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Abstract

Project activities require the strength of concrete to reach 100% at an age less than 28 days. Many manufacturers have created concrete
with a strength that reaches 100% at an age less than 28 days; this product is called instant concrete. This instant concrete can be
designed to attain 100% concrete strength at the ages of 7, 14, and 21 days. However, concrete is not only required to be strong; it must
also be ductile. Ductility is usually measured after the concrete reaches its peak load phase, namely in inelastic conditions. Square or
spiral stirrups can be used for concrete confinement to improve ductility. Spirals are a better confining system than square stirrups. The
evidence for this can be seen from the relationship between concrete stress and strain. The concrete stress-strain relationship is
necessary as a basis for reinforced concrete design assumptions. However, for instant concrete with a certain age, it is necessary to
develop its specific stress-strain relationship model. Thus, this study aims to develop a stress-strain relationship model that can be used
as a basis for assumptions in analysing confined concrete structural members. This study measured the concrete strength f'c at the ages
of 7, 14, 21, and 28 days, and on average it reached the target f'c value; the stress-strain relationship tends to fit the Kent-Park model.
Therefore, the design of reinforced concrete structural members for the ages of 7, 14, and 21 days can use the proposed stress-strain
relationship model.
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1. Introduction

The characteristic compressive strength of concrete is generally achieved and measured at the age of 28 days. This age is the normal
age obtained from the concrete’s compressive strength test. The measurement is carried out using concrete cylinder compressive
loading [1-4]. The basic concrete materials are normally sand, gravel, cement, and water, and they sometimes include additives [5-12].
The use of additives is meant to improve workability, reduce hydration heat, increase the concrete compressive strength and ductility,
reduce shrinkage, and also accelerate the achievement of the required concrete strength before an age of 28 days is reached, among
others. However, the crucial factor that needs to be observed is the concrete stress-strain (oc-gc) relationship, because the oc-ec
relationship is used as the basis for concrete design [13]. Several normal and high-strength concrete stress-strain relationships, including
those of confined and unconfined concrete [14-31] and fibre concrete, have been widely studied, and their characteristics vary widely
[32-38]. If the design basis is used, the equation used is different. Thus, it is necessary to determine the oc-¢c relationship of concrete
before it reaches an age of 28 days, since currently many concrete work specifications require concrete to reach 100% strength before
an age of 28 days, so that the assumption of the oc-¢c relationship becomes crucial for design applications.

Along with the requirements and developments in concrete construction, concrete technology, and concrete materials, instant
concrete (IC) has now been widely developed and used [39]. IC is intended to accelerate the achievement of the maximum concrete
compressive strength before the age of 28 days; it can even be achieved in just a few hours [40]. Research on the effect of the concrete
age on oc-&c relationships has been conducted, and the results are satisfactory [41]. However, concrete is not only required to be strong;
it is also required to be ductile. This ductility is obtained after it passes through the maximum concrete strength phase, the condition
beyond the maximum compressive strength (inelastic region), which can be used to categorise concrete as brittle or ductile concrete
[15, 16]. This category is determined based on the stress-strain (cc-gc) relationship of concrete, meaning that the oc-ec relationship is
an important parameter to consider when a ductile form of concrete is required.

The characteristics of the oc-¢c relationship, both confined and unconfined, must be known because this relationship can be used
to derive mathematical equations for modelling the behaviour of confined concrete as an input for the analysis and design of reinforced
concrete [13]. Several of the studies mentioned above proposed oc-&c relationships in elastic and inelastic conditions. Hence, according
to the needs of the design of reinforced concrete structures, an appropriate cc-gc relationship is necessary. Likewise, the oc-gc
relationship model of IC also needs to be obtained when it is applied in structural concrete design. The correct oc-¢c relationship model
must be used to obtain better design results.
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2. Methodology

This study examines variations in the effect of the concrete age on concrete stress-strain relationships, namely concrete stress-strain
relationships at the ages of 7, 14, 21, and 28 days. The concrete compressive strength (oc) at each age is expected to be similar. In
addition to the compressive strength of the test specimens, the concrete strain (gc) was also investigated. In this study, observations
were carried out to obtain both oc and «c, starting from initial loading and continuing until the test specimen failed. The graphical
representations in terms of oc-ec curves were then plotted from the oc-ec test data. The research flowchart can be seen in Figure 1.
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Figure 1 Research flowchart
2.1 Concrete stress-strain model (oe-&c)

The stress-strain relationship uses the Kent-Park model [15] (Figure 2) because it is used in several previous studies, and the
formulation of this model is as follows:

Stress, f'c
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Confined concrete
— c
OZKf’c 1 > >
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» Strain, c
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Figure 2 Stress-strain relationship of modified Kent-Park model and dimension of b” [15]
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where
Zm = the concrete confinement value of the modified Kent-Park model;
K = the multiplication factor;
ps = the volumetric ratio of the spiral to the confined concrete core measured from outer point to outer point of the spiral;
sh = the spacing from centre to centre of the spiral (mm);

fyn  =the yield strength of the spiral (MPa);

f’c  =the concrete compressive strength (MPa);

b”  =the cross-sectional dimension of the confined concrete core measured from outer point to outer point of the spiral (mm).

The value of Zm is very important in defining the influence of confinement. Using the value of Zm, the value of sh (the spiral
spacing) can be found. Likewise, if the spiral spacing is known, the value of Zm can be determined. On the moment-ductility curve,
good confinement can be achieved with a low value of Zm. A low value of Zm can be obtained by increasing the value of ps. The greater
the value of ps, the better the confinement, and the lower the value of Zm, the better the curvature ductility of the confined concrete.

2.2 Materials and specimens

The concrete used in this research is normal-strength concrete with f'c-target = 25 MPa (see Table 1). An IC product was used. The
reinforcing steel used had a diameter of 8 mm for the spiral. Concrete reinforcement involved a steel spiral with the spacing sn = 37
mm. The details of the test specimens are listed in Table 2.

2.3 Experimental programme

Based on Formulas 1-4 and Tables 1 and 2, the test specimens of IC were made and confined with the steel spiral (see Figure 3).
These test specimens (Figure 3) were divided into four groups according to the ages of instant concrete used, namely 7, 14, 21, and 28
days. After the casting process was completed, the wet curing of concrete was then carried out until one day before the testing day
(lifted out of water containment). After air drying for a day, capping was applied. Compression tests were then conducted using a
universal testing machine (UTM) with a capacity of 2000 kN. By recording the load/force P (kN) and A (mm), the cc-¢c relationship
can be obtained. In addition, visual observations were also made on the cracks of the test specimens during the testing process.

Table 1 Mix design for a volume of 1 m® (SSD (Saturated Surface Dry) condition) concrete with f'c of 25 MPa [39]

No. Materials Value Description
1 Max. aggregate size (mm) 15
2. Slump (cm) 12+2
0.35 Age of 7 days
. 0.40 Age of 14 days
3. W/C (Water/Cement) ratio 045 Age of 21 days
0.50 Age of 28 days
490-500 Age of 7 days
445-455 Age of 14 days
3
4. Cement content (kg/m?3) 400-410 Age of 21 days
380-390 Age of 28 days
5. Admixture (kg) 1-15
6. Water estimation (Itr/m3) 170-190
911-919 Age of 7 days
935-943 Age of 14 days
_ 3
7. Coarse aggregate, 5-15 mm (kg/m?) 957-969 Age of 21 days
967—-979 Age of 28 days
706-714 Age of 7 days
. 726-732 Age of 14 days
3
8. Fine aggregate, <6 mm (kg/m°) 742-754 Age of 21 days

751-759 Age of 28 days
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Table 2 Details of test specimens

