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Abstract

Background Rapid-hardening concrete (RHC) is a specialized type of concrete that gains strength at an accelerated
rate, allowing for faster construction and reduced project timelines. The use of RHC in structural applications, such

as in beams subjected to flexural loads, has gained significant attention due to its potential for improving construc-
tion efficiency. This study focuses on the flexural performance of RHC beams with tension lap splice, which is consid-
ered a common method for joining reinforcement bars in concrete structures.

Results Several parameters were taken into consideration, such as concrete type, concrete cover, and reinforcement
bar diameter. The loading test was performed on sixteen beams to show results of load capacities, moment—displace-

to that of NC beams.

Compressive strength, Mechanical behavior, RHC

ment response, energy absorption, and ductility. As a result, the flexural performance of RHC beams is compared

Conclusions Results indicate that RHC beams require 30 @ splice length after 3 days of casting, while NC beams
require 40 @ splice length after 28 days. The RHC beam had higher load capacities, ductility, resilience, and tough-
ness than NC beams, by 73%, 41%, 82%, and 88%, respectively. The bar diameter and concrete cover had a significant
effect on increasing loads and resilience, while toughness decreased.

Keywords Self-compacting, Rapid hardening, Normal strength, Mixes, Workability, Concrete, Temperature,

1 Background

The rapid-hardening concrete (RHC) is commonly
known as concrete with accelerated strength gain and
can be used to achieve a fast construction pace [1]. High-
performance concrete (HPC) has many requirements,
according to ACI [2]. Early-age development, compac-
tion without segregation, toughness, and volume stability
are the most important requirements for achieving HPC.
Rapid-hardening concrete is a type of high-performance
concrete that can be produced using superplasticiz-
ers that minimize the water-cement ratio and increase
early-age development. Polycarboxylate ether was used
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to make RHC with high strength and workability. Micro-
silica is used to block concrete and reduce cracks result-
ing from the heat hydration process of cement [3-5].

The use of reinforced bar splices in reinforced elements
cannot be avoided in several cases. Due to limitation of
rebar length, reinforced bars must be connected to con-
struction sites to ensure reinforcement continuity [6].
Lap splicing is the most common method used for splic-
ing reinforced bars [7-11]. A sufficient lap-splice length
was used for the transfer of tensile stress between bars
through concrete without bond failure [12]. Most pre-
vious studies concluded that the lap-splice length has
a major effect on the flexural performance of concrete
elements. Reynolds et al. [13] concluded that lap-splice
performance is affected by the anchorage length. Sev-
eral parameters were considered in this study, such as
concrete strength, concrete cover, and transverse steel,
as the main factors in the investigation test. The flexural
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performance of reinforced concrete beams is directly
affected by the overall performance of the structural
system. The reinforcement system is a major factor that
affects the flexural performance of beams [14]. The code
provisions of the ACI [15] and Euro code [16] include
many parameters that cannot be considered theoretically.
The researchers attempted to use some parameters to
determine the accurate splice length.

The demand for RHC with better behavior and lower
costs has led to increased research on upgrading or
exploiting the structural mechanical performance by
introducing innovative materials, structures, and tech-
niques [17-26]. Rui Yu et al. [27] conducted an experi-
ment on rapid-hardening concrete, and their study
revealed that the strength developed the fastest at three
hours, reaching 55 MPa with a gypsum substitution rate
of 15%, which increased to 81 MPa after seven days.
Yelbek Utepov et al. [28] tackled the frost resistance
challenge in RHC by utilizing micro silica and CaCl2
modifiers, obtaining superior results in freeze—thaw
cycles and expanding opportunities in cold climates [29].
Cangino et al. [30] studied the use of rapid-hardening
concrete for the construction of a small-span bridge
that repairs and reopens within 24 h. Cook et al. [31]
studied the flexural performance of reinforced BCSA
concrete beams, thus it showed tensile strength and
ductility compared to normal concrete. Jacek et al. [32]
tested high-early strength concrete that was evaluated for
compressive strength without the use of heat. The use of
Portland cement can lead to a compressive strength of
36 MPa after 16 h. The flexural behavior of high-strength
concrete beams with tension lap splices was investi-
gated by Magda et al. and Azab et al.[33, 34]. The behav-
ior of a tension lap-splice on self-compacting concrete
was investigated by Azab et al. [35]. In previous studies,
many researchers have investigated RHC mixes, as in the
research of Najm et al. [36]. The flexural behavior of RHC
beams, which were performed in the research of Wael
et al. [37]. The current study aims to investigate the flex-
ural performance of RHC beams with tension lap splices
and compare them to normal-strength beams owing to
the gap in research in this field.

