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Abstract
The main objective of this paper (whose principal results are experimental) is threefold:
To show that the fundamental characteristics of the concrete, namely fracture toughness (KIC), can also be determined experimentally from the slopes of the graphs (C3/2 = f (P)) deduced from load-displacement (P = f (h)), using the instrumented indentation test.
To study of the water to binder (w/b) ratio effect on this fracture parameter.
To compare between fracture parameter of self-compacting concrete (SCC) and normal Vibrated concrete (NVC) with same compressive strength.
For this purpose, five mixing compositions of self-compacting concrete (SCC) with different water/binder ratios of 0.33 to 0.41 (water/cement ratio = 0.44 to 0.56) and two mixing compositions of normal vibrated concrete (NVC) were prepared. The fracture behavior of both (SCCs) and (NVCs) with laboratory-size specimens under instrumented indentation test (IIT) was investigated. It was found that the fracture toughness values of self-compacting concrete increased with decreasing of (w/b) ratio. The largest values of the stress intensity factor KIC was showed by concretes with the lowest (w/b) ratio (w/b= 0.33, the case of SCC5). Moreover, it is confirmed that self-compacting concretes exhibit good fracture toughness than those of normal vibrated concretes at same compressive strength. The obtained results indicated that there is a remarkable relationship between the water/binder (water/cement) ratio, fracture behavior and mechanical properties of these materials. It is shown that the instrumented indentation technique can be very useful for determination of fracture parameters.
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Introduction
In recent decades, self-compacting concrete as a new generation of high-performance concrete has been recognized as an important advance in the concrete industry and therefore considered to be the subject of extensive research studies [1,2]. Compared to conventional vibrated concrete, which is generally not economical with a high water / cement ratio and low workability with difficulty of placement, self-compacting concrete is classified as a high performance concrete for its ability to position itself under its own weight. without the need for vibration, and its ability to avoid segregation and blockage. SCC's benefits are its high sustainability, low labor requirements and high quality. This generation of concrete can also provide safer construction, economic, technical and environmental benefits attributed to self-compacting concrete mixtures such as reducing noise emissions, improving construction speed, excellent surface finish high workability and permeability [3,4]. Due to its low intrinsic porosity, SCCs generally have high performance properties in terms of mechanical behavior and durability.
To better understand SCCs mechanical behavior, a number of experimental studies have been conducted [5,6]. Despite numerous recent studies on the mechanical properties of SCCs, very few studies are available concerning their mechanical behavior of fracture. The mechanics of fracture as a revolution in concrete design is an extremely important aspect to consider when designing and analyzing the structural response of the concrete element, especially for massive structures [7]. However, one of the main properties that characterize the brittleness of a concrete and describes its fracture behavior, is the critical stress intensity factor KIC also called fracture toughness.
The fracture toughness describes the ease with which propagates a crack or defect in a material. It constitutes a fundamental property that characterizes the level of load that can undergo a concrete structure, and thus makes it possible to estimate its possible degradation and thus its residual life. This property can be evaluated using various experimental methods such as tensile tests (TT), three-point bending tests (3PBT) and the wedge-splitting test (WST). These tests are often controversial, sensitive to experimental conditions, and not very reproducible since the dispersion of results can reach 50% in inter-laboratory comparisons [8].
The choice of the fracture toughness determination method depends on the availability of time, resources, and the level of precision required for the application. One particularly attractive procedure due to its simplicity for routine evaluations of engineering materials is the indentation fracture (IF) method. Although the IF method can only measure approaches of the values of KIC, is a convenient technique for evaluation of many brittle engineering materials. Assuming the presence of a preexisting, sharp, fatigue crack, the material fracture toughness values identified by this test method characterize its resistance to: (1) fracture of a stationary crack, (2) fracture after some stable tearing, (3) stable tearing onset, and (4) sustained stable tearing. This test method is particularly useful when the material response cannot be anticipated before the test, making reliable they obtained result.
It (this technique) has been widely accepted in order to deal with the problem of the toughness of materials [9-12]. It is relatively simple to implement and only requires a standard micro / macro hardness tester. A small piece of material, with a surface free of stress and cracks, is sufficient as a test sample. To explain the effects of cracking on concrete elements, fracture parameters such as fracture toughness (KIC) must be determined [14]. Although some references represent empirical relationships for the determination of fracture parameters [15], there is still debate on the issue of fracture behavior [13], which can be attributed to the remarkable influences of the constituents of the concrete matrix, the water / cement ratio (w/ c) and the size dependence of the breaking behavior [16].
For instance, according to Abrams’ law, Ince and Alyamac [17] demonstrated that there are certain relations between the fracture parameters and w/c (w/b) ratio in concrete. Prokopski and Langier [18] found that as the content of water in the NVC mixes increases, the stress intensity factor KIC remarkably drops. Prokopski et al. [19] considered the effect of water/cement ratio on the fracture toughness of concrete and claimed that the increase of this water/cement ratio increased the porosity of interfacial transition zone (ITZ) and lowered the KIC. Among the properties of hardened concrete, fracture behavior is a fundamental phenomenon in design and safety assessment of structures especially large-scale structures [20].
