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Abstract

In this study, crack initiation, crack propagation, and fracture failure of soil specimens stabilized with
cement, an elasto-plastic material, are investigated by numerical analyses. There is no international standard
recommended in the literature to find the mode I and mixed mode I-1I (tensile and shear) failure values of
reinforced soil materials. The aim of this study is to investigate the applicability of ASTM C78, an
international standard recommended for concrete specimens, for both indirect tensile and tensile-
compression strength tests. Stress and crack analyses in beam specimens were performed using FRANC2D
software. The indirect tensile fracture toughness (KIC) value of the modelled beam specimens was found
to be 0.32 MPa\m. Similarly, the indirect tensile and shear fracture toughness values were found to be 0.38
MPavm.

Both non-cohesive and cohesive crack analyses were performed in numerical modeling. Numerical analysis
results showed that the most significant slipping between the cohesive crack surfaces was observed in the
specimen under mixed mode I-II loading. Moreover, "wing crack" growth in cement-stabilized soil
specimens was obtained in numerical modeling in accordance with the principles of fracture mechanics. It
is believed that the results of this study will lead to a new international standard for the determination of
mode I and mixed mode I-II fracture toughness of cement-stabilized soil specimens.

Keywords: Failure of cement stabilized soil, fractures and reinforced soil, FRANC2D and reinforced soil,

cohesive fracture of cement stabilized soil
1. INTRODUCTION

Pavements are a material that distributes the stresses caused by external loads to the lower sections of the
road. It is also a layer that reflects deformations and cracks from the road substrates to the surface. Axial
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stresses occurring under wheel load cause compressive stress in areas close to the surface. Stresses in the
vertical direction in the area immediately below the wheel are diametrical compressive stresses and these
stresses cause indirect tensile stresses in the horizontal direction. Compressive stresses in the surface
pavement cause rutting deformations, while indirect tensile stresses under the pavement cause tensile and
fatigue cracks and deformation. At this point, it is obvious that the principles of fracture mechanics will be
very useful in asphalt pavement and road foundation research. In particular, mode I (tensile) and mixed
mode I-II (tensile-shear) cracks/defects in fracture mechanics have been reported in many studies in the
literature to be very useful in asphalt pavement and asphalt concrete research where such both compressive
and indirect tensile and shear stresses occur (Daneshfar et al. 2023).

Stabilized soils are generally used as foundation and sub-base material in road construction. Soil
reinforcement with cement is a strengthening process to improve the load-bearing properties of the soil.
There are various soil stabilization methods such as mechanical stabilization, chemical stabilization, and
compaction to stabilize weak soil (Savran, 1988, Prasad et al. 2015, Fondjo et al., 2021, Zada et al., 2023).
However, chemical stabilization with cement is an effective and widely used method to improve weak soil
properties. The main aim of soil stabilization with cement is to achieve the necessary improvement in the
mechanical properties of the soils in terms of environmental and loading conditions, mostly for
transportation structures, water storage structures, building foundations, solid waste storage facilities, etc.

Reinforced soil with cement is an elastoplastic material composed to static loading (Davis 1991, Aliha et
al. 2021, Xia et al. 2022, Zada et al. 2023, Xiushan 2023). It is known that indirect tensile and shear stresses
develop in asphalt bituminous base and subbase materials under compressive stress applied by the wheel
load and the asphalt pavement and foundations material loading (Crockford and Little 1987, Sophan and
Das 2007, Paul and Gnanendran 2017, Mashaan et al. 2021, Takahassi et al. 2021, Guo et al. 2021, Erarslan
2023, Pietras et al. 2023, Mousavi et al.2024). Therefore, cement stabilized soil is used commonly in road
base and compacted subbase materials, and it is very important to investigate its mixed mode (tensile-shear)
strength and fatigue properties (Rezaeian et al. 2019, Chen et al. 2020). Fracture mechanics is the study of
defects in materials such as notches, cracks and voids that increase the stress intensity and the damage that
occurs due to them. The theory of Linear Elastic Fracture Mechanics (LEFM) was first proposed by Griffith
(Lajtai 1971). In the theories used in crack analysis, the stress field near the crack tip of an isotropic linear
elastic material is given in Fig.1. The maximum tensile stress criterion called '"Maximum Tangential Stress
Criterion', which is mainly used in crack analysis, is given in Eq.1 (Aliha et al. 2022):
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Fig.1 Stress field near the crack tip of an isotropic elastic material

The results obtained in this research will be very important in cement stabilized soil mechanics research.
Because cement and lime stabilized soils are semi-friable soils and it will be essential to determine the
cracking properties of such materials. It will be very important to be able to intervene in the structure before
the final failure, especially in deformation properties under repeated loads and stable crack investigations,
which are known as fissure cracks.