Researchers have investigated various parameters
to understand the flexural behavior and tension-splice
strength in concrete [38, 39]. Different design codes spec-
ify the minimum required lap-splice length for different
bar diameters to prevent splitting. For example, Tepfers
et al. [40] concluded that the stress imposed by reinforced
bars in concrete can lead to splitting cracks along the
longitudinal direction. Hegger et al. [41] reported tests
on specimens with two bar sizes reaching bar stresses of
up to 600 MPa with lap-splice lengths ranging from 23
to 44 times the bar diameter. Richter et al. [42] tested
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lap-splices under direct tension in concrete beams. The
results showed that, contrary to what is suggested in ACI
408R [43], strength does not increase proportionally with
lap-splice length. Glucksman et al. [44] conducted tests
of lap splice specimens with high-strength reinforcement
and lap splices exceeding 40 (d,). He found that lap-
splice strength is not proportional to its length. Frosch
et al. [45]observed that for unconfined lap splices shorter
than 80 times the depth, the bar stress increased with the
lap length. Micallef et al. [46] investigated the effect of
splice length on both ductility and strength by compar-
ing different lap splice lengths. The study indicated that
an increase in splice length resulted in improved ductil-
ity but decreased lap strength. Wu et al. [47] studied the
bond strength of tension lap splices in both self-com-
pacting and conventional concrete beams. Their results
showed a similar bond strength behavior between self-
compacting and conventional concrete.

The aim of the study was to investigate the performance
of RHC beams with tension lap splice under flexural
loading and compare it with normal concrete beams. To
achieve this, a series of experimental tests are conducted
on full-scale RHC beams, along with control specimens
made of normal concrete. The specimens are designed
and constructed according to relevant design codes and
standards.

2 Advances in rapid-hardening concrete

The demand for HPC with high-strength concrete was
crucial. Rapid-hardening concrete can achieve a notice-
able strength of more than 21 MPa in 24 h while main-
taining excellent flexural performance [48]. Concrete’s
mechanical properties have a significant impact on bond
characteristics, making concrete type an important
parameter in the study of structural element behavior.
Rapid-hardening concrete has distinct microstructures
and failure modes during compression compared to
normal-strength concrete. The RHC has recently been
used in a number of major projects, including the Cairo
monorail, which is regarded as one of the most impor-
tant green transportation systems in the Middle East. The
RHC is used to manufacture guideway beams for Cairo
monorails, as depicted in Fig. 1. The limited number of
molds makes it difficult to pour all of the beams on-site.
Although RHC is more expensive than NC, it shortens
the project’s construction time.

3 Design recommendation for splice length

To calculate the splice length of rapid-hardening concrete
beams, a review of code provisions was conducted. Inter-
national code recommendations by ACI 318R-19 [49],
and Egyptian code [50] can be applied to RHC beams.
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Fig. 1 The monorails guideway beam manufactured from Rapid-Hardening concrete

3.1 ACI318R-19[49]
Lap splice not less than larger (300 mm) and (48 dy ) for
deformed uncoated bar or wire.

According to ACI [49] Article 25.4.2.4a

By tdeysyg

L= 500 (of +ker) jdp —

300 (1)

(¢f + kur) /dp < 2.5, ¢f = min (cp, Cs0, Csi)
+05d,, ktr @)
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¥, is the traditional reinforcement location factor and
equal 1 for bottom casted beam. ¥, is a coating factor
reflecting the effects of epoxy coating=1. But (¥, X ¥g)
not less than 1.7, =1 for normal weight concrete. ¥, is the
reinforcement grade and equal 1. ¥ is the bar diameter fac-
tor and equal 0.8. fc is concrete compressive strength and
equal 64.3 MPa. Fy is steel yielding strength and equal 500
MPa. ¢, =thickness of bottom concrete cover. C, =thick-
ness of side concrete cover. C;=one half of the center to
center spacing of bars. A, is the total area of confining rein-
forcement within spacing across plane. n is the number
bars being spliced along the plane. s is the center to center
spacing of transverse bars. When lap splices are used, the
required lap splice is defined as (1L, or 1.3Ly).

