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Abstract 

Rapid-hardening concrete (RHC) is becoming more popular as a cast-in-place joint-
ing material in precast concrete bridges and buildings due to its high tensile strength 
and crack resistance. RHC’s technical properties are highly regarded due to the work-
ing conditions of mega projects. The study assessed the impact of modern modi-
fiers on concrete in order to select a composition of rapid-hardening concrete (RHC) 
with superior mechanical properties. Following an analysis of previous studies by other 
authors, microsilica and a polycarboxylate ether-based chemical additive was chosen 
as basic modifiers in the manufacture of RHC. In addition, four reinforced rapid-hard-
ening concrete beams were tested for operational reliability and durability after 3 days 
of casting. The structural performance of RHC beams was evaluated in comparison 
to normal concrete beam specimens, and it was determined that crack distribution, 
load deflection, reinforcement strains, ductility, and toughness were all important fac-
tors in the evaluation. RHC beams exhibit higher ductility, toughness, ultimate loads, 
and deformability than NC beams. The tensile strength analysis revealed a positive 
impact of RHC, but the shrinkage crack related to heat hydration was crucial.

Keywords:  Self-compacting, RHC, Normal strength, Workability, Temperature, 
Mechanical behaviour

Introduction
Modern construction requires a fast rate of execution, especially in monolithic construc-
tion [1]. The main economic indicator of monolithic house-building is the shortening of 
the time required for constructing one floor to 3 days [2, 3]. Smart city design eliminates 
guesswork in design, resulting in sustainable designs with minimal time/funds [4]. The 
rapid attainment of design strength for monolithic structures necessitates this technical 
requirement due to commercial necessity. To improve the productivity of construction 
activities, it is crucial to increase the turnover of molds and formwork, use equipment 
that is highly effective, and maximize efficiency [5]. Rapid hardening concrete (RHC) is 
commonly known as concrete with accelerated strength gain and can be used to achieve 
a fast construction pace [6]. RHC is a concrete that can reach acceptable compressive 
and flexural strength within a few hours [7]. It is possible for the compressive strength 
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to reach structural concrete quality during the first 24 h of site pouring when it exceeds 
21  MPa [8]. Some research on concrete technology was conducted to produce rapid 
hardening concrete with several approaches. Such as using several types of cement (type 
I cement, type III cement, rapid set cement) and a high cement content (400–800 kg/m3) 
[9]. Maintain a low water to cementitious ratio (0.2 to 0.4) by using a variety of admix-
tures, including calcium chloride and polycarboxylate ether. Consequently, compressive 
strength values could reach 39 to 66 MPa after 24 h [10]. The use of a high amount of 
cement and a low w/c ratio can lead to thermal strains that can lead to cracking and loss 
of durability, which is a major drawback of manufacturing RHC [11–13].

The search for concrete that hardens quickly and has high early strength to repair 
bridge decks without causing traffic disruption has become a top priority. This reason 
led to the creation of a new rapid hardening concrete that uses polycarboxylate ether 
instead of calcium chloride. The demand for better behavior and lower costs has resulted 
in more research being conducted on upgrading or exploiting structural mechanical per-
formance by introducing innovative materials, structures, and techniques [14–23]. For 
the composition of rapid hardening concrete, in this research, the presence of micro-
silica reactive admixture and nanoparticles is used to improve defective and porous 
structures within the concrete [24]. Thus, the concrete material’s durability improves 
while its permeability to chloride ions reduces. Moreover, fine quartz sand was utilized 
to enhance the compactness and uniformity of the aggregate by not mixing coarse aggre-
gate [25]. The use of cement type III instead of cement type I resulted in fewer thermal 
results from the internal chemical reaction that occurs during the cement hydration pro-
cess [26]. Polycarboxylate ether and other recent chemical additives ensure the fluidity 
of the fresh concrete and solve the problem of densely formed elements caused by the 
short setting time of RHC.

