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Abstract:

Concrete in the curing process will appear microcracks inside. They will grow and be
connected to form some obvious cracks due to temperature and load changes during
extraction. With the propagation of cracks, the sudden fracture can occur to concrete
structures. The paper will evaluate the effect of nano-silica on the fracture properties and
crack extension resistance of high-performance concrete during the complete fracture process.
The crack extension resistance of high-performance concrete including nano-silica will be
calculated based on the softening laws and the results obtained from the three-point bending
test of beam samples with a notch according to Rilem's recommendation. In addition, the
mitial fracture toughness and unstable fracture toughness will be determined to estimate the
crack propagation stability. Mechanic properties such as compressive strength, tensile
strength, and elastic modulus are also determined to calculations in the model. Finally, the
crack extension resistance curves for high-performance concrete are established based on a
programming method.

Keywords: fracture, high-performance concrete, nano-silica, crack extension resistance

1. Introduction

The incorporation of nanomaterials into high-performance concrete has been documented,
which can significantly improve the mechanical properties and durability of concrete. The use
of nanometer-sized silica materials in high-performance concrete is considered a new step
compared to silica fume materials (micrometer sizes). Nanometer-sized ultrafine silica
particles help trigger pozzolanic reactions, which remove the unstable components of
Ca(OH), that produce high-performance pozzolan gel products. For high-performance
concrete (HPC) with nano-silica (NS) added, the mechanical properties such as compressive
strength, flexural strength, elastic modulus, and stress-deformation characteristics are
significantly improved according to Recent studies of the author [1]. In the studies using NS
in HPC [2] [3] [4], the influence of nano-silica on the fracture characteristics of concrete was
mentioned, but there were no specific studies for evaluation.

According to Mindess [5], fracture mechanics can now be used to design and evaluate
concrete structures. According to Ricardo et al. [6], concrete containing silica fume will have
better fracture parameters than. Silica fume has the effect of increasing the consistency,
improving the C-S-H structure, and increasing the quality of the interface transition zone
between mortar and aggregate. Fracture energy, fracture toughness, length characteristics are
all developed higher when using silica fume, the brittleness of HPC tends to decrease.
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According to Zhang et al. [2], fracture characteristics are essential for the safety and durability
of HPC structures. The improvement of pore structures in HPC with chemical and mineral
admixtures increases the density of the interface transition zone of mortar and aggregate, thus
affecting the fracture properties of concrete. Silica ultrafine particles will help mortar's
performance and consistency is higher than, increasing the cohesion between cement particles
and aggregate, the fracture characteristic of concrete is also improved significantly. The
presence of ultrafine particles will improve the microstructure and change the fracture
behavior of concrete.

In recent decades, many researchers have described the crack extension resistance of concrete
through typical R and Ky curves such as Hilsdorf and Brameshuber [7], Karihaloo [8], Mai
[9], Bazant and Jirasek [10], Planas et al. [11], Reinhart et al. [12], Xu and Reinhart [13],
Kumar and Barai [14], Dong et al. [15]. Among them, a proposed method for assessing crack
extension resistance according to the Ky curve is based on studies of Reinhart et al. [12], Xu
and Reinhart [16] [ 17] [18]. In the studies of Xu et al., the fundamental relationship between
the cohesion force operating in the fictitious crack zone and the Ky crack extension resistance
curve for the fracture completely in concrete when considering the cohesive stress along the
fictitious zone 1s considered to be a critical factor.

To understand the fundamental relationship between cohesive stress operating in the virtual
crack zone and the crack extension resistance curve Ky for the fracture process of high-
performance concrete as well as the influence of nano-silica to the cohesive stress along the
fictitious crack zone, the method of assessing the resistance to crack extension under the Kg
curve based on stress intensity coefficients and the fictitious model will be used. In this
method, the Kg crack resistance is obtained by combining the initial crack toughness K",
which 1s the inherent strength of the material against the crack's appearance, with cohesive
toughness K| representing the contribution of cohesive stress along the fictitious crack area.

The Ky crack extension resistance curve was calculated by equations established based on the
softening rule of concrete proposed by Reinhart and Xu [12]. Parameter of fracture
characteristics and two load curves - crack mouth extension displacement (P - CMOD), load -
deflection (P - 8) of concrete from a three-point bending test following the standard with
crevice primer will be used for calculation.