3.2 Egyptian code (ECP-2020) [50]

La = [aBn(fy/vs)/ (4fon)] @ (3)
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According to (ECP-2020) [50], Eq. (3) used to estimate
tension splice length for concrete elements. y=1 for
splices near the bottom surface of beams. B=correction
factor for bar surface and equals 0.75 for deformed bars,
a=correction factor for bar ends and is equal to 1 for
straight bar and 0.75 for the bent and u-shape end f,, is

the bond strength of concrete and equal to 0.3 y/ %, f.is

the concrete compressive strength in MPa and y, is con-
crete strength reduction equal 1.5, The compressive
strength of RHC and NSC equal 50 MPa, According to
ECP-203 [50] clause (4-2-5-4-2-C) the splice length shall
be taken=1.3Ld in case that the actual reinforcement
less than double the total required reinforcement area
(splice of all reinforcement bars in the same zone).

4 Methods

4.1 Materials properties

The rapid-hardening concrete (RHC) created in the
current paper was produced with Portland cement
(CEM 1II 52.5N) from the Suez factory that complied
with Egyptian standard specifications. The cement con-
tent of RHC and NC is 475 kg/m?>. Clean tap water free
from impurities was used for mixing the concrete. Fine
aggregates were natural sand with a specific gravity of
2.67 and a fineness modulus of 2.35. Crushed limestone
aggregate with a maximum aggregate size of 10 mm the
grading of aggregates has been performed to achieve
the rheological properties of concrete. The superplasti-
cizers were polycarboxylate ether-based 3rd generation
chemical admixtures that allow a reduction of water by
40%. The composition of RHC and NC is presented in
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Table 1 Design of the concrete mix (per m?)

Components (kg/m3) Normal Rapid-

concrete hardening
concrete

Cem Il 475 475

Water 250 174

w/c 0.48 035

Coarse aggregate (10mm) 875 875

Fine aggregate (sand) 884 884

superplasticizer HRWR (L/m?>) - 10

plasticizing agent accelerator (L/m?) - 3

Micro silica 25 25

Table 1. It can be noticed that the use of micro silica as
a reduction of heat resulted from the cement-hydration
process and improved long-term durability. The abso-
lute volume method recommended by ACI [51] was
used to determine the required quantities of materials.
The RHC mix reaches 63.4 Mpa after 3 days while NC
reaches 50 Mpa after 28 days. Reinforcement on the
tension side consists of 2 or 3 bars of 10, 12 diameters
while two deformed 10 mm in compression zone. Two
bar tested form each diameter to express mechanical

Table 2 Mechanical properties of steel
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properties of steel. The mechanical properties of steel
are presented in Table 2.

4.2 Rheological properties of RHC

The rheological properties of RHC had been evaluated
by several tests of slump-flow and u-test, as shown in
Fig. 2. Slump flow was performed according to stand-
ard methods defined in Italian standards as illustrated in
Fig. 3. The rheological properties of RHC fully satisfy the
self-compacting concrete requirement according to Ital-
ian standards [52]. To assess the feasibility of using RHC
on a construction site where casting operations can take
a long time, a test to evaluate slump loss vs. time was
conducted. The rheological properties of RHC mixes
are depicted in Table 3. The use of polycarboxylate ether
in the production of RHC reduces water content while
increasing workability.

4.3 Test specimens

The experimental program investigated sixteen simply
supported concrete beams reinforced with high-grade
steel bars. Each beam contained spliced bars designed
to fail in tension within a constant moment zone.
The schematic view of the test setup is presented in

Type Nom Actual diameter Yield strength Tensile strength Elongation (%) Rm/Reh
diameter (mm) Reh Rm After Breaking
(mm) (Mpa) (Mpa)
High strength 10 10.08 589.5 7659 27 1.30
Steel grade 500 MPa 12 12.11 587.6 788.9 24 134
16 16.13 5819 729.1 243 1.25

Fig. 2 The U-test and L-Box test
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Fig. 2. All specimens had a rectangular cross section of
150 mm X 200 mm, a clear span of 1800 mm, and a total
length of 2000 mm, as shown in Fig. 1. The beams were

Table 3 Rheological properties of RHC and limit values according to UNI 11040 for (SCC)

Fig. 3 Slump flow test

(2024) 13:22
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subjected to two concentrated static loads (four-node
testing) under simple support conditions. Details of the
tested specimens are provided in Table 4 and Fig. 4.