However, the mechanical properties of rapid hardening are still unclear, which hin-
ders the application of this innovative type of concrete [27]. The mechanical properties 
of concrete are the main performance indicators, which determine the load-bearing 
capacity of structures such as tunnels and bridges. Despite this, it is regarded as a sig-
nificant foundation for structural design and construction. Rui Yu et al. [28] conducted 
an experimental study on rapid hardening concrete. The experimental results indicated 
that the strength of 3  h developed fastest at 55  MPa when the gypsum substitution 
rate was 15%, while the later strength could be continuously increased to 81 MPa after 
7 days. The Strategic Highway Research Program [8] provided information on materi-
als and concrete aggregate sources in four regions of America to achieve compressive 
strength greater than 35 MPa in 24 h. AL-Manaseer et al. [29–31] Complete experimen-
tal data was obtained using specific cement types that contain proprietary compounds 
to achieve early-strength concrete mixes. Dharm Bhatt et al. [32] perform RHC mixes 
with six types of cement. The compressive strength reached 13.7 Mpa within 3 h, and 
the modulus of rupture was 2.4 MPa, but it was workable for about 20 min. The Federal 
Highway Administration [33] experimented with various mix patterns to produce con-
crete with excellent early strength, enabling traffic to reopen within 4–6 h. Najm et al. 
[34] investigate the influence of cement type, content, water-cement ratio, admixtures, 
and temperature on the properties of RHC. The value of this comprehensive study lies in 
its valuable insights that can be used to optimize mix design and ensure desired strength 
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and workability. Yelbek Utepov [35] tackles the challenge of frost resistance in RHC. By 
using micro silica and CaCl2 modifiers, the researchers achieved a good performance in 
freeze–thaw cycles, expanding the potential applications of RHC in cold climates. Can-
giano [36] performed RHC produced with commonly available raw materials and did 
not contain any silica fume or other pozzolanic materials or accelerating admixtures. 
The concrete mix had a water-to-cement ratio of 0.45 and a compressive strength of 
40 MPa at 1 day and 60 MPa at 28 days. Gabriel Cook [37] studied the flexural perfor-
mance of reinforced BCSA concrete beams. Wael et al. [38] examined the flexural behav-
ior of reinforced rapid-hardening concrete beams to calculate peak load, displacement, 
and flexural strength. Jacek [39] tested high-performance, high early strength concretes, 
which were tested for compressive strength without the use of heat. It has been estab-
lished that utilizing Portland cement CEM I 52.5 R instead of CEM II/A-S 52.5N reaches 
a compressive strength of 36  MPa after 16  h. Despite the above-mentioned investiga-
tions of rapid hardening concrete, few studies have focused on the mechanical proper-
ties of rapid hardening concrete.

The results of this research have a significant implication for the production of con-
struction work. The rapid hardening concrete obtained in this study will be particularly 
useful in construction projects in which a quick turnaround time is required, while the 
structural performance of concrete beams is an important element in structures.

The objective of this research
This study aims to evaluate the mechanical and structural performance of RHC, which 
contains microsilica and polycarboxylate ether and is intended for use in concrete ele-
ments. The influence of temperature is more significant in the design of mixes. Samples 
were tested for workability, compressive strength, and tensile strength. The best mixes 
were used to assess the flexural performance of four reinforced RHC beams, which were 
then compared to normal-strength reinforced concrete beams.

Selection of materials
Cement and micro silica

As per ECP203-2020 [40], there are various types of cement that can be utilized for the 
production of rapid hardening concrete. But in this experimental study the rapid hard-
ening concrete utilized by Cem I and Cem III. Laboratory tests were carried out to 
obtain the physical and chemical properties of the cement and microsilica as illustrated 
in Table 1.

Coarse aggregate

As per ECP203-2020 [40], Crushed dolomite was utilized as the coarse aggregate, with 
a nominal maximum size of 10 mm with a fineness modulus of 4.8 and a specific gravity 
of 3.15. The coarse aggregate used was free of impurities and did not contain any organic 
compounds or honeycomb.

Fine aggregate

As per ECP203-2020 [40], the fine aggregate used in this work is natural sand composed 
of siliceous materials with a fineness modulus of 2.9. The fine aggregates were clean, free 
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of impurities, and with no organic compounds. The grading curve of fine and coarse 
aggregate is shown in Fig. 1.

Mixing water

As per ECP203-2020 [40], clean fresh drinking water was used free from impurities, oils, 
acids, and alkalis for mixing and curing all concrete specimens in this work.

Superplasticizers

Superplasticizers meet the requirements of ASTM C-494 [41] types G and F. This type 
of admixture has a long-chain molecular structure that contributes to the production of 

Table 1  Chemical and physical properties of cement and microsilica

Component/property Cem I Cem III Micro silica

Chemical composition (%) SiO2 21.5 30 96.2

AL2O3 6.0 6.2 0.64

Fe2O3 3 1.7 0.3

CaO 61.2 50.3 0.61

MgO 2.2 5.0 0.03

K2O 0.95 0.7 0.36

SO3 3.1 2.4 0.05

Na2O – – 0.2

Loss on ignition 2.4 2.5 1.32

Insoluble residue 0.9 0.95 ––-

Physical and mechanical properties Specific gravity 3.15 3.0 2.15

Specific surface area (cm2/g) 3540 3000 264,500

Setting time (min) Initial 120 160 ––-

Final 180 195 ––-

Soundness (mm) 1 1 ––-

Compressive strength (N/mm2) 3 days 40 30 ––-

28 days 60 50 ––-

Fig. 1  Grading curves for fine aggregate and coarse aggregate
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high-fluidity, stable concrete while also acting as a viscosity modifier. The retarder used 
met ASTM C-494 standards [41]. Third-generation chemical admixtures based on poly-
carboxylate ether were used as superplasticizers. SP1 is based on Naphthalene Formal-
dehyde Sulphonate (Sikament-nn), SP2 is based on modified polycarboxylate ether from 
Chryso (272), SP3 is based on modified polycarboxylate ether from Chryso (292) and PS 
is an accelerator plasticizing agent (Xel). The ACI recommends an absolute volume [42].

Experimental work
Concrete mix proportion

The absolute volume method was used to determine the quantities of materials required 
for the test batch. The mix proportion for each mix is shown in Table 2. Three standard 
cubes of 150 × 150 × 150 mm and three cylinders of 150 × 300 mm in dimensions were 
cast from each batch. The cubes were used to obtain the compressive strength of con-
crete (fcu), and the cylinders were used to obtain the splitting tensile strength (fctr).

Casting and testing

Cubes of steel based with size 150 mm × 150 mm × 150 mm and cylinders of steel based 
with size 150 mm × 300 mm were taken for preparation of concrete mix sample. Con-
crete materials used in the mix proportion are presented in Fig. 2. Firstly, find out the 
suitable water-cement ratio by adding a superplasticizer by workability test. After that 
deciding the suitable admixture proportion from trail mix for preparing different types 
of concrete mixes. The materials required like cement, water, superplasticizer, fine 
aggregate, and coarse aggregates were mixed together as per trial mix proportion. After 
demolding from molds samples of concrete mixes were kept at room temperature and 
cured for 3 days. The sample was kept to analysis of compressive strength through the 
compressive machine and split tensile.

Curing of concrete samples

The specimens used to specify the properties of rapid hardening concrete were twenty 
separate pours. The RHC samples were curried for up to 3 days at laboratory temper-
ature. While the normal concrete samples were cured for up to 28  days at laboratory 
temperature. Referred to standard conditions given in testing standards such as EN 
12390–2:2009 [43].