No Specimen ID  Age (days) ¢ L ) Spire sh fyn P average Zm
)
(mm) (mm) (mm) (mm) (MPa) (MPa)
1. S71 7 150 300 8 37 327.80 22.437 17.390
2. S72 7 150 300 8 37 327.80 22.437 17.390
3. S73 7 150 300 8 37 327.80 22.437 17.390
4, S141 14 150 300 8 37 327.80 23.921 17.019
5. S14.2 14 150 300 8 37 327.80 23.921 17.019
6. S143 14 150 300 8 37 327.80 23.921 17.019
7. So11 21 150 300 8 37 327.80 25.053 16.763
8. So12 21 150 300 8 37 327.80 25.053 16.763
9. So13 21 150 300 8 37 327.80 25.053 16.763
10. Sos.1 28 150 300 8 37 327.80 24.594 16.864
11. S28.2 28 150 300 8 37 327.80 24.594 16.864
12. S28.3 28 150 300 8 37 327.80 24.594 16.864

Figure 3 Details of spiral with ¢ = 8 and sn = 37 mm (the specimens had no longitudinal or main steel bars) and ready-to-test capped
concrete specimens

2.4 Test setup

During testing, several data-recording instruments were connected to a recorder unit, which was then connected directly to a
computer unit. The actual test setup is shown in Figure 4.

Figure 4 Actual test setup: € LVDT (Linear Variable Displacement Transducer) vertical, cap. 50 mm; @ single-acting load cell,
cap. 1 MN; @ single-acting hydraulic jack, cap. 200 kN; @ computer; @ manometer

3. Results and discussion
3.1 Concrete compression test results

To obtain the actual concrete strengths, compressive tests were conducted using three concrete cylinders with a diameter of 150
mm and a height of 300 mm (Table 3). The casting of the concrete cylinders was performed at the same time as the casting of test

specimens. After the concrete cylinders were 7, 14, 21, and 28 days old, compressive tests were carried out. The results of the
compressive tests for each age are given in Table 3.
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Table 3 Compressive strength of concrete at 7, 14, 21, and 28 days of age

No. Specimen Compressive Deviation from Average compressive Average deviation from

strength f'c =25+ 3.5 MPa [42] strength f'c =25+ 3.5 MPa [42]
(MPa) (MPa)

1. Cr1 23.674 -1.326

2. Cr2 21.550 -3.45

3. Crs 22.087 -2.913 22.437 -2.563

4, Cua 21.798 -3.202

5. Cu-2 23.213 -1.787

6. Cias 26.752 1.752 23.921 -1.079

7. Ca11 25.477 0.477

8. Cai-2 26.115 1.115

9. Cai3 23.567 -1.433 25.053 0.053

10. Cas1 25.478 0.478

11. Cas-2 24.736 -0.264

12. Cas-3 23.567 -1.433 24.594 -0.406

Note: For C,.i, C = cylinder, n = concrete age, and i = concrete sample #.
3.2 Reinforcing steel tensile test results

Reinforcing steel bars with a diameter of 8 mm were used for confinement in the concrete specimens in the form of a spiral. Tensile
tests of steel bars were carried out using a 2000-kN UTM (Figure 5), and the yield strengths (fyn) of the steel bars (around 327 MPa)
obtained from the tests are also given in Table 4 for each sample. The tensile strengths (fy-max) of the steel bars (around 471 MPa) are
also given in Table 4, along with the ratios of the tensile to yield strengths (around 1.45) and the maximum elongations (around 26.23%)
of the steel bars. The values in Table 4 are essential for the design of reinforced concrete structural members.

Figure 5 Tensile test of steel bars with UTM cap. 2000 kN

Table 4 Specification of ¢ = 8 mm steel bars for transverse reinforcement (stirrups)

No. Sample ID Def fyh fy-max Ratio Elongation
(mm) (MPa) (MPa) (fy-max/Tyn) (%)
1. St.8-1 7.87 325.88 475.06 1.46 25.60
2. St.8-2 7.87 323.68 460.84 1.42 27.50
3. St.8-3 7.91 328.73 479.86 1.46 25.60
Average 7.88 327.80 471.92 1.45 26.23

3.3 Test Results of specimens

After the test specimens reached ages of 7, 14, 21, and 28 days, the compressive tests were carried out, as explained in the previous
section. The test results were then used to create a graphical representation and further analysed. The test results in terms of stress-
strain curves are presented in Figures 6—9, and the data values are summarised in Table 5.

Based on Figures 6-9, the oc-ec relationship of spirally confined concrete shows higher peak stresses, and the ductilities also
increase compared to the oc-gc relationship of unconfined concrete. This indicates that the spirally confined concrete demonstrated
ductile behaviour, which is indicated by its post-peak response, with a longer strain and a more slowly degrading slope.
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Table 5 Stress and strain of confined concrete at ages of 7, 14, 21, and 28 days

No. Specimen Stress (fcc, MPa) Strain (gcc)
1. S71 43.134 0.01609
2. S72 44.856 0.01038
3. S73 48.309 0.01501
4. KP7 42.953 0.00382
5. S 44,601 0.01222
6. S1a2 45.743 0.00704
7. Sia3 48.402 0.01682
8. KP14 46.511 0.00389
9. Sa11 47.801 0.01080
10. S21.2 45812 0.01379
11. So13 44821 0.01271
12. KP21 47.962 0.00383
13. S28.1 46.346 0.01093
14. S28.2 46.192 0.00715
15. S283 47.187 0.00925
16. KP2s 47.352 0.00385

Note: KP indicates the stress and strain from the modified Kent-Park model.

Based on Table 3, it can be seen that the lowest actual compressive strength value is 21.550 MPa, and the highest value is 26.752
MPa; meanwhile, the lowest average value is 22.437 MPa, and the highest average value is 25.053 MPa. All of the above values can
be categorised as being within the acceptable range of concrete strength, because the target f°c range is 25 + 3.5 MPa [42].

In addition, based on Figures 6—9 and Table 5, it can be seen that all test specimens with confinement experienced an increase in
oc-gc compared to test specimens without confinement and almost the same level of achievement; the actual compressive strength (f'cc)
results ranged from 43.134 to 48.402 MPa. Regarding the age groups of test specimens, it can be seen that test specimens with an age
of 7 days experienced an increase in cc-gc. Only the initial stiffness of the 7-day-group test specimens varied. For test specimens aged
14 days, the oc-c results were not much different from those of the test specimens aged 7 days. Test specimens aged 21 days began to
differ from test specimens aged 7 and 14 days, which had similar stiffness values. Meanwhile, in the group of test specimens aged 28
days, the initial stiffness and oc-ec began to overlap, and the post-inelastic cc-¢c values began to overlap.

In general, this study does not need to propose a new equation, because the observed oc-¢c behaviour tends to follow the pattern of
the Kent-Park oc-ec model [15], especially for test specimens in the 28-day age group, although the initial stiffness is still less in
accordance with the Kent-Park model. However, if the initial stiffness needs to be improved, then this can be done by introducing more
of a spiral or more confinement [43], namely a greater diameter or a smaller pitch or spacing.

Based on the observations above, this study can be considered on the conservative side, meaning that the oc-¢c relationship at the
ages of 7, 14, and 21 days can still be used as the basis/assumption for structural concrete design, while the cc-gc relationship at 28
days of age can be used directly as the basis/assumption for structural concrete design.

4. Conclusion

From the study above, it can be concluded that the compressive strength values of test specimens from all age groups met the target
compressive strength f'c = 25 + 3.5 MPa, while the stress-strain relationship of confined concrete at all ages tends to follow the Kent-
Park model. Thus, if the structure is designed using IC aged 7, 14, and 21 days, then the stress-strain assumption can use the Kent-Park
model for concrete. This model also shows that the spirally confined concrete demonstrated ductile behaviour, which is indicated by
its post-peak response.
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