Test Test results Limits value Notes
Slump flow D=750-770 mm D>600 mm D: refer to the diameter of concrete at the end of the test after 90 min=750
L-box Hy/H =11 Hy/H,>0.8 H,, H,: refer to the height of concrete after and before entering the L—box gate
U-test (TO) 9.8 6-12s T: refer to the time of concrete to pass through U-test
U-test (T5) 12.1 TO+3s Second U-test
Table 4 Details of specimens
Group No Beam designation Splice length Bar dia. (mm) Concrete cover RFT ratio Type of
L, (mm) (mm) (p) concrete
1 M-LOx 10-R.852-C20 - 10 20 0.852 RHC
2 M-L20x 10-R.852-C20 200 (209) 10 20 0.852 RHC
3 M-L30x 10-R.852-C20 300 (309) 10 20 0.852 RHC
4 M-L40x 10-R.852-C20 400 (409) 10 20 0.852 RHC
Il 5 M-L0Xx 12-R.852-C20 - 12 20 0.852 RHC
6 M-L20x 12-R.852-C20 240 (209) 12 20 0.852 RHC
7 M-L30x 12-R.852-C20 360 (30Q) 12 20 0.852 RHC
8 M-L40x 12-R.852-C20 480 (409) 12 20 0.852 RHC
Il 9 M-L0X 10-R.902-C30 - 10 30 0.902 RHC
10 M-L20x 10-R.902-C30 200 (20Q) 10 30 0.902 RHC
1 M-L30x 10-R.902-C30 300 (309) 10 30 0.902 RHC
12 M-L40x 10-R.902-C30 400 (400) 10 30 0.902 RHC
I\ 13 N-LOx 10-R.852-C20 - 10 20 0.852 NC
14 N-L20x 10-R.852-C20 200 (209) 10 20 0.852 NC
15 N-L30x 10-R.852-C20 300 (309) 10 20 0.852 NC
16 N-L40x 10-R.852-C20 400 (409) 10 20 0.852 NC

RHC beams tested at age 3 days while NC beams tested at 28 days
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Fig. 4 Reinforcement details and concrete dimensions for all Beams

A four-part notation system is used to identify the vari-
ables for each specimen:

Part 1: Concrete type ("M" for rapid-hardening
concrete, "N" for normal concrete).

Part 2: Splice length as a factor of bar diameter (e.g.,
"L20" for 20 times bar diameter).

Part 3: Reinforcement ratio ("R0.852", "R0.902" for
0.852 and 0.902 reinforcement ratio, respectively).
Part 4: Concrete cover ("C20", "C30" for 20 mm and
30 mm cover, respectively).

Unspliced specimens are designated as "control
specimens."

The beams were designed according to the Egyptian
code of practice.

Group (A): consists of four beams with the same
reinforcement ratio of 0.852% and concrete cover of
20 mm but different in splice length (0, 20, 30 and 40)
times bar diameter 10 mm. Group (B): consists of four
beams with the same reinforcement ratio of 0.852% and
concrete cover 20 mm but different in splice length (0,
20, 30 and 40) times bar diameter 12 mm.

Group (C): consists of four beams with the same rein-
forcement ratio 0.852% and concrete cover 30 mm but
different in splice length (0, 20, 30 and 40) times bar
diameter 10 mm.

Group (D): consists of four beams with the same rein-
forcement ratio of 0.852% and concrete cover 20 mm
but different in splice length (0, 20, 30 and 40) times bar
diameter 10 mm. The main difference from group (A) is
the concrete type (normal concrete).
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Fig. 5 A photograph of the test setup
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Fig. 6 The schematic view of the test setup (dimension in mm)

4.4 Test procedure

A static hydraulic loading jack equipped with an electri-
cal load cell applied the vertical load. A digital indica-
tor with 1 kN accuracy measured the applied load. Each
beam was centered in the testing machine as shown in
Fig. 5. A schematic view of the test setup is illustrated
in Fig. 6. Loads were applied in increments of 2.5 kN.
At each increment, cracks were observed, marked, and
readings were taken for deflection and steel strain. Fail-
ure was determined as the point where the load could no
longer increase. Deflection at mid-span and under con-
centrated loads was measured using a dial gauge with
0.01 mm accuracy via LVDT. Crack propagation on the
concrete beams was plotted during loading. Steel strain

at mid-span was measured using a 60-mm gauge length
on one deformed bar within the splice region.