Mechanical properties
Rheological properties

The rheological properties play a defining role in assessing the performance of fresh 
concrete mixes based on standard test results. Various tests, including the slump test 
for normal and rapid hardening concrete, as well as slump flow, L-shape, and V-funnel 
tests for self-compacting concrete, were conducted. Slump values were measured imme-
diately after mixing and at 10 min, 30 min, and 60 min thereafter, with results detailed 
in Table 4. The slump flow test, is depicted in Fig. 3. The recommended dosage of poly-
carboxylate ether and activator, at 2% and 0.47%, respectively, was determined by the 
weight of cementitious materials with a water-to-cement ratio of 0.25. This dosage was 
established under ambient conditions of 22  ºC and 26% humidity. Table  4 and Figs.  3 
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and 4 demonstrate the influence of ambient temperature on the rheological character-
istics of the concrete. Despite temperature changes from 39  ºC to 24ºC, the presence 
of polycarboxylate ether ensures minimal impact on slump values, enhancing work-
ability. As the temperature decreases from 40 to 24  ºC, and concrete type transitions 
from SCC to RHC, the behavior of SCC is favored over RHC. Notably, the workability of 
rapid-hardening concrete mixes surpasses that of normal strength and self-compacting 
concrete due to the efficiency of admixtures in achieving early strength and improving 
workability.

Compressive strength test

The compressive strength analysis of the examined concrete samples followed the test-
ing protocol outlined in EN 12390–2:2009 [43]. Utilizing an automatic hydraulic press, 

Fig. 2  Concrete materials: a coarse aggregate, b fine aggregate, c cement, d superplasticizer and plasticizing 
agent

Fig. 3  Slump test
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depicted in Fig.  4, the compression test applied load perpendicular to the specimen. 
Figure  5 illustrates a compressive test of the specimen and the mode of failure. The 
results of compressive strength at intervals of 8, 16, 24 h, and 7 and 28 days are detailed 
in Table 3, showcasing that some mixes can achieve 31 MPa within 8 h. Notably, the use 
of polycarboxylate ether-based superplasticizers in hot weather yielded strengths 59% 
higher than in cold weather, as indicated by the results. Various parameters, as illus-
trated in Fig. 6, have the potential to influence compressive strength outcomes.

The compressive strength can be estimated from the following equation:

where.
fcu = Compressive strength,
P = Compression load at failure, and.
A = Area of cube (150 × 150 mm).

Splitting tensile strength test

An examination of the tensile strength across different types of concrete was conducted, 
employing splitting tests in accordance with the specifications outlined in EN 12390–
2:2009 [43]. The testing procedures involved an automatic hydraulic press, as depicted in 
Fig. 7, while the mode of failures of the cylinders is illustrated in Fig. 8. The varied tensile 
strength values at different ages for the mixes are detailed in Table 3.

It was observed that the utilization of polycarboxylate ether-based superplasticizers 
enhances the tensile strength of rapid-hardening concrete compared to normal concrete. 

(1)f cu = P/A

Fig. 4  Test setup for compression test

Fig. 5  Mode of failure of cubes
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The influence of various parameters on tensile strength results is depicted in Fig. 9. Ten-
sile strength can be estimated using the following equation:

where.
Fctr = splitting tensile stress,
P = Splitting load at failure,
D = Diameter of cylinder (150 mm), and.
L = Height of cylinder (300 mm).

Modulus of elasticity

The elastic modulus was evaluated at a 40% stress level, and the results are shown 
in Table 3. The modulus of elasticity also depends on the compressive elasticity of 
concrete. RHC tends to have a lower modulus of elasticity compared to NC since it 
has less coarse aggregate. Some studies have shown that NC with the same compres-
sive strength has a higher modulus of elasticity than RHC. As the strength of con-
crete increases, the difference in elastic modulus between RHC and NC decreases. 
An increase in compressive strength results increase in the modulus of elasticity. 
Many other factors, such as the type of aggregate, particle size distribution, type 
of mix proportion, concrete age, and curing process, also influence this relation-
ship. Concrete containing a larger amount of coarse aggregate has a higher elastic 
modulus. It was reported that concrete tested in wet conditions has a 15% higher 

(2)f ctr = 2P/(πDL)

Table 3  Compressive and tensile strength of mixes

Where λ: modulus of elasticity (GPA)