This paper describes an experimental study on the characterization of SCC fracture parameter (KIC) using the instrumented indentation method (IIM) and investigates the effect of (w / b) ratio and type of concrete on this parameter. To do this, tests were performed on parallelepipedic specimens of the same size and different (w / b) ratios. Until now, the nanoindentation test was widely used to measure the modulus of elasticity and the hardness of the matrix manufactured at different water-binder ratios. However, micro and macroindentation tests have been widely used to measure fracture toughness of the concrete matrix. Based on the obtained results, the fracture properties of NVC and SCC such as fracture toughness KIC, are calculated and compared.
Fracture Parameters Determination
No standardized experimental setups exist to measure the fracture properties of concrete. Yet various propositions can be found in literature, each having their own advantages and shortcomings. The most popular and commonly applied experiments are tensile tests, three-point bending tests and the wedge-splitting tests on concrete specimens. But in this study, a new alternative rarely used in this type of characterization which is the instrumented indentation method.
In order to be close to the reality of the results, it was preferable to determine this fracture parameter KIC experimentally, which strongly confirms its agreement with the physical characteristics of the lengths of the obtained cracks.
Experimental Indentation model
To experimentally determine the crack resistance (fracture toughness) of brittle materials, Vickers indentation is one of the most widely used methods if one refers to the number of works dealing with this technique [21,22]. Compared to the conventional techniques mentioned above, the indentation technique has several advantages. Indeed, the Vickers indentation method requires only polished flat surfaces and indentation equipment. The principle of this method is to apply the indenter under a given load and to measure the length of the corresponding cracks generated at the ends of the imprint. The calculation of the fracture toughness, taking into account the two parameters (the load (P) and the length (a) of the crack), will also depend on the shape of the crack. Among the most used relationships, the relations (1) and (2) proposed by Evans [23] and Shetty [24] to determine the experimental relations proposed by Milekhine (3) and (4) [25].
In this method, using the graphs C3/2 = f (P) or al1/2 = f (P) and depending on the cracking mode, the fracture toughness KIC is obtained experimentally from the slopes of these graphs.
To do this, five steps must be taken:
Step 1: Use the relations (1) and (2) proposed by Evans [23] and Shetty [24] to determine the relations (3) and (4) proposed by Milekhine [25], C3/2 = f (P) for median cracking mode and al1/2 = f (P) for the Palmqvist cracking mode:
KIC, M = 0.0824.P / C3/2	for median cracks mode (M)	(1)
KIC, P = 0.0319.P / al1/2	for Palmqvist cracks mode (P)	(2)
Where:
C and l: are the average crack lengths obtained with the Vickers indentation (microns), P:	is the Vickers indentation load,
KIC, M and KIC, P: are the fracture toughness in the two modes (Median and Palmqvist).
These relationships have the advantage of not requiring knowledge of the elastic modulus difficult to access for certain materials.
Step 2: Draw the graphs of the functions C3/2 = f (P) or a.l1/2 = f (P), according to the cracking mode (Median M or Palmqvist P) to study, with:
KIC, M = 0.0824.P/C 3/2	so	C3/2 = (0.0824/ K IC, M ).P	(3)
KIC, P = 0.0319.P/a l1/2	so	a.l1/2 = (0.0319/ KIC, P).P	(4)
Equations (4) such as (5) have the advantage that they can be transformed algebraically into linear regression equations of the form:
Y = A.X + B
Where:
A = (0.0824 / KIC, M) represents the slope of the regression line C3/2 = f (P) in Mode M. A = (0.0319 / KIC, P) represents the slope of the regression line al1/2 = f (P) in Mode P
Step 3: Choose the Vickers Indentation Cracking Mode.
For the calculation of toughness, it is necessary to know the shape of the cracks because the mathematical expressions used depend on the cracking regime ((Median or Palmqvist).
For example, Matsumoto [26] observed a Palmqvist cracks system under low loads and median cracks for higher loads on the same material. However, the limit load between these two systems is between 500 and 600N Cook [27] and Kaliszewski [28], by systematically studying the shape of the crack as a function of the indentation load, have shown that Palmqvist-type cracks form at low loads and then turn into Median-type cracks, above a critical load whose value depends on the material. To explain the transition between the two modes of cracking, Lube [29] proposed the existence of a central zone. Figure 1 explains very schematically the transition between the two Vickers indentation-cracking systems.
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Figure 1. Cracks under indentation (a) of median type or half-penny crack (type M) and (b) type 
Palmqvist (Type P).
As shown in Figure 2, the size of the central area is related to the size of the impression diagonal. Thus, for low loads, the crack would be Palmqvist (P) type. Whereas, for high loads, the cracks would be of Median type (M), the load being sufficient for the crack to cross the central zone. In both cracking modes (M and P), the experimental results must be aligned on straight lines. The examples treated by
A. PERTUZ et al [30] show that the representation C3/2 = f (P) also makes it possible to characterize the cracking mode and to calculate the toughness from the obtained straight lines. Whatever the method envisaged, it is understood that there can be only one value of toughness KIC for a given material in a given state.
In addition, for the materials studied by A. PERTUZ et al [30], they showed that Palmqvist cracking type is associated with the lowest indentation loads and Median cracking type at the highest loads. They have, however, seen that the calculation of the slope of the representative curves with sufficient precision depends on the number of experimental points.
[image: ]