5 Results

5.1 Compressive and tensile strength

The compressive and tensile strengths of the con-
crete samples were evaluated in accordance with the
EN 12390-2:2009 testing protocol [53]. An automated
hydraulic press was employed for both compression
and tension tests. For each concrete age, three cubes
and cylinders were fabricated from the same concrete
mix as the tested specimens. Compressive strength was
calculated using the applied failure load divided by the
cube cross-sectional area (f,=f/A,). The tensile strength
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Table 5 Compressive and Tensile strength of the concrete mix

Concrete mix Ages Compressive Tensile
strength (MPa) strength
(MPa)

RHC 8h 31.0 30
16 h 39.0 4.2
24 h 44.5 58
3D 634 89
7D 700 10.1
28D 81.2 11
56D 85.1 11.6
90D 90.0 119

NC 24h 10.0 23
3D 20.0 4.0
7D 318 4.7
28D 50.0 56
56D 53.1 58
90D 552 6.0

calculation utilized the applied failure load, cylinder
diameter (d), and cylinder length (L), following the for-
mula f,=2f/TLL.d. Table 5 summarizes the compres-
sive and tensile strength results obtained at 8, 16, 24 h,
and 7 and 28 days. Figure 7 illustrates the failure modes
observed in the tested cubes and cylinders. Figures 8 and
9 visually represent the compressive and tensile proper-
ties of both RHC and NC concrete mixes.

5.2 Failure modes and load capacities

The experimental results for all specimens are presented
in Table 6. The flexural capacity of the specimen rein-
forced with 10 mm was higher than that of the specimen

Fig. 7 Mode of failure of specimens
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reinforced with 12 mm. The flexural capacity of the speci-
men with a concrete cover of 20 mm was higher than that
of the specimen with a concrete cover of 30 mm. The
flexural capacity of rapid-hardening concrete is higher
than that of normal concrete. The flexural capacities of
the specimens are presented in Table 6. A comparison of
the flexural capacities of the groups is shown in Fig. 10.
The crack growth and failure of all the beams are shown
in Figs. 11, 12, 13 and 14. Each beam started to crack at
approximately the same load and flexural stiffness as the
other beams did. It can easily be observed that the crack
initiated from the splice ends at a constant moment zone,
and failure occurred after a longitudinal crack occurred
in the splice region along the tensile reinforcement at
the edge of the splice and extended to the mid-span. All
beams reached their capacity by flexural failure. Only
four specimens failed owing to slippage. The remaining
beams failed in a flexural manner. All specimens with a
splice length of 20 O failed by slippage as they failed to
transfer stress along the splice length. The crack load of
the specimen reinforced with 12 mm steel was higher
than that of the specimen reinforced with 10 mm steel.
The crack load of the specimen with a concrete cover of
30 mm was higher than that of specimen with a concrete
cover of 20 mm. The crack load of rapid-hardening con-
crete is higher than that of normal concrete, owing to its
higher strength development. The ultimate load of the
specimen reinforced with 10 mm was higher than that
of the specimen reinforced with 12 mm, except for that
of the control specimen without a splice. The ultimate
load of the specimen with a concrete cover of 30 mm
was higher than that of specimen with a concrete cover
of 20 mm, except for the control specimen. The ultimate
load of RHC is higher than that of normal concrete. The
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Table 6 Experimental results

Group Beam ID Pcr Acr Mcr Pu Au Mu Ay H T R Failure mode
I M-LOx 10-R.852-C20 213 20 128 93.8 326 56.3 106 3.1 338x10° 33%10° Flexure
M-L20x 10-R.852-C20 20.0 15 12.0 1175 19.5 70.5 1.3 1.7 275%10° 48x10° Slippage

M-L30x10-R852-C20 338 27 203 1100 545 660 119 46 388x10>  5x10? Flexure
M-L40x 10-R852-C20 475 32 285 1200 338 720 78 44 456x10°  31x10°  Flexure
[ M-LO X 12-R.852-C20 375 34 225 988 250 593 103 24  35x10° 38%x10°  Flexure
M-L20x12-R852-C20 350 33 210 850 170 510 91 19 325x10°  25x10°  Slippage
M-L30x12-R852-C20 563 7.9 338 1038 320 623 131 24 513x10>  5x10° Flexure
M-L40x 12-R852-C20 338 18 203 1088 278 653 79 35  458x10®>  29x10°  Flexure
1] M-LOx 10-R.902-C30 350 29 210 875 105 525 8.1 13 16x10% 23%x10°  Flexure
M-L20x10-R902-C30 613 43 368 1463 199 878 119 17 319x10>  69x10>  Slippage
M-L30x10-R902-C30 363 24 218 1363 185 818 103 18  181x10>  56x10°  Flexure
M-L40x 10-R902-C30 475 30 285 1500 280 900 125 22  338x10°  74x10°  Flexure

\% N-LOx 10-R.852-C20 138 19 83 759 372 455 124 30 303x10®>  3x10? Flexure
N-L20x10-R852-C20 253 3.1 152 449 72 269 58 13 81x10° 12x10°  Slippage
N-L30x 10-R.852-C20 173 25 104 598 106 359 92 12 84x10° 2.1x10>  Flexure
N-L40x 10-R.852-C20 196 30 1.7 748 397 449 92 43 334x10>  23x10°  Flexure

Pcr: crack load (kN)

Pu: ultimate load (kN)

Acr: deflection at crack load (mm)
Au: deflection at ultimate load (mm)
Ay: deflection at yield load (mm)
Mcr: crack moment (kN m)

Mu: ultimate moment (kN m)

u: ductility index=Au/Ay

T: toughness (kN mm)

R: Resilience (kN mm)

160.0 B Pcr mPu

140.0

120.0

100.0
80.
60.
40.
I i i
0.

B9 B10 BIll Bl2 BI3 Bl4 BI5 BIl6

crack and ultimate load (kN)
S S [ (=]

(=]

Beams
Fig. 10 The crack and ultimate load for all beams
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M—LAOXx1O0O—R.852 —C20

Fig. 11 The crack pattern for group (1)

minimum splice for RHC beams is 300, while for NC
beams is 40Q.

5.3 The moment-displacement response

The moment—displacement response curves of all speci-
mens are shown in Fig. 15. The moment—displacement
curves of all beams can be divided into two zones. In the
first zone, the moment—displacement curves of all speci-
mens are linear with increasing load until it reached yield
point. In the second zone, the curves lose their linearity
starting from the yield point until it reached failure.

5.4 Displacement ductility

Ductility is defined as the ability to withstand non-elas-
tic behavior. The ductility of a structural element is pro-
portional to the amount of energy gained under a given
load. The ductility index is used to assess the ductility of

structural elements [54]. The ductility factor () is the
ratio of a structural element’s displacement at the ulti-
mate zone (Au) to its displacement at the yield zone (Ay)
[55], as illustrated in Fig. 16. The displacement corre-
sponding to the maximum load (Au) is easily calculated.
To calculate displacement (Ay), draw two tangents on the
end yielding and find the maximum point of the load-
deflection curve at the intersection point. The ductility
index for all samples is shown in Fig. 17. The effect of bar
diameter on ductility can be easily observed. By increas-
ing the bar diameter from 10 to 12 mm, the average duc-
tility of the specimen decreases. The effect of concrete
cover on the ductility by increasing cover from 20 to 30
mm, the average ductility of the specimen decreases.
The ductility of a rapid-hardening concrete specimen
is higher than normal concrete specimen except for the
control beam without a splice.
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Fig. 12 The crack pattern for group (Il)

5.5 Resilience

The area under the elastic zone until the yield point can
be defined as resilience. The resilience of all beams is
shown in Fig. 18. The ability of the structural elements
to deform elasticity can be defined by the yield point
of the elastic zone. The resilience of the specimen rein-
forced with a bar diameter of 10 mm was higher than
that of the specimen reinforced with a bar diameter
of 12 mm. The resilience of the specimen with a con-
crete cover of 20 mm was less than that of the speci-
men with a concrete cover of 30 mm. The resilience of
rapid-hardening concrete was higher than that of nor-
mal concrete, except for the control specimen without
a splice.

5.6 Toughness

Toughness is the capability of a material to absorb
energy and deform plasticity without any fracture. It
considers the properties of a material that can be ana-
lyzed in terms of the critical stress intensity. The energy
absorption was very close to the definition of toughness.
Energy absorption is an important property of struc-
tural elements. The energy absorption is directly pro-
portional to the area under the load—deflection curve.
The total area under the curve was calculated by add-
ing the two successive displacement zones. The tough-
ness of all samples is shown in Fig. 19. Increasing the
bar diameter from 10 to 12 mm increased the tough-
ness of the specimen. The specimen gains more load to
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Fig. 13 The crack pattern for group (lll)

reach the failure point. When the concrete cover was
increased from 20 to 30 mm, the toughness of the speci-
men decreased. The toughness of the rapid-hardening
concrete specimens was higher than that of the normal
concrete specimens, except for the control specimens
without a splice.

6 Discussion

6.1 Effect of splice length on the flexural performance

The effect of the splice length on the general behav-
ior of the beams depends on several parameters tested
experimentally in this study. All specimens failed flexur-
ally, except for four that failed in slippage. The specimen
with a splice length of 200 failed to slip because it failed
to transfer stress along the splice length. The first crack
occurred at 30% of the ultimate load of the RHC beams
and 20% of the ultimate load of the NC beam. The speci-
men with a splice length of 20 @ exhibited a 25.2% and
45.5% higher ultimate load and resilience, respectively,
compared to the control specimen without a splice. The

crack load, ductility, and toughness decreased by 6.1%,
45.2%, and 18.6%, respectively. The specimens with
splices of 30 and 40 @ exhibited higher crack load, ulti-
mate load, ductility, resilience, and toughness than the
control specimen by averages of 90.8%, 22.6%, 45.2%,
23%, and 22.7%, respectively. Previous studies performed
by Magda et al. [33] and Azab et al. [34, 35] concluded
that the minimum required splice length is 400 in high-
strength concrete and self-compacting concrete. The
minimum splice length required in this paper was 300
for the RHC. Moreover, the splice length of 400 shows
the best performance for rapid-hardening concrete and
normal concrete beams. Safe design of splice length in
RHC beams is based on the required splice-length design
recommendations from different codes. Based on the
results of the experimental study and code provisions,
the lap-splice length required to satisfy the yielding of the
reinforced bars and load capacity exceeding the control
specimens is presented in Table 7.
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Fig. 14 The crack pattern for group (V)

6.2 Effect of bar diameter on the flexural performance

The effect of bar diameter on the reinforcement of the
beams had a positive effect on the splice zone of the beam
(maximum positive moment). The beams reinforced with
10 mm exhibited an average ultimate load, ductility, and
resilience of 11.3%, 35.3%, and 14.1%, respectively. Crack
load and toughness reduced by an average of 24.6%, 11.5
%, respectively. These results agree with those of Azab
et al. [35], who concluded that using a smaller bar diame-
ter with the same reinforcement ratio increases the beam
ductility and capacity.

6.3 Effect of concrete cover on the flexural performance

The side and bottom concrete covers had a major effect
on determining the suitable splice length. By increas-
ing the concrete cover from 20 to 30 mm, the resil-
ience, crack, and ultimate load increased by an average
of 37%, 47%, and 18%, respectively. The ductility and
toughness of the beam with a concrete cover of 20 mm

were higher than those of the beam with a concrete
cover of 30 mm by averages of 97% and 46%, respec-
tively. Magda et al. [33] concluded that increasing con-
crete cover reduces cracks and ultimate loads, as well as
stiffness and ductility of beams. However, this does not
agree with the results of the present study. The effect
of various concrete covers on utilizing the splice-length
value.

6.4 Effect of concrete type on the flexural performance
The compressive strength of concrete varies depending
on its type. RHC compressive strength was 27% higher
than that of NC after 28 days. The RHC beam outper-
formed the NC beams in terms of load capacity, ductil-
ity, resilience, and toughness by 73%, 41%, 82%, and 88%,
respectively. The first crack occurred at 30% of the ulti-
mate load of the RHC beam and 20% of the ultimate load
in the NC beams.



El Fakhrany et al. Beni-Suef Univ J Basic Appl Sci (2024) 13:22 Page 15 0of 19

Group (I) Group (1)
100 100
90 90
80
70

S

50 F (‘ D
o £

30

20 J!

10 J

0+

Moment (KN.m)
Moment (Kn.m)

0 10 20 30 40 50 60 70 80
Displacement (mm)

6 10 20 30 40 50 60 70 80

Displacement (mm)

—8—M-LO0x10-R.852-C20  —4&—M-L20x10-R.852-C20 —0—M-LO0x12-R.852-C20  —4&—M-L20x12-R.852-C20
M-L30x10-R.852-C20 M-L40x10-R.852-C20 M-L30x12-R.852-C20 M-L40x12-R.852-C20
Moment-displacement curve for a group (I) Moment-displacement curve for group (II)
Group (I1I) Group (IV)
100 100
90
90
80 /‘A\/- ik aca—ich -
g 7 1 ‘ g 70
I 4 Q 60
= 50 g 0 o0 o
5 ' 2 40 . toaas o o ~e
g i g’ 30 i
30 AR
2 20 AR
10 10 ‘ \H‘l—A
® 0
0 10 20 30 40 50 60 70 80 0 1020 30 40 50 60 70 80
Displacement (mm) Displacement (mm)
—8—M-L0x10-R.902-C30  —#&—M-L20x10-R.902-C30 —0—N-LOx10-R.852-C20 ~ —&—N-L20x10-R.852-C20
M-L30x10-R.902-C30 M-L40x10-R.902-C30 N-L30x10-R.852-C20 N-L40x10-R.852-C20
Moment-displacement curve for a group (III) Moment-displacement curve for group (IV)

Fig. 15 Moment-displacement curve for all specimen

7 Conclusion in terms of load capacity, moment displacement, ductil-
In this study, the flexural performances of rapid-harden- ity, resilience, toughness, and failure mechanism. The
ing concrete and normal concrete beams with a tension  results are summarized as follows.

lap splice were compared. All specimens were compared
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The results indicate that RHC beams require a splice
length of 30 @ after three days of casting, while NC
beams require a splice length of 40 @ after 28 days.
Increasing the bar diameter from 10 to 12 mm resulted
in higher ultimate load, ductility, and resilience by an
average of 11%, 35%, and 14%, respectively. The change in

Load (kN) ¢

Ay u Deﬂeiﬁon(m) the congrete cover from 20 mm to 30 the load capa?ities
Fig. 16 The displacement ductility ratio definition and resilience by an average of 18% and 37, respectively.
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Fig. 17 The displacement ductility of all beams
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Fig. 18 The resilience of all beams
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Fig. 19 The toughness of all beams

Table 7 Required lap splice length of tested beams

Group Beam designation Ly ecp Ly aci Ly, specimen
I M-L20x 10-R.852-C20 418 300 200
M-L30x10-R.852-C20 418 300 300
M-L40x 10-R.852-C20 408 300 400
Il M-L20x 12-R.852-C20 502 300 240
M-L30x12-R.852-C20 502 300 360
M-L40x 12-R.852-C20 502 300 480
v M-L20x10-R.902-C30 418 300 200
M-L30x 10-R.902-C30 418 300 300
M-L40x 10-R.902-C30 418 300 400
Vil N-L20x 10-R0.852-C20 408 321 200
N-L30x 10-R0.852-C20 408 321 300
N-L40x 10-R0.852-C20 408 321 400

The ductility and toughness were reduced by 49% and
31%. The concrete type had a significant effect on the
flexural performance of the beams. The RHC beams had
higher loads, ductility, resilience, and toughness than
the NC beams by 73%, 41%, 82%, and 88%, respectively.
They recommended the use of a new type of admixture
in the manufacture of rapid-hardening concrete. Further-
more, significant research efforts are required to bridge
the knowledge gap in this field and facilitate the practi-
cal application of this technology to diverse concrete ele-
ments such as slabs and columns.

B8 B9 Bl10 Bll Bl2 BI3 Bl4 Bl5 BIl6

Beams
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RHC  Rapid-hardening concrete
NC Normal concrete

SCC  Self-compacting concrete
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