Trial weight (gms) Compressive strength (MPa) Tensile strength (MPa) λ

8H 16H 24H 3D 7D 28D 1D 3D 7D 28D 43.30

1 8228 – 18.7 30.1 55.4 62.9 75 5.3 7.9 8.4 8.5 46.10

2 8306 25 – 45.3 64.2 71.5 85 7.9 9.1 9.5 9.7 48.73

3 8342 27.15 – 50.7 71.6 81.4 95 8.9 10.2 10.5 10.7 38.73

4 8075 – – 0.6 31.1 47 60 – 4.4 6.3 6.4 43.59

5 8304 27.7 – 43.9 63.4 69.4 76 7.7 9 9.2 9.3 45.06

6 8352 31 – 44.5 60.7 66.9 81.2 7.8 8.6 8.9 8.4 44.44

7 8354 3.6 15.3 24.8 41.4 61.4 79 4.3 5.9 8.2 8.3 44.67

8 8284 5.9 18 24.6 45.1 65.5 79.8 4.3 6.4 8.7 8.9 43.01

9 8348 2.4 14.4 27.4 53.5 59.5 74 4.8 7.6 7.9 8.0 43.56

10 8332 5.3 15.8 24.9 47.7 60.4 75.9 4.4 6.8 8.0 8.2 48.99

11 8334 17.9 29.8 33.2 57.4 88.7 96 5.8 8.2 10.5 10.9 46.10

12 8306 15.7 28.2 30.1 56.2 79.8 85 5.3 8.0 9.6 9.8 45.00

13 8287 15.1 23.4 27.9 49.6 76 81 4.9 7.0 8.4 9.5 43.16

14 8277 12.3 21.9 27.8 51.5 61.5 74.5 4.9 7.3 7.7 8.2 43.87

15 8158 9.6 16.6 27.6 46.3 63.2 77 4.8 6.6 7.9 8.4 45.28

16 8248 10.4 17.7 30.5 45.2 68.4 82 5.3 6.4 8.5 9.0 46.10

17 8200 12.8 21.9 26.9 50.1 60.7 85 4.7 7.1 8.1 8.8 31.86

18 7730 – – 8.2 14.4 18.8 40.6 2 3.5 4.1 4.9 29.58

19 8368 – – 4.6 14.5 27.1 35 1.3 3.2 4 4.4 35.36

20 8323 – – 10 19.9 31.8 50 2.2 3.4 3.8 4.6 43.30
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Fig. 6  Effect of compressive strength on different parameters

Fig. 7  Test setup for tensile test

Fig. 8  Modes of failure of cylinders



Page 11 of 20Elfakhrany et al. Journal of Engineering and Applied Science           (2024) 71:74 	

modulus of elasticity compared to dry conditions. Many researchers have reported 
that the modulus of elasticity of RHC is lower than that of NC for the same class of 
strength. Therefore, predicting the modulus of elasticity of RHC is of great signifi-
cance Fig. 10.

Fig. 9  Effect of tensile strength on different parameters

Fig. 10  The temperature of the specimen
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Results from the mechanical properties of concrete mixes
The effect of temperature and humidity

The influence of ambient temperature on both strength gain and workability is depicted 
in Table 4. Temperature readings were taken post-concrete mixing and at intervals using 
a slump test. Mixes from (1) to (6) were executed during the summer, experiencing an 
average temperature of 39 °C and humidity of 20%. The heightened temperature in sum-
mer expedited early strength gains within the initial hours, accelerating the cement 
paste’s hydration process. In contrast, mixes from (7) to (17) were conducted in winter, 
with an average temperature of 22  °C and humidity of 26%, resulting in comparatively 
slower early strength development. Humidity defined as the quantity of water vapour 
in the atmospheric air, tends to rise in winter as temperatures lower. The crack growth 
increases along with the high temperature which is significantly higher in the speci-
mens having accelerating superplasticizers. Another important issue, the specimens’ 
mass losses were determined due to the failure of the high temperature. Finally, it is sug-
gested that the proportion of superplasticizers be higher in cold weather compared to 
hot weather.