Figure 2: Schematic view of the indented surface (top view) and the cross section (section view) of Vickers indentation cracking system.
Moreover, Fisher [31] has shown that a deviation of the linearity in the representation C3/2 = f (P) was due to the presence of residual stresses. A. PERTUZ et al [30] have also shown that it is not necessary to predetermine the shape of cracks to calculate toughness.
The only measure of the lengths of the cracks on the surface of the indented material is sufficient. Indeed, they saw that the calculation of the toughness by supposing a type of crack M or of type P leads to the same value.
Step 4: Calculation of mode I fracture toughness KIC:
As mentioned above and considering the importance of the loads used (high loads) in our study, the cracking mode chosen is median (M). Since the graphs of these functions are straight lines, their equations are of the form:
Y = A.X + B
Where:
X represents the load P; Y represents the crack length C3/2, A, always represents the slope of these regression lines and B, the value of C3/2 when the load P = 0 N.
That is to say, we will have, from the two following relations (5) and (6):
C3/2 = A.P +B	(experimental relation).	(5)
C3/2 = (0.0824 / KIC, M).P	(theoretical relation,	(6)
deduced from relation (V.2) with:
(0.0824 / KIC,M ) = A = slope, calculated from the graph C3/2 = f (P)
and
C3/2 = B value when P = 0 N (i.e. the value of crack length “C” at the beginning of Loading).
The relation (7) which give us the experimental fracture toughness:
K ICM = (0.0824 / slope A).	(7)
Note:	In order to have the fracture toughness kIC,M in (MPa.m1/2), the slope A must be in
(µ3/2 / N) and the ratio (0.0824 / slope A) must be multiplied by 1000.
Experimental Program
Materials and Mix Proportions
In this study, in order to evaluate the fracture parameters of concrete at different water to binder ratios, SCC mixes were designed for two different strength levels (mid and high strengths). To achieve this aim, five SCC mixes with w/b ratios of 0.41; 0,39; 0,37; 0,35 and 0,33 and two NVC mixes with w/b ratios of 0.53 and 0.36 were made. In each mix, the cement used is an ordinary Portland cement (CEM I 42.5 N) made by Hjar Essoud-Skikda cement factory (Skikda, Algeria), with a strength category of 42.5 N/mm2 and with sulphate resistance properties and low heat of hydration, according to NF EN 197-1 standard [32]. Its Density is 3.100 t/m3 and Specific surface area-BET is 0,3480 m2/g.
Two Ultra-fine aggregates as mineral admixtures were used: a) Limestone powder (Lp), provided by ENG factory (Ain Touta - Batna, Algeria) having a calcium carbonate (CaCO3) content of 97.6%, with purity and great fineness, are introduced into the mixtures of self-compacting concretes in order to improve the plastic viscosity and achieving the required stability. Its specific gravity is 2.60 t/m3, its specific surface area-BET is 0, 5226 m2/g and its fineness modulus is 0,19. b) Silica fume (Sf) Medaplast HP provided by GRANITEX Company (Oued Smar-Algiers, Algeria) is used to replace 8.0% by mass of cement. Most standards and codes [33-34] recommend the use of this silica fume as an additive for the replacement of about 5-10% by mass of the cement. The incorporated silica fume is a pozzolan in the form of a very active fine powder. Its density is 1.07 t/m3, was used to enhance viscosity and its Specific surface area-BET is 21,7 m2/g.
Three nominal classes of crushed limestone aggregates (Ain Touta, Batna-Algeria) and a local sea sand are used for the production of all SCC and VC mixtures:
a. A natural sea sand 0/3 (ss) with a fineness modulus of 2.35 (preferential sand), a specific gravity of 2.67 t/m3 and absorption percentage of 0.90%,
b. Crushed limestone sand 0/4 (cs) with a fineness modulus of 3, a specific gravity of 2.52 t/m3 and absorption percentage of 0.70 %,
c. A Small gravel 4/8 (g1) with a specific gravity of 2.64 t/m3, absorption percent of 0.28 % and a Medium gravel 8/16 (g2) with a specific gravity of 2.63 t/m3, absorption percent of 0.37 %. All physical properties of aggregates were calculated according to [34] and all appropriate corrections have been adopted in order for the aggregates to reach the surface-dry-saturated state according to EN 1097-6: 2000 [35].
The required fluidity of self-placing concretes is achieved by incorporating suitable doses of Medaflow superplasticizer polycarboxylate (pce) according to EN 934-2: 2009 [36]. Super plasticizers are used to improve the fluidity of the concrete and reduce the amount of water to be added. This same super plasticizer is used for the production of mixtures of vibrated concrete.
In order to achieve better uniformity in all mixes, the concrete was mixed for 6 min. After mixing, workability properties of the SCC were evaluated by measuring the slump flow, L-Box and V-funnel according to EFNARC recommendation [37]. Mix proportions and properties of the fresh concrete for both mix designs are presented in Table 1.