2. Effect of nano-silica to fracture characteristics of high-performance concrete
2.1. Nano-silica

Research using NS product (Aerosil 200) of Evonik chemical company (Belgium) with
dimensions from 5-50nm, the typical surface area of (200 + 25)m*/g. The results of SEM
analysis experiments to evaluate nano silica's size and shape are shown in Figure 1. From
Figure 1, it can be seen that the nanoparticles are spherical with an average size of about
13nm.
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Figure 1. Nano-silica and SEM analysis results

2.2. Prepare the experiment
2.2.1. Mix proportions

HPC contains NS is designed with typical intensity of 70MPa calculated by the ACI method
[19]. HPC's composition with 0%, 0.5% and 1.5% NS ratios were used for the fracture
characterization test. The percentage of superplasticizer is selected according to the
manufacturer's recommendations and is adjusted in practice to ensure the workability of the
concrete mixture.

Table 1. Composition of high-performance concrete using nano-silica

Material
. Fine Coarse
Mix code | Cement SF NS SP Water
Aggregate | Aggregate
W/B
(kg) (kg) (kg) (kg) | (%) | (i) (lit)

0%NS 544.21 674.68 1049.75 | 28.64 | 0.00 | 5.44 | 154.67 0.27

0.5%NS | 541.34 673.68 1049.75 | 28.64 | 0.50 | 6.53 | 154.67 0.27

1.5%NS | 535.61 671.67 1049.75 | 28.64 | 1.50 | 7.62 | 154.67 0.27

Note: NS — Nano-silica, SF — Silica fume, SP — Superplasticizer, W/A — Water/Binder.
2.2.2. Manufacturing experimental samples

The study used a three-point bending test of beam samples with a notch to determine the
fracture characteristics of concrete according to Rilem's recommendation [20]. The beam
sample used in the three-point bending test is a prism of size 500x100x100mm with a 2mm
widens of the notch. The notch depth is 25mm, and the ligament area is 100x75mm’ (Figure
2).
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Figure 2. Three-point bending test of the beam sample

All notches are cut on a surface perpendicular to the top of the sample during casting. Test
beams after 28 days shall be made the notch on the 21st day. After that, the samples are cured
until the day of testing.

2.3. Experimental methods

Experiment with three-point bending beams with the notch used to determine the fracture
parameters of concrete, and the test is described as shown in Figure 3. The fracture test is not
the same as the strengthen test or other mechanical properties, load control is not used but
instead by controlling displacement or crack mouth opening displacement on the sample. All
three-point bending tests are carried out in closed-loop condition, using the Control
experiment machine. The parameters measured during the experiment were the load, the
displacement of the beam measured by the linear variable differential transformer (LVDT),
the crack mouth open displacement (CMOD) was measured by using an extensometer with an
experimental layout as shown in Figure 3.

Figure 3. Three-point bending test of HPC beam sample using nano-silica

In RILEM's recommendations [20], it is necessary to conduct experiments so that the rate of
increase in mid-span displacement is a constant of 0.2 mm/min. However, the study proposes
a small change can be made to this requirement. Instead of performing experiments under
mid-span displacement control, the tests were performed under crack mouth open
displacement (CMOD) control.

2.4. Experimental results

140



ICCM2020, 9th -12th August 2020

2.4.1. Effect of nano-silica on the relationship of load and crack mouth open displacement (P
- CMOD)

The P - CMOD curve of non-NS concrete has a significant slope after reaching the peak
(Pmax), the force value decreases rapidly when the CMOD is very small. When adding nano-
silica into the concrete at a rate of 0.5% and 1.5%, the resulting P - CMOD curve has a
marked change. In the early stages, the concrete is still in the elastic stage; all samples' curves
tend to grow the same, as shown in Figure 4. The difference begins to appear at the stage
when the curves are about to peak, the top of the curve of concrete using NS is higher than
unused concrete. These can easily understand that the concrete's tensile strength using NS is
higher than not using.

10000

— NS0.0

8000 |

6000

Load (N)

4000 ~

2000

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
CMOD (mm)

Figure 4. Relationship diagram between load and crack mouth open displacement

Crack mouth open displacement corresponding to Pn.x (CMODc) of beam samples using
0.5% and 1.5% NS increased compared to control samples (0%), respectively 77.80% and
107.40%. The displacement of cracks widened when the sample was completely destroyed
(CMODyy,x) of beam samples using 0.5% and 1.5% NS increase compared to the control
sample (0%), respectively 18.75% and 39.31%. From the CMOD results, the contribution of
nano-silica particles in minimal amounts can significantly improve the toughness of concrete.

2.4.2. Effect of nano-silica on the relationship between load and deflection (P-0))

The relationship between the load and deflection (P-8) of high-performance concrete with
additional NS ratios is shown in Figure 5. For the NS-using concrete, the curve P-8 thicker,
the nonlinear phase of the curve becomes longer, and the load decreases more slowly.

The displacement between maximum spans (Omax) 0f the three-point bending test surveyed on
the concrete beam, based on Figure 5, can be seen that &, increases when comparing
samples using NS from 0.5% to 1.5 % of the control sample (0% NS).
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Figure 5. Relationship diagram between load and deflection

Observation Figure 5 shows the change of the relationship curves between the load and
deflection in the middle of the span showing that the area under the P-§ curve and the
horizontal axis (W) of the graph vary in the proportion of NS. Use the integral method to
calculate the area under the P- & curve. The results showed that W increased by 21.42%
when the NS ratio was 0.5% and 58.71% when the NS ratio was 1.5%.

2.4.3. Effect of nano-silica on fracture energy (Gr)

The change in the value of fracture energy when the ratio of NS varies from 0%, 0.5%, 1.5%
1s shown in Figure 6. Compared to concrete samples without NS, the beams using NS with
fracture energy increased by 21% and 58%, respectively, NS ratio is 0.5% and 1.5% of binder.

0351 0.316
T

0.30
O 1 0.242
£ 0.25 4 T
g : 0.2
g 0.20 1
2 /

1 T T
0%NS 0.5%NS 1.5%NS
nano silica (%)

Figure 6. Facture energy results of HPC using NS

From the Gy results of the gradation of concrete using more NS, it shows that the energy
required for fracture is higher.
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2.4.4. Effect of nano-silica to characteristic length (I.)

Basing on the characteristic length of the fracture process zone to evaluate the brittleness of
high-performance concrete mixes with the change of NS content. This parameter was
determined based on the energy parameters of Gy, tensile strength, and elastic modulus. In
particular, the tensile strength and elastic modulus were taken from the previous research
results of the authors [1]. The result of the calculation is shown in Figure 7.

500
450
408.15
400 S
= 347.46 /
£ 350

| 308.52 /
300 + /

250 +

200

1 T T T T
0%NS 0.5%NS 1.5%NS
nano silica (%)

Figure 7. Calculation results of characteristic length

The results of calculating the 1., of the samples using NS are higher than the samples without
NS. Based on the assessment, according to the CEB-FIP standard [21]. It can be seen that
non-NS concrete is more brittle than aggregate using NS.

3. The crack extension resistance of high-performance concrete using nano-silica
3.1. Approach to calculate the resistance to crack expansion of concrete

To evaluate the effect of nano-silica on the crack extension resistance of concrete, the
evaluation method, according to Kz(4a) of Xu et al., Is based on the concrete softening law
applied [22] [17] [23]. In this method, the Kr crack propagation resistance is obtained by a

combination of initial crack toughness K", which is the inherent intensity of the material
against the occurrence of propaganda cracks, together with, K| is the cohesive toughness of
the crack propagation strength due to the contribution of the cohesive stress along the crack
propagation zone.

Ky =Ky +K; (1

In the finite element calculations for concrete structures based on Hillerborg's cohesive crack
model [24], a bilinear softening rule to describe the softening properties of concrete materials
was used and widely used by many researchers. The bilinear softening traction-separation law
has also been used in the search for analytical expressions of the crack resistance curve [23].
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Figure 8. The bilinear softening traction-separation law
According to Xu and Reinhardt [23], the general formula for calculating the cohesion strength
for three-point bending test of beams is as follows:
Kf (Aa)= [20(x)F, (g,%)/x/ﬁadx Q)

while:

x a) 3.52(1-x/a) 435-528x/a
hl === 32 2
a D (1-a/D) (1-a/D)
3)

_ 3/2
1300300 a) ~ g5 1 762 {1—(1—ﬁjﬁ}
JI-(x/a) a a)D

The stages of fracture can be characterized by four different crack propagation sites [52]. The
first station 1s a = ay, and the second 1s ap < a < a,, the third 1s a. < a < ayg and finally a > a.

According to the four different stages of crack propagation, the cohesive strength is calculated
using the general formula (2). The cohesion stress corresponds to the four crack propagation
phases proposed by Xu and Reinhardt [23]:

(a) Case: a = ay

o(x) =0 “)

)
<

Figure 9. Cohesion stress distribution during crack propagation stage ay <a <a,

(b) Case:ap<a <a.