The effect of polycarboxylate ether‑based superplasticizer

This paper explores the impact of varying Polycarboxylate ether dosage on the mechan-
ical properties of rapid-hardening concrete. In Mixes 11, 12, and 17, with a water-to-
cement ratio (W/C) of 0.25 and Polycarboxylate ether (PCA) constituting 2% of the 

Table 4  The temperature and humidity of the specimen

Trial Slump (mm) Temperature Humidity Type of 
concrete

10 min 30 min 60 min

1 240 215 200 39 ºC 20% RHC

2 245 190 170 39 ºC 20% RHC

3 270 250 220 39 ºC 20% RHC

4 245 175 160 39 ºC 20% RHC

5 – 780 760 40 ºC 22% SCC

6 – 770 750 40 ºC 22% SCC

7 270 270 250 24 ºC 27% RHC

8 270 265 260 24 ºC 27% RHC

9 250 250 240 24 ºC 27% RHC

10 260 260 250 24 ºC 27% RHC

11 250 250 240 24 ºC 27% RHC

12 265 265 260 24 ºC 27% RHC

13 270 270 260 20 ºC 25% RHC

14 270 270 270 20 ºC 25% RHC

15 270 260 260 23 ºC 25% RHC

16 270 270 270 23 ºC 25% RHC

17 270 260 250 22 ºC 26% RHC

18 210 210 190 22 ºC 26% NC

19 200 200 180 21 ºC 29% NC

20 95 95 85 21 ºC 29% NC
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cement content, the average compressive strength is 54.6 MPa, and the tensile strength 
is 7.8 MPa at 3 days. For Mixes 13 and 14, featuring a W/C of 0.28 and PCA at 2.6% of 
the cement content, the average compressive strength is 50 MPa, with a tensile strength 
of 7.1 MPa at 3 days. In Mixes 15 and 16, with a W/C of 0.3 and PCA at 3% of the cement 
content, the average compressive strength is 45 MPa, and the tensile strength is 6.5 MPa 
at 3 days. The trend observed is that as W/C and PCA dosage increase, the mechanical 
properties of rapid-hardening concrete decrease.

Details of the test specimens
To conduct this experimental program, wooden moulds with internal dimensions of 
200 mm × 300 mm × 1700 mm were utilized for casting five concrete beams reinforced 
with high-grade steel bars. The concrete beams were designed from each mix illustrated 
in Table 5. Mixes (1) and (2) are rapid-hardening concrete mixes that are used to con-
struct two beams. while mix (3) are normal strength concrete mixes, used to construct 
the reference beam. Prior to casting, the wooden forms were treated with oil to facilitate 
the easy removal of samples. The moulds were sufficiently rigid to prevent significant 
movement during the concrete placement process. Before casting the specimens, elec-
trical resistance strain gauges with a resistance of 120  Ω and a length of 6  mm were 
installed to measure strain in the middle of the two longitudinal tension bars. These 
strain gauges were fixed to the steel bars using special glue and then covered with water-
proofing material for protection. The specimens were cast in the moulds immediately 
after mixing the concrete, followed by compaction using a vibrator. Subsequently, the 
specimens were covered with polyethylene sheets to avoid loss of moisture by evapora-
tion, and cured by water for an average of 3 days for RHC beams and 28 days for NC 
beams. All mixes are cured at 24 ℃ with 29% humidity.

Reinforcement details

The details of the reinforcement for all tested beams are shown in Fig. 11. The main rein-
forcement was the same in all test specimens as two steel bars with a 12-mm diameter 
(T12) were used. It was about 0.4% of the cross-sectional area. All beams were under-
reinforced to ensure a ductile failure due to the yielding of steel reinforcement. Two steel 
bars with a 10-mm diameter (T10) are used as top reinforcement for all tested beams.

Test procedure

Specimens were tested for flexure under a four-point symmetric loading test. The spac-
ing between two-point loadings was 500 mm to ensure the pure bending and zero shear 

Table 5  The mix design of the beam specimen

SP super plasticizer (Chryso 292), PS accelerator plasticizing agent (Xel 666)

Mix Cement (kg) Water (kg) w/c ratio Coarse 
aggregate 
(kg)

Fine 
aggregate 
(kg)

micro 
silica 
(kg)

SP (L) PS (L)

Mix 1 500 165 0.31 960 777 25 14 0

Mix 2 500 165 0.31 960 777 25 10 1

Mix 3 500 250 0.48 960 777 25 – –
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region as shown in Fig.  12. A digital load cell was used in the testing procedure. The 
capacity of the load cell was 500  KN with an accuracy of 10  KN and was installed at 
the mid-span of the beam. A hydraulic jack was employed to apply static loads with an 
increment of 5 KN until failure. During each increment, the load was maintained con-
stant for approximately 10 min while readings were recorded. At each load stage, cracks 
were marked, and the deflection at the middle and one-third of the span of the beams 
was measured under the applied loads using three dial gauges with 0.01 mm accuracy. 
Additionally, the strain at the middle of the tension bars was recorded. Four rapid hard-
ening concrete (RHC) beams and one normal strength concrete (NC) beam as the refer-
ence beam were tested in total. All beams had 1700 mm overall length with 1500 mm 
effective span, 300 mm depth, 200 mm width, and 20 mm as the concrete cover.

Results and discussion
Cracks distribution and failure of specimen

Figure 13 illustrates the crack patterns observed in all tested beams during the failure 
stage, showcasing the cracking behavior of reinforced concrete beams constructed 
with rapid hardening concrete (RHC) replacement under four-point bending tests. 
In each case, the beams demonstrated a gradual and ductile flexural failure, initiat-
ing the formation of multiple fine vertical cracks at midspan during the early load-
ing stages. As the applied loads increased, the number of cracks propagating from 
midspan also increased. The flexural cracks initially developed at midspan and sub-
sequently extended to the shear spans at higher loads. Approaching failure, existing 
cracks widened with branching, eventually leading to concrete crushing. An analysis 

Fig. 11  The details of the test specimens

Fig. 12  The schematic view of the test setup (dimension in mm)
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of the crack patterns revealed that all tested beams exhibited a ductile flexural failure 
mode, particularly noticeable in RHC beams compared to normal concrete beams. 
The presence of superplasticizers in RHC contributed to an increase in crack, ulti-
mate, and failure loads.

Failure load, deflection, and strains

Table 6 summarizes the results of the flexural test of tested beams. The load, deflection, 
and steel reinforcement strain at the crack stage, ultimate stage, and failure stage were 
listed.

B5

B4

B3

B2

B1

Fig. 13  Crack pattern for all tested beams

Table 6  The results of the flexural test of beams

Beam 
number

Crack stage Ultimate stage Failure stage

Load 
(kN)

Def 
(mm)

Steel 
strain 
(× 10^6)

Load 
(kN)

Def 
(mm)

Steel 
strain 
(× 10^6)

Load 
(kN)

Def 
(mm)

Steel 
strain 
(× 10^6)

B1 34.50 2.72 250 90.88 19.94 2056 75.53 46.75 4912

B2 31.01 1.41 178 100.10 22.27 3375 78.29 55.93 4312

B3 42.05 2.59 1140 101.73 13.58 3110 23.56 41.65 4913

B4 40.22 4.17 245 94.88 23.42 2100 76.14 58.02 4150

B5 16.82 2.61 411 64.61 34.52 4630 13.99 57.75 6230
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Load–deflection relationship

The load–deflection curve for both rapid hardening concrete (RHC) and normal concrete 
beams is depicted in Fig. 14 for reinforced concrete beams. A characteristic load–deflec-
tion response was observed, featuring an initial linear behavior that transitions into rapidly 
increasing curvature, with a slight deflection increase up to the point of failure. Notably, the 
RHC beams exhibited a yield load increase of approximately 120% compared to the control 
beam, and the ultimate load capacity increased by an average of 50% in comparison to the 
control case. Toward the end of the tests, the failure load for the RHC beams showed a sig-
nificant average increase of 350% when compared to the normal concrete beams.

Load–strain curve

The steel strain at the middle of the deformed bar in the beams is depicted in Fig. 14. The 
deflection, yield, and failure loads are determined by load-strain curves, as shown in Fig. 15. 
The strain of steel is primarily determined by its tensile strength. Consequently, concrete 
beams that were hardened quickly had a higher tensile strength than beams that had nor-
mal strength.

Stiffness and ductility and toughness

Table  7 summarizes the comparisons of the initial stiffness, post-yield stiffness, ductility 
index, and toughness.

Stiffness

Beam stiffness, defined as the load–deflection curve slope, is an important structural prop-
erty. The pre-yield (K1) and post-yield (K2) stiffness were calculated using Eqs. (3) and (4).

(3)(k1) =
Py

�y

(4)(k2) =
Pu− Py

�u−�y
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Fig. 14  Load–deflection relationship for the tested beams
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where Py is yield load, � y is deflection at yield, Pu is ultimate load, and � u is deflection 
at ultimate.

The initial and effective stiffness of rapid hardening concrete beams is higher than nor-
mal strength concrete.

Ductility

Ductility is a measure of a material’s ability to undergo significant plastic deformation 
prior to rupture or failure [44]. It is quantified as the ratio of maximum displacement to 
yield displacement (μ), as shown in Eq. (5):

where � u is the ultimate deformation and � y is the yield deformation.
Generally, improved ductility of a structural member indicates an enhanced ability to 

undergo large deformations before failure, thereby the rapid hardening concrete is more 
ductile than normal strength concrete.

(5)µ = �u/�y
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Fig. 15  Load-strain relationship for the tested beams

Table 7  Comparisons of the initial stiffness, yield stiffness, ductility index, and toughness

ID Yield 
load Py 
(kN)

Ultimate 
load Pu 
(kN)

Yield 
deformation 
�y(mm)

Ultimate 
deformation 
�u(mm)

Initial 
stiffness 
K1 (kN/
mm)

Effective 
stiffness 
K2 (kN/
mm)

Ductility 
µ �

Toughness 
(Joule)

B1 34.5 90.88 2.72 19.936 12.68 3.27 7.33 3200

B2 31.01 100.098 1.40 22.27 22.15 3.31 15.91 4400

B3 42.05 101.727 2.59 13.577 16.24 5.43 5.24 2100

B4 40.22 94.878 4.171 23.416 6.47 1.50 13.28 4200

B5 16.82 64.614 2.60 34.517 9.64 2.84 5.61 2700
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Toughness

Toughness refers engineering-wise to a material’s ability to absorb energy and deform 
plastically without fracture, proportional to the stress–strain curve area up to fail-
ure. It indicates energy absorption before rupture, depends on strength, ductility, 
and modulus, and enables more energy absorption before failure, which is important 
for concrete’s earthquake and impact resistance. Toughness is typically measured in 
energy per volume units. It was found that rapid-hardening concrete beams have a 
higher toughness than normal concrete beams.

Conclusions

[1] The use of proprietary rapid-hardening concrete is necessary when early 
strength is needed. The use of 2% polycarboxylate ether admixture can result in 
50 MPa within 3 days.
[2] The tensile strength of RHC in 3  days is nearly double that of NC, and it is 
equivalent to 14% of its compressive strength.
[3] The compressive strength of the mixes cast in summer is higher than that 
of winter mixes by approximately 25% for NC and 92% for RHC mixes. In hot 
weather, polycarboxylate ether can provide better performance than in cold 
weather, but it’s important to examine how shrinkage cracks affect it.
[4] The flexure properties of rapid-hardening concrete beams show a higher level 
of ductility, toughness, and deformability when compared to normal-strength 
concrete. Subsequently, curvature ductility, deflections, crack widths, and energy 
absorption had a significant increase. The modulus of elasticity of RHC was lower 
because of the contribution of aggregates.

Recommendation for future study

1-Study the effect of RHC on the flexural performance of different concrete ele-
ments.
2-Study the recent type of Admixture that improves the strength and workability 
of RHC.
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