Table 1. Compositions and fresh properties of the mixtures.

	Concretes
Pc
	S s
	Cs
	g1
	Materials (kg/m3) g2	Lp	Sf
	w
	Sp
	w/b
	w/c
	fresh properties
S.flow (mm)	L-box	V-funnel (s)

	SCC1	368
	570
	243
	328
	492
	100
	32
	187
	8
	0.41
	0.51
	730
	0.90
	8.0

	SCC2	368
	570
	243
	328
	492
	100
	32
	178
	8
	0.39
	0.48
	720
	0.87
	8.4

	SCC3	368
	570
	243
	328
	492
	100
	32
	169
	8
	0.37
	0.46
	705
	0.86
	9.2

	SCC4	368
	570
	243
	328
	492
	100
	32
	160
	8
	0.35
	0.43
	695
	0.84
	10.4

	SCC5	368
	570
	243
	328
	492
	100
	32
	151
	8
	0.33
	0.41
	675
	0.81
	11.7

	NVC1	400
	570
	243
	379
	567
	/
	/
	214
	/
	0.53
	0.53
	/
	/
	/

	NVC4	400
	570
	243
	379
	567
	/
	/
	144
	13,
	2	0.36
	0.36
	/
	/
	/

	EFNARC /
	/
	/
	/
	/
	/
	
	/
	/
	/
	/
	650–800
	> 0,8
	(8-14)