1.1 Cohesive Fracturing

Crack formation, propagation and fracture are complementary concepts. The Griffith relation gives values
close to reality in glass and brittle materials (Lajtai 2002). However, permanent deformation occurs in
metallic materials. Therefore, the energy released in Griffith's criterion is spent in permanent deformation
while forming new surfaces. In the 1960s, experimental research on notched concrete specimens showed
that parameters such as Klc (fracture toughness) varied depending on the size and geometry of the specimen.
These defects of LEFM in practice are due to the presence of the fracture process zone at the tip of the
crack, which occupies a larger area compared to other materials. For this reason, some non-linear fracture
mechanics approaches have been proposed by some researchers to characterize this region. These models
are divided into two categories: cohesive crack models and equivalent elastic crack approaches. Cohesive
crack approaches model the fracture process region with a stress block at the crack tip that decreases and
compresses the crack, while equivalent elastic crack approaches model it using an effective crack length. A
fracture model is developed to determine the critical crack strain at peak load, defined as Aa = a, — a,
(where ac is the crack length and ao is the pre-existing crack length). However, a. depends on the size of the
structure since the critical crack length decreases with increasing specimen size (Bazant 2002). Therefore,
nonlinear fracture mechanics approaches recommend the use of at least two parameters for the fracture of
concrete.

Stress-induced crack initiation in composite materials, such as cement stabilized soil and reinforced
concrete, typically leads to unstable crack growth due to the plastic deformation and the fracture process
zobe (FPZ) (Fig. 2) (Dugdale, 1960; Hillerborg, 1977; Behnam, 2021; Ma et al., 2022, Shahbazian and
Mirsayar 2023).

crack mouth
' openning

crack bridging and microcrack
interlock formation

fracture process zone (FPZ)

Fig. 2 Fracture process zone (FPZ) at the tip of a crack

2. MATERIAL AND METHODS

In this research, both stress analyses in the specimen and crack analyses were performed by a
discrete finite element analysis program FRANC2D. In order to determine the mode I fracture mode, the
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notch crack was placed at the centre of the beam specimens. For shear and indirect tensile-shear loading,
two notches were placed at specified distances from the centre. A specimen prepared with the beam
specimen geometry and notch dimensions used is shown in Fig.3. Thus, a three-point bending test was
performed by placing two supports below and a single support above the centre.

In this study, numerical analysis and modelling were carried out using the Fracture Analysis Code
(FRANC2D) software. Tangential stress concentration theory is used in FRANC2D analyses (Erdogan and
Sih, 1963). While experimental studies reveal the final failure plane and surface cracks that lead to failure,
such programs are highly valuable as they allow for the observation of the initiation and propagation trends
of microscale cracks and regions with high stress concentrations within the tensioned sample through
numerical analyses like the FRANC2D program.

CASCA software was used for modelling specimen shape and mesh structure. Beam specimens were
modelled as 30mmx30mmx160mm consistent with the indirect tensile tests (Fig. 3). The modeled beam
geometry was fixed in both the x-horizontal and y-vertical directions at two support roller locations beneath
the specimen in the experiments (Fig.3).
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Fig.3. Beam specimen dimensions, specimen geometry and mesh generation using CASCA

Fracture toughness of beam specimens is calculated by three-point bending test and fracture toughness

equation is as floows:
1
S(mac)2F(a)

Kic = 3(Ppax + 0.5W) =2

[N m-3/2]

2)

1.99 — a(1 — a)(2.15 — 3.93a + 2.7a?)

Fla) = V2(1 + 200 (1 — 0)/2

Where: a=ac/d, ac: notch crack length (mm), Pmax ultimate failure load [N], d: beam width (mm), L: beam
length (mm), W: beam thickness (mm), S: distance between two supports (mm).

RESULTS AND DISCUSSION

The first series of modellings were performed to analyze the conjugate stresses around the pre-existing
cracks in the beam specimen before the fracture analyses. In numerical modelling with FRANC2D, the load
applied to the beam specimen was applied to obtain indirect tensile stresses. The results of mode I and
mixed mode I-II stress distribution analysis for beam geometry specimens are shown in Fig.4 and Fig.5
respectively. When the results of the stress analyses were examined, tensile stress concentration was
determined at the notch crack tip under indirect compressive stress in mode I condition. When the minimum
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principal stress analyses are examined under the same loading condition, compressive stress concentration
in areas other than the crack tip and the shear stress is expected to occur in these areas (Fig.4 a and b). In
Fig.4c and d, these stress concentrations are shown with ‘stress bars’ which is one of the FRANC2D post
process options.
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FRacture ANalysis Code
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Fig.4 Mode I stress distribution in the beam specimens obtained by FRANC2D program (+: tensile; -:
compressive) (a) maximum principal stress (tensile) distribution, (b) minimum principal stress, c¢) indirect
tensile stress zone, d) compressive stress concentration zones