Cohesive stress distribution function along the coherent cracking area:
o(x)=0(W)+(/ —o(W)(x~a))/(a~a) )

(c) Case: a. <a <ayy
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Figure 10. Cohesion stress distribution during the crack propagation stage a, <a < a,y

Cohesive stress distribution function along the coherent cracking area:
0,(x)=0(W)+[o (CTOD,)—o(W)|(x—a,) / [a—(a, + Aa,)] khi a; < x<(a—Aa,)

o(x)= (6)
Gz(x)zas(CTODc)Jr[fl —GS(CTODC)](x—aJrAac)/AaC khi (a—Aa,)<x<a

(d) Case: a > a,y

Figure 11. Cohesion stress distribution form during crack propagation stage a > a,,
Cohesive stress distribution function along the coherent crack zone:
0,(x)=0 khi (a,<x<(a-a, +a,)
o(x)=40,(x)=0,(CTOD,)(x~a—a,+a, )/ (a, —a,) khi (a—a, +a,)<x<(a-Aa) (7)
0, =0,(CTOD,)+| f, —0,(CTOD,)|(x—a+Aa,)/ Aa. khi (a—Aa)<x<a
3.2. The result of calculating resistance to crack extension

The sequence of calculations is set in a series programmed by commercial software Mathcad.
The fracture parameters and the P - CMOD relationship curve of high-performance concrete
using NS obtained from the experiment will be applied to the calculation.

Table 1. Criteria for calculating cracking resistance

Mix f'e fi E Gr Wo | Ho | SxDxB (mm)
code (MPa) | (MPa) | (MPa) | (N.mm/mm?) | (mm) | (mm)

0%NS 82.10 | 5.43 | 45533 0.200 0.133 | 3.0 | 400x100x100

0.5%N | 84.09 | 5.76 | 47620 0.242 0.151 | 3.0 | 400x100x100
S

1.5%NS | 87.10 | 6.23 | 50131 0.316 0.183 | 3.0 | 400x100x100
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3.2.1. Initial crack toughness

1.4 1.32
1.273
& 1.175 \
€ 1.2
g 7
=
Eo
X
1.0
0.8 -

T T
0%NS 0.5%NS 1.5%NS
nano silica (%)

Hinh 12. Effect of NS to initial crack toughness of HPC

Observe Figure 12, showing that the NS content significantly influences the initial crack
toughness of the HPC. When the ratio of NS increases, K| increases accordingly, indicating

that when using NS will help HPC prevent cracks from appearing better.

3.2.2. Cohesive crack toughness

The calculation results of cohesive toughness were base on the crack propagation length Aa is
shown in Figure 13.

5.0

45 0%NS
-- 0.5%NS
404 |——1.5%NS

KE (MPa.m"2)

Aa/(D-a,)

Figure 13. Effect of NS to cohesive crack toughness of HPC

Observe the curves in Figure 13, in the segment after the crack propagation, the values K|

corresponding to the crack propagation lengths (Aa) of the HPC using NS are higher than the
available type. This change influence of NS to the cohesive characteristic of the surfaces after
cracking, which enhances the strength of cohesive.
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3.2.3. The crack extension resistance
The crack extension resistance is the result of the combined initial toughness (K') and

cohesive toughness ( K| ), as shown in Figure 14.

0%NS

- - 0.5%NS
— 1.5%NS

KF (MPa.m'"?2)

0.0 0.2 0.4 0.6 0.8 1.0
Aal(D-a,)

Figure 14. Effect of NS on crack extension resistance in HPC

The curves in Figure 14, clearly show the influence of NS on the crack extension resistance
corresponding to the load stage (P) and crack propagation length (Aa). The crack resistance
curve corresponding to HPC gradients using 1.5% NS has a starting point that is higher than
the other mixture, and the values along the crack are similarly more significant. The results of
the cracked resistance curves were observed, showing high similarity to the crack extension
resistance curves calculated by other authors [15] [17] [23].

4. Conclusion

The fracture characteristics of high-performance concrete were investigated through the
modification of silica nano content in gradients. When using NS in HPC helps improve
fracture energy and ductility of HPC. The results show that the level of fracture characteristics
are significant, with the ratio of used NS is 1.5%.

Fracture toughness values due to the inherent toughness of the material (initial toughness), the
strength caused by the adhesive stress along the crack (cohesive toughness), is improved
when using NS in HPC.

The crack extension resistance curve is calculated using Mathcad programming software
based on the formulas established based on applying the bilinear softening traction-separation
law. The result of the crack resistance of HPC using NS will be higher than the control type.
These curves can be used in assessing the crack propagation stability of HPC.
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