Element cast and specimen preparation
An experimental program was conducted to determine the SCC fracture toughness and its correlation with water to binder ratio (w/b) as well as its comparison with that of NVCs with similar compressive strengths. To do this, five self-compacting concretes (SCC) and two normal vibrated concretes (NVC), identical in shapes and sizes, were manufactured at the same time (see Figure.3). For NVC reference mixes, the concrete was poured and compacted using conventional hand-held poker vibrators. In the case of SCC mixtures, SCC was normally poured into the formwork and filled the length of 1200 mm over a (140x140) mm2 section without vibration. The formwork was stripped in one day and the Concrete were put into the water to cure during 28 days under water at (20 ± 2°C and 95 ± 5% RH). The samples for the fracture toughness by indentation test were extracted from the middle section of the concrete element by cutting 140x140 mm cores perpendicular to its length. Small samples of length = 70mm, width = 70mm and thickness = 22mm were then cut from these samples using a diamond saw (Figure 3). This was followed by procedures [38], including resin embedding, precision cutting, grinding, polishing and ultrasonic cleaning to obtain final parallelepiped test specimens (70x70x18) mm3 for the indentation test. Therefore, samples for fracture toughness testing were prepared from the SCC1, SCC2, SCC3, SCC4, SCC5 and NVC1, NVC4 mixtures.
[image: ]
SCC1	SCC2	SCC3	SCC4	SCC5	NVC1	NVC4
Figure 3: Samples of SCC and NVC for Instrumented Indentation Tests

Determination of fracture parameters by Vickers indentation test (VIT).
In order to determine the fracture toughness by VIT, we have re-designed the peak loads (maximum loads) and intervals of a Vickers 2,50 kN indentation Zwick Rowell test machine. A series of indentation loads ranging from 400 to 1400 N with a fitted interval of 200 N was selected to induce the formation of different radial cracks at room temperature. In each Vickers indentation test, the dwelling time is 20 s and unloading time is 15 s. However, the method requires many indentation tests to determine the value of (KIC). The indentation must be performed from three to six load conditions to obtain the crack curve, and five indentations are needed for each load level to determine a reliable mean crack length.
[image: ]         a                                                                    b
Figure 4: instrumented indentation test set-up: (a) General view of the macro indenter Zwick and 
(b).zoom on the two cells of observation and indentation.
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(a)	(b)	(c)
Figure. 5. a) Schematic illustration of an instrumented indentation test on of the specimen face), b) The 
dimensions associated to the crack length and diagonal indent measurements and c) The C3/2 = f (P) 
and a.l1/2 = f(P) graphs with their respective slopes, used to calculate the corresponding fracture 
toughness values kIC in both modes (M and P) and this for the material studied by Pertuz et al.[30]: 
Sintered tungsten carbide WC - WTi.
The indentation load is applied progressively to its maximum value (peak load) and apparition of a crack on the surface of specimen was measured (Figure 5-b) and (Figure 6-c). The instrumented indentation test was stopped when the maximum load is occurred. All images of residual impressions were observed and the lengths of Vickers indentation cracks were measured by the apparatus with in-situ microscopy and charge coupled device camera. The instrumented indentation test set-up is shown in Fig.4.
Compressive strength measurement.

For each concrete mixture, four (04) standard cylinders (160 x 320 mm) were cast using steel molds. In total, 28 standard cylinders were cast for all mixtures, which were cured under laboratory room conditions (at 20 ± 2°C, and 95 ± 5% RH), in order to receive the same treatment as the specimens designated for the compressive strength tests. At the end of the curing period (28 days), all four cylindrical specimens of each mixture were tested on a servo hydraulic compression frame, conforming to EN 12390- 4:2009 [39], to determine the mean compressive strength in agree with the standard EN 12390-3:2009 [40]. The results of the compressive strength are given in Table 2.
Table 2: Fracture parameters and other mechanical properties.

	concrete Matrix
	SCC1
	SCC2
	SCC3
	SCC4
	SCC5
	NVC1
	NVC4

	w/b ratio
	0.41
	0.39
	0.37
	0.35
	0.33
	0.53
	0.36

	w/c ratio
	0.51
	0.48
	0.46
	0.43
	0.41
	0.53
	0.36

	fc28, cyl. (MPa)
	36.7
	41.3
	46.5
	54.3
	61.7
	36.4
	53.6

	E(GPa)
	28.3
	34.5
	42.4
	47.9
	51.8
	34.9
	49.2

	Slope of C3/2 = f (P)
	36.29
	34.47
	32.56
	30.40
	28.71
	34,62
	29.74

	KICM MPa.m1/2
	2.27
	2.39
	2.53
	2.71
	2.87
	2,38
	2,77



E (GPa): Young's modulus determined by Nanoindentation Tests (Grid Indentation Technique)

Results and Discussions
After demolding the elements, a better surface finishing for the edges and corners of the self- compacting samples were observed compared to most of the NVC specimens. This result confirmed by others authors [41] reveals the excellent filling capacity of SCC even for small elements which require small quantities of concrete.
Compressive strength

As can be seen in Table 2, the compressive strength varies with the water-to-binder ratio and tends to increase as the ratio decreases. It should be noted that the compressive strength is clearly influenced by the water-to-binder ratio to a large extent. The decrease in mechanical properties is probably due to the percentage of porosity of the self-placing matrix, which depends on this water-binder ratio.
Fracture characteristics based on Vickers indentation test

The experimental configuration is illustrated in Figure 4 and Figure 6. It consists in testing a resistive matrix of concrete of its fracturing. Load, displacement and crack length are recorded during the test. For each applied load (P), the average of crack lengths (c) and half-diagonal (a) (μm) can be calculated, then the fracture parameter, namely fracture toughness (KIC). 
Figure 6: Photographs of the SCC4 specimen: a) Indentation test sample, b) Enlarged view of the zone to be indented prior to the test and c) Enlarged view of the area indented after the test: cracking on the surface of the SCC4 matrix after loading at 800N.
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Figure 7: Load–displacement curves obtained for SCC4 mix (w/c = 0.43, w/b = 0.35) under 800 N loading.
As discussed above, KIC at different indented locations; Figure 7 shows an example of Vickers indentation graph P = f(h), (Load (P) versus the displacement or indentation depth (h)); applied in normal rectangular coordinates. Through this graph, other derived graphs C3/2 = f (P) are obtained and discussed (Figure 8).
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Figure 8: Crack length of the indent as a function of the indentation load obtained for SCC4 (w/b = 0.35).

The effects of the design parameters on fracture toughness obtained are presented and discussed in the following three subsections:
Influence of the water to binder ratio (w / b)
It can be seen in Figure 9 that the slope of the regression line depends essentially on the ratio w/b. Reducing the w/b ratio also leads to a decrease in the slope of the different lines drawn for the five indented SCCs, indicating increasingly brittle behavior with increasing fracture toughness across these SCCs. This may be due to the fact that the pre-and post-peak areas in the crack length-load (C3/2 = f (P) curve are mainly due to initiation of micro cracks and their propagation. The same trend has been reported for NVCs. When indented on their surfaces, the SCC matrices have a KIC that gradually increases from the initial value of 2.27 to the final value of 2.87 MPa m1/2 once the ratio (w/b) decreases  (
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Figure 9: Variation in fracture toughness KIC versus water-to-binder ratio (w / b).

Based on the results obtained from the present study, a linear relationship between w/b or (w/c) and KIC was obtained as follows:
KIC = - 7.6 (w/b) + 5.366  (R2 = 0.9945)      or       KIC = - 6,04 (w/c) + 5,322   ( R2 = 0,9877)

These relationships can be used to predict the KIC fracture toughness of SCC mixtures with different w/ b (or w/c) ratios. The variations of this SCC failure parameter with different w/b or w/ c ratios have been presented in Figure 9. As it is observed, KIC decreases as the w/b (or w/c) ratio increases. However, the influence of the water-binder ratio (w / b) or water to cement ratio (w/c) on the fracture parameter KIC is evident in Figure 9. Table 2 lists the results of this parameter, calculated by Eqs. (3), (5), (6) and (7) of paragraph 2.1. It is clear that the sample from SCC1, with the highest w / b ratio and therefore the weakest matrix, has the lowest crack resistance because it generates the lowest values for KIC, exp. This means that SCC1 is the most brittle. Same thing for the SCC5, which is the least brittle of the five SCC blends, therefore has the highest resistance to cracking because it generates the strongest values for KIC. In this study, as shown in Table 2, the fracture toughness of SCC is related to w/b (or w/c) ratio and increases by 26.4% when the w/b ratio decreases from 0.41 to 0, 33 (w/c decreases from 0.51 to 0.41) and its highest value occurs for w / b = 0.33 (w/c = 0.41).
Prokopski and Langier [43], Alyamac and Ince [44], John and Shah [45], and Beygi et al. [46],

Ince et al. [47], Mohammad Karamloo et al. [48] were researchers who investigated the influences of water/cement ratio on fracture toughness of NVC and SCC (see Table 3). Although each research program has its own properties, a comparison between the reported results and the data of this study might be helpful. To do so, the test results of this study and those reported for SCC, NC, and gravel concrete by other researchers are depicted in Figure10.



Table 3: Proposed empirical relations in the literature for SCC, NVC and other types of concrete

	Research program
	Material
	Proposed empirical relation

	Beygy et al. [46]
	SCC
	KIC = -57.57 (w/c) + 67.01

	Propcopski and Langier [43]
	Gravel concrete without silica fume
	KIC = -157.95 (w/c) + 162.66

	Ince et al. [47]
	NVC
	KIC = 142 / (9.6)1.5x w/c

	Karamloo M. et al. [48]
	SCCL
	KIC = - 99.197 (w/c) + 63.827 R2 = 0.981

	Test results (of current study)
	SCC
	KIC = - 7.6 (w/b) + 5.366	R2 = 0,9945

	Test results (of current study)
	SCC
	KIC = - 6,046 (w/c) + 5,322   R2 = 0,9877


(SCLC): Self-Compacting Lightweight Concrete

In the mentioned studies in Table 3, it was observed that as the water/cement ratio increased, the fracture toughness decreased. It is clear in Table 2 and Fig. (9-b) that same trend was observed in this study. In addition, reviewing the mentioned researches showed that there is a robust relation between the fracture toughness and w/c (or w/b) ratio.
[image: ]

Figure 10. Fracture toughness versus w/c ratio for different types of concrete.


Influence of compressive strength
The compressive strength, which many mechanical properties of concrete depend on, is commonly measured in experiments. Therefore, the fracture toughness can be determined as a function of the compressive strength. Fig.11 shows the variation of fracture toughness KIC as a function of compressive strength. It is evident that the KIC has increased as the compressive strength increases. As can be seen in Fig.11, an obvious tendency has been observed between compressive strength and fracture toughness. Since there is a correlation between the water / cement ratio and KIC, a robust relationship is expected between the compressive strength and this fracture parameter. With regard to SCC blends, with a compressive strength ranging from 51.3MPa (cyl) to 60.0 MPa (cyl), Korte et al. [50] concluded that KIC ranged from 2.61 to 2.90 MPam1/2 (11.11% increase), which is similar to our results: from 46.5 MPa to 61.7 MPa (cyl), KIC varies from 2.53 to 2.87 MPa.m1 2 (13.4% increase). Our results are therefore in agreement with those of the literature.

However, for compressive strengths, similar to those of our study, namely: 53.9 ± 7.9 MPa (SCC4),
65.0 ± 8.3 MPa (SCC5) and 53.4 ± 2.3 MPa (NVC4), and on the basis of the Hillerborg [51] and Anderson [52] approaches, Korté [42] determined fracture toughness values by 3PBTest on SCCs and NVCs that are very close to ours. For more precision, our values are exactly between the values determined by those of the Hillerborg approach and those of the Anderson approach (Table 4).
The results from [42] for SCC and NVC with compressive strength’s (identical to SCC4, SCC5 and NVC4), agree quite well with those for SCC, obtained in this study.
Table 4: Comparison of the results of toughness (KIC) with the literature.

	KIC fracture toughness calculations based on:
	Concrete
	SCC4
	SCC5
	NVC4

	1- Literature results
	fc28,cyl (MPa)
	53,9 ± 7,9
	65,0 ± 8,3
	53,4 ± 2,3

	*Hillerborg Approach (3PBTests) [51].
	KIC (MPa.m1/2)
	3,85
	4,21
	4,54

	* Anderson Approach (3PBTests) [52].
	KIC (Mpa.m1/2)
	1,23
	1,43
	1,78

	2- Results of the current study
	fc28,cyl (MPa)
	54,3 ± 2,2
	61,7 ± 3,0
	53,6 ± 1,6

	* Grairia Approach (IITests).
	KIC (MPam1/2)
	2,71
	2,87
	2,77



* 3PBTests: Three Points Bending Tests.      * IITests: Instrumented Indentation Tests

In this study, the relationship between KIC and compressive strength, as shown in Figure.11, is presented using regression analysis with a correlation coefficient of 0.998 as:
KIC = 0.024 fc + 1.399	(8)
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Figure 11 : Variation in fracture toughness KIC versus compressive strength (fc28).

According to Figure.11, the test results obtained in this study are consistent with those reported by Korte et al. [50] and follow the same trend observed for SCC, where KIC increases as the compressive strength increases.
Influence of concrete type on fracture toughness

We note that a distinct difference in fracture toughness appears between the two types of concrete, even if they have similar compressive strengths. For this, we see it well pronounce for low to medium strength concrete (4.85%) as for high strength concrete (2.21%) (Table 5). From Fig.12, the SCC fracture toughness is clearly lower than that of the reference NVCs. For the same compressive strength, the average increase in fracture toughness of NVCs compared to standard SCCs is 4.85% for a cylinder of 37MPa (class 41MPa, cub) and 2.21%, for a class 54MPa cylinder (class 60MPa, cub) respectively. In order to evaluate the experimental fracture toughness KIC exp, the Vickers indentation results of (SCC1, NVC1) and (SCC4, NVC4) mixtures couples are shown in Fig.12 and Table 5 for the same compressive strengths.
Table 5: Comparison of the performance of NVC fracture parameters compared to those of SCC with the same compressive strength:

	Concrete type
	SCC1
	NVC1
	SCC4
	NVC4

	fc 28, cyl (MPa)
	36.7
	36.4
	54.3
	53.6

	KIC (MPa.m1/2)
	2.27
	2.38
	2.71
	2.77

	E (GPa)
	28.3
	34.9
	47.9
	49.2

	Resistance class fc28, cyl (MPa)
	37
	54

	Resistance class fc28, cub (MPa)
	40
	60

	Performance of KIC (NVC) / KIC (SCC) (%)
	4.85
	2.21
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)The Instrumented Indentation Tests (IIT) results reveal a mutual relationship between the two types of concretes (NVC and SCC) is very clear: NVC1 and NVC4 shows the largest KIC values compared to that of SCC1 and SCC4 counterparts respectively with similar compressive strength (Table 2 and Table 5). Again, the presence of abundant amount of large particles in NVCs plays the most important role due to aggregate interlock to resist fracture increases. Here, as they are the most tougher, the NVC1 and NVC4 samples need a great deal of energy to be fractured compared to SCC1 and SCC4 samples with have the same compressive strengths.
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Fig. 12: Fracture parameter (KIC) comparison between SCC and NVC with similar
compressive strength.
The reason for this is that NVC1 and NVC4 contain coarser aggregates, whereas their counterparts SCC1 and SCC4 do not have this large amount of bridging and toughening elements. it appears that the aggregate interlock plays the most important role in the cracking process, producing larger fracture resistance parameter values for VC compared to those of SCC specimen. In any case, a distinct fracture behaviour is noticed, when comparing NVC to SCC. Moreover, Ambriose and Pera [53] and Bonen and Shah [54] reported that, due to lower content of aggregate in SCC, the modulus of elasticity of SCC is lower than that of NVC in the same strength, which is conform to our results (Table 2 and Table 5).
Conclusion

The fracture behavior, based on the Evan, Chetty and Millekhine approach, of seven samples including five SCCs and two NVCs, under Vickers Indentation Test (VIT) was studied.
From the obtained results of this investigation, the following conclusions could be drawn:
1. Fracture toughness is highly affected by water to binder (water/cement) ratio. It was found that the largest values of the stress intensity factor, KIC, were shown by SCC with the lowest water / cement ratio, w/c = 0.33. This is explained by the reduction of the amount of water with presence of super plasticizer and large amounts of fines (silica fume, limestone powder,), which makes the matrix
of these SCCs less porous, uniform and dense, hence stronger thus improving its resistance to crack initiation and propagation (KIC) and also its compressive strength (fc28). In other words, fracture toughness increased by 26, 43 %, as the water/binder ratio decreased from 0.41 to 0.33.
2. When w/b ratio increases from 0.33 to 0.41, as a measure of fracture toughness in IIM decreases from 2, 87 to 2, 27, implying that concrete ductility increases with increase of w/c ratio.
3. As w/c decreases, the slope of the declining part of the crack length-load curve decreases and fracture toughness increases indicating brittle behavior.
4. However, for both types of concretes (SCC and NVC) with similar compressive strength values, ordinary vibrated concrete (NVC) was found to have good fracture toughness compared to self- consolidating concrete (SCC).
5. As the water/binder ratio decreased from 0.41 to 0.33, the modulus of elasticity, compressive strength of self-compacting concrete increased by 68.12%, and 83.03% respectively.
6. With regard to the test method and device used in this study, an effect of feasibility, simplicity and high precision is present, taking into account the performances of this method and this type of machine during instrumented indentation.
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