On the other hand, when the stress analysis results were examined, it was determined that indirect tensile
stress was developed at the tip of crack under indirect compressive stress in mixed mode I-II, but these
regions were shifted from the center to the loading axis at the crack tip (Fig. 5a-b). When the minimum
principal stress analyses are examined under the same loading condition, compressive stress concentration
in areas other than the crack tip and the shear stress is expected to occur in these areas. In this case, ‘wing
cracks’ mentioned in fracture mechanics are expected to form in these regions (Whittaker et al. 1998). In
Fig.5c and d, these stress concentrations are shown with ‘stress bars’ which is one of the FRANC2D post
process options.
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Fig.5 Mixed mode I-II stress distribution in the beam specimens obtained by FRANC2D program (a)
maximum principal stress (tensile) distribution, (b) minimum principal stress distribution, c¢) indirect
tensile concentration zone, d) compressive stress concentration zones

The second series modelling to analyze the fracture characteristic of material were conducted. One of the
notable advantages of FRANC2D is that during fracture analysis, the mesh generated at the crack tip is
removed at each crack propagation step. Subsequently, the program automatically generates a new mesh
structure around the crack tip based on the new stress state. FRANC2D is a program that can successfully
model elastoplastic fracture analyses.The fracture characteristic of the beam specimen under mode I and
mixed mode I-II loading condition is shown in Fig.6a and b respectively.

The crack formation at the pre-existing crack tip in the material under mode I loading by considering the
principles of fracture mechanics moves towards the loading axis. As e seen in Figure 6a, the crack formed
and propagated in accordance with the principles of fracture mechanics. On the other hand, in the material
under mixed mode I-II loading, the crack that develops at the pre-existing crack tip grows towards the
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loading axis and propagated in the form of a ‘wing crack’. As seen in Fig. 6b, the wing cracks propagated
within the beam specimen in accordance with the theory.
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Fig.6 Crack propagation with a) mode I loading and b) mixed mode I-II loading

Alternative of as seen it is stated that As seen in both the colored contour representation in Fig. 4 and the
graphical representation in Figure 7, the peak indirect tensile stress was obtained by modelling disinclined
crack. It is observed that the maximum tensile SIF value (KI) obtained in the mixed mode I-II case of the
modelled crack is considerably lower than the maximum SIF value obtained with mode I (Fig.7a). This
result is in accordance with the principles of fracture mechanics because mode I loading develops very high
tensile stresses while mixed mode loading develops shear stresses as well as tensile stresses. During mixed
mode I-II tests, the tensile force applied to the specimen forces the crack tip to damage in both the opening
and sliding directions. This compound loading causes the plastic zone to be more inclined than in the Mode
I loading case. Although the plastic zone in Mode I/I1 is geometrically different from Mode I, its reactions
to the change in crack length and deformation rate are similar to those in Mode I loading. On one hand On
the other hand, the maximum shear SIF value (KII) obtained under mixed mode I-II loading is considerably
higher than the shear stress value obtained under mode I loading (Fig.7b). The mode I (tensile) fracture
toughness (KIC) value of the cement stabilized soil specimens was found to be 0.32 MPaVm. On the other
hand, the mixed mode I-IT fracture toughness value was found to be 0.38 MPa\m.

It is believed that the calculation of fracture toughness of cement stabilized soil will lead to experimental
research when fracture mechanics tests are used with these research results. It will be possible to form
specimens using molds with cement stabilized soil specimens and it will be possible to prepare specimens
by creating notch cracks as in this research or semi-circular bending specimens as in the literature.
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Fig.7 SIF values in font of the notch crack for a) mode I loading condition and b) mixed mode I-II
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Linear elastic fracture mechanics (LEFM) is confined to the elastic zones, including very small
plastic damage. However, NEFM fracture mechanics approaches are necessary when the inelastic/plastic
damage is large enough to affect the relative elasto-plastic dimensions, such as the FPZ in front of a notch
crack tip. Stress-induced crack initiation in composite materials, such as informal, alternatives: including,
for example. such as cement stabilized soil and reinforced concrete, typically leads to unstable crack growth
due to the plastic deformation and the FPZ (Fig. 8a). The cohesive crack model is a well-known fictitious
crack approach (Figure 8b) used to model cohesive fracture in numerical analyses (Dugdale, 1960;
Hillerborg, 1976; Behnam, 2021; Ma et al., 2022, Bittencort, 1993). FRANC2D is a fracture mechanics
programme that can model plastic deformation and strain softening in front of the crack tip. Following
Dugdale's work, Barenblatt (1959) studied the combined forces at the molecular scale that occur in the
region pointed out by Dugdale (1960). In 1976, Hillerborg et al. (1976) proposed a model similar to the one
developed by Barenblatt (1959). However, the concept of tensile strength has been introduced instead of
the molecular scale solution. Hillerborg's model allowed existing cracks to grow and, more importantly,
initiate new cracks. This model is called the "Fictitious Crack Model" (Hillerborg et al., 1976). This
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developed model is considered the beginning of the development of the cohesive interface model to simulate
sudden crack growth in brittle solids.

. . . . Microcracking
S)lene?!' elastic (1) Linear elastic T P Fictitious (inelastic zone)
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crack tip
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fracture zone)

Fig. 8. (a) Fictitious damage zones in front of a crack (b) Fictitious crack model

In numerical analyses, non-linear analyses are very important for modