At failure load, crushing of the
concrete at the top of the middle of the beam was observed. It is worth noting that similar
behavior was observed with the static loading cases (see Figure 6).

4.2. Load—Deflection Relationship

Figure 7 shows the load versus mid-span deflection for beams having different per-
centages of MK replacement. After the first cycle, the first crack occurred and a stiffness
reduction was observed in all specimens. The yielding of the bottom “tension” reinforce-
ment appeared after three cyclic loading groups for the RC, MK8 and MK15, whereas
it appeared after four cyclic groups for MK20. Figure 8 illustrates the envelopes of the
loading—displacement curves, where it clearly shows the behavior of each beam under the
cyclic load. Generally, the initial stiffness was not significantly affected by the percentage
of MK replacement as compared to the RC “control specimen”. Furthermore, up to the
yielding point, the observed stiffness of the cracked section was more or less the same for
all specimens. The trend’s multi-linear behavior is evident where, after the yielding point,
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the stiffness of all specimens degrades. The results indicated that stiffness of beams at the
last cycle was significantly affected by the cement replacement where the percentage of the
stiffness at the last cycle to the initial one, “%SL/SI”, reached 45.50, 47.41 and 52.0 percent
for 8, 15 and 20 percent MK replacement, respectively, as compared to 71% for the control
beams “RC”.

Despite the varied percentages of cement replacement, the maximum and ultimate
loads were almost identical for almost all specimens (see Table 4). This is consistent with
the results presented by Shankar and Suji [27] where a minor increase in the ultimate load
capacity by only 8.33% after 28 days occurred with 10% metakaolin as a cement replacement.

General view Close up view for concrete crushing

(a) Specimen RC.

(d) Specimen MK20

Figure 5. Crack pattern for bare beams “Cyclic loading”.
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General view (a) Specimen RC. Close up view for concrete crushing

(d) Specimen MK20

Figure 6. Crack pattern for bare beams “Monotonic loading”.

Load [kN]
Load [kN]

T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Deflection [mm]

Load [kN]
Load [kN]

T T T

T
0 5 10 15 20 25 30 35 40 45 50 £
Deflection [mm] Deflection [mm]

Figure 7. Load versus mid-span deflection for beams with MK replacement “Cyclic loading”.
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Figure 8. Envelope Curves for Load versus mid-span deflection, for beams with MK replacement
“Cyclic loading”.

Table 4. Load capacity and ductility of beams under cyclic loadings.

Load at Yield, Maximum Load, Ultimate Load,

1D Py(kN) Pmax (kN) Pu (kN) Ductility () *

RC 45.34 48.07 37.35 4.46
MKS8 42.26 47.28 34.61 5.44
MK15 43.40 49.33 37.79 4.36
MK20 47.62 48.19 39.29 4.47

* 1 =maximum deflection/deflection at yield.

4.3. Effect of the Cement Replacement on Energy Dissipation Capacity

The ability of structural elements to dissipate energy while subjected to dynamic loads
reflects the extent of that element’s ability to withstand several cycles of reversed loading.
Based on this importance, the effect of different percentage of cement substitutes on the
total dissipated energy compared to the control sample “RC” was studied. The dissipated
energy was calculated numerically by integrating the area under the load—deflection curve.
Figure 9 shows that, at the initial stage “before yielding point”, all specimens have more
or less the same energy dissipation as the loading—unloading cycles almost coincide (see
Figure 7), whereas after the yielding point and with the increase in deflection, the difference
between the loading—unloading cycles was obviously clear; this reflects the degradation in
the stiffness [23]. In MK8 and MK10, an increase in the total energy dissipation by about
10% as compared to the control RC beam was observed, while with 20% replacement,
the deflection beyond the yielding point increased without significant degradation in the
strength, where the enclosed area by the loading—unloading curve was almost similar
at each displacement level. This allowed for more energy dissipation by about 31% as
compared to the control RC beam; see Figure 7.

On the contrary to the previously shown behavior of the cyclic load, the monotonic
results showed a decrease in the dissipated energy with increasing percentage of cement
replacement by about 39% and 22% with MK15 and MK20, respectively, as compared to
the RC beam, while a minor increase of about 10% was observed with MKS (see Figure 10).
This might be related to the ductility behavior, where for cyclic loading, the percentage
of replacement did not negatively affect the ductility, while under the effect of monotonic
loading, using more than 8% cement replacement reduced the ductility.
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Figure 9. Envelope curves for the dissipated energy for beams with MK replacement “Cyclic loading”.

70 T T T T T T T T T
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= MK8(Cyc.)
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Deflection[mm]

Figure 10. Comparison between load versus mid-span deflection for beams. Under “Monotonic
(Mon.) and Cyclic (Cyc.) loading”.

4.4. Comparison between Cyclic and Monotonic Loads for Non-Strengthened Beams

Only comparison between the monotonic and cyclic results will be performed here.
For more discussion about the monotonic results, see [31]. Figure 10 clearly indicates that
the initial stiffness before the first crack as well as the stiffness of the cracked section up to
the yielding point was not significantly affected by the loading type, whereas a slight to
moderate increase in both yielding and maximum loads for all beams under cyclic loading
is observed, where the peak reached 31% and 33% with MK15, respectively, as compared
to monotonic loading. The same behavior is observed with the ultimate load where it
reached its maximum with MK20 with a 30% increase as compared to monotonic loading.
Such behavior can be explained based on the difference in the steel behavior during the
monotonic and the cyclic loading explained by Kaufmann et al. [40], where it was observed
that the cyclic loading significantly increased the post-yielding stress as compared to the
monotonic loading; see Figure 11. Moreover, it can also be related to the fact that loading
type affects the modulus of elasticity of the concrete, where the ratio between the static
modulus of elasticity (E.) and the dynamic modulus (Eq) is always smaller than unity and
ranges between 0.72 and 0.83 [41,42]. Furthermore, during the cyclic loading condition, the
loading and unloading process gives the beams the chance to redistribute the applied loads
and close the formed cracks during the unloading stage. These reasons integrate and cause
an increase in both yielding and maximum loads under the cyclic loading as compared to
the monotonic one.



Buildings 2022, 12, 719

12 of 17

Monotonic
= - -Cyclic

Stress

Strain
Figure 11. Comparison of Monotonic and Stabilized Cyclic Stress-Strain Behavior of Steel.

4.5. Ductility

Ductility can be described as a structure’s ability to withstand inelastic deformations
beyond its initial yield deformation while maintaining its load resistance [43]. The ductility
index (DI) or factor (1) has traditionally been used to assess the ductility. The ductility
index (DI) or factor (1) may be obtained using the following equation:

Ay

-5 M

v

where (Ay, Ay,) are the mid-span deflection of the beam at the yielding load and ultimate
load, respectively.

Table 4 shows that the percentage of replacement did not negatively affect the ductility;
rather, it provided some improvement, as in the case of MK8, where the ductility increased
by 22% as compared to the RC specimen.

Figure 12 illustrates that a minor decrease in the ductility index “DI” for cyclic loading
is observed as compared to the monotonic one. This can be attributed to the observation
that the yielding displacements for both loads were close, but the displacement at failure
under the monotonic loading was slightly larger. This might also be related to the higher
dynamic modulus of elasticity “Eq” compared to the static one “E” [41,42].

R.C _
|| Cyclic

’
6
51

/’;,/,4

o

,f’/l .

MK20 o MK8

MK15

Figure 12. Comparison between “D.I” for monotonic and cyclic loading.
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From the results of the current research, it may be concluded that metakaolin as cement
replacement can be used up to 20% without a negative effect on the behavior of RC beams
under cyclic or monotonic loading protocols, whereas previous studies [6,13,16,17,20,21]
show that 10% was the optimum percent and others [14,19] noted that the optimum cement
replacement was 15%. The difference in the optimum percentage might be related to the
fact that the previous research was conducted using small-scale specimens under the effect
of monotonic loading only.

5. Observation on Strengthened Beams

As a case study, two beams having MK replacement of 15% were strengthened by
external unidirectional CFRP 120 mm-wide strips “SikaWrap”; see Table 1. As given in the
manufacturer data sheet, the CFRP strips have a dry-fiber tensile strength = 4900 N/mm?,
modulus of elasticity in tension = 230,000 N/ mm?, and elongation at break = 1.7%. The
fiber density is 1.80 g/cm? and the dry-fiber thickness is 0.129 mm. One beam was tested
under cyclic loading while the other was tested under monotonic loading. Moreover, the
fibers were wrapped at their ends with U-shaped cross fibers (see Figure 1b,c).

5.1. Mode of Failure and Crack Pattern

The tension of the pure bending at the bottom of the beam caused first vertical flexural
crack at the middle third of the beam, while moving away from the middle third of the
beam, diagonal cracks appeared as a result of the combined action of shear and bending
moment. The behavior of the CFRP-strengthened specimen was significantly different.
CFRP strengthening increased the beam’s flexural capacity. Consequently, a brittle shear
failure mechanism took place as seen in Figure 13a. This is also in contrast to the monotonic
load, where concrete crushing at the mid-span occurred, as seen in Figure 13b. This might
be related to the increase in the modulus of elasticity (E4) as compared to the static one (Ec)
and the increase in the post-yield stress of steel due to the effect of cyclic loading [40—42].
There is also another reason that cannot be ignored, which is the occurrence of debonding of
the CFRP strip at mid-span, “the section of maximum moment”, which abruptly decreased
the capacity of the section causing such a failure pattern with the monotonic loading.

5.2. Load—Deflection Relationship
5.2.1. Comparison between Beams (MK15-CFRP) and (MK15) under Cyclic Loading

Figure 14 shows the load versus mid-span deflection curve for the MK15-CFRP and
MK15 beams. For both beams, the first crack with progressive stiffness reduction was
observed after the first cycle. Three cyclic loading groups were enough to get the bottom
“tension” reinforcement to the yielding point for both beams, whereas the initial stiffness of
the strengthened beam, in addition to the stiffness of the cracked section, was significantly
higher. Accordingly, the ductility decreased by half the case of the non-strengthened
beam. The results show that the strengthening technique increased the ultimate load by
1.9 times that of MK15; see Figure 14. Moreover, the flexural behavior of failure changed to
brittle shear failure, where sudden failure was observed after reaching the ultimate load as
previously mentioned; see Figures 13 and 14. This is because CFRP strengthening increased
the beam’s flexural capacity.

The strengthening decreased the dissipated energy by 28% as compared to the non-
strengthened beam because the strengthening decreased the ductility as it clearly reduced
the deformation ability of the beam. The results also indicate that the strengthening
decreased the percentage of the stiffness at the last cycle to the initial one “%SL/SI” by
15% as compared to the non-strengthened beam. These observations are fully consistent
with the results of the study carried out by Shrivastava et al. [35], which shows that FRP
increased the flexural strength of beams and reduced the ductility as it showed catastrophic
brittle failure.
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General view of monotonic loading

Debonding of the CFRP strip

(b) Monotonic leading
Figure 13. Crack pattern for strengthened beams with CFRP strips.
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Figure 14. Load-deflection curve for CFRP-MK15 and MK15 beams under cyclic loading.

5.2.2. Comparison between Cyclic and Monotonic Loads for the Strengthened Beams

The behavior of failure for the CFRP-strengthened beam under cyclic loading showed
brittle shear failure, where sudden failure occurred after reaching the ultimate load as
previously mentioned; see Figure 13. The CFRP-strengthened beam under monotonic
loading showed a relatively longer post-peak plateau; see Figure 15. The deformation
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ability and the ductility of the beam under monotonic loading increased by about 20%, as
compared to the cyclic loading case. Moreover, the strengthened beam under cyclic loading
shows an increase in both yielding and ultimate loads by 55% and 53%, respectively, as
compared to the monotonic case. The reason might be that, during the cyclic loading
condition, the loading and unloading process gives the beams the chance to redistribute
the applied loads and close the formed cracks during the unloading stage. In addition to
that, the increase in the modulus of elasticity (Eq) as compared to the static one (Ec) and the
increase in the post-yield stress of steel due to the effect of cyclic loading [40—42] may also
be factors. Consequently, the capacity of the section increased as previously mentioned.
Moreover, it is worth mentioning that in the monotonic case at failure, debonding of the
CFRP strip followed by concrete crushing at the top of the mid-span was observed. This
may be an added reason to decrease the capacity of the beam in the monotonic load’s
case. The energy dissipation of the beam under cyclic loads was increased by about 62% as
compared to the monotonic load case; see Figure 15.

100 — T T T T T T T T T T T T T T T

——CFRP(Cyc.) L]
—— CFRP(Mon.)

90 +

80 + -
70
60

50

Load [kN]

40 4

30 H

20

10

0 1T r 1T 1 - T T T r 1T T T T T T T

0 5 10 15 20 25 30 35 40 45 50
Deflection [mm]

Figure 15. Load—deflection curve for the Strengthened beams with 15% replacement for monotonic

and cyclic Loading.

6. Conclusions

In the present research, tests were performed on ten simply supported concrete beams
of relatively large scale. The effect of using different percentage of metakaolin on the
flexural behavior, ductility and energy dissipation of non-strengthened beams was stud-
ied. Moreover, CFRP strengthening of RC beams with metakaolin replacement was also
explored. Cyclic and monotonic displacement-controlled loading protocols were used in
all beams. Based on the results of the experiments, the following conclusions can be drawn:

Metakaolin as cement replacement can be used up to 20% without a negative effect on
the behavior of RC beams under cyclic or monotonic loading protocols.

Flexural failure is the dominant failure mechanism of non-strengthened beams un-
der both cyclic and monotonic loading protocols regardless of the percentage of cement
replacement.

The percentage of energy dissipation for beams with metakaolin replacement is in-
fluenced by the type of loading. Compared to the control RC beam, energy dissipation
increased under cyclic loading, while it decreased under monotonic loading.

The percentage of cement replacement did not affect either the maximum or the
ultimate loads under the effect of cyclic loading.
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The ductility was not negatively affected by the percentage of metakaolin replacement;
rather, some improvement was observed.

For cyclic loading, CFRP strengthening increased the ultimate load of the beams
significantly. Moreover, it changed the flexural failure mechanism of the non-strengthened
beam to brittle shear failure.

For the strengthened beam, the crack patterns and failure modes differed according to
the loading protocol. Brittle shear failure occurred under the cyclic loading, while under
the monotonic loading, debonding of the CFRP strip occurred followed by crushing of the
concrete at the mid-span.

The obtained results are limited to the scale of the tested specimens. Moreover, other
specimens with higher percentages of metakaolin replacement can be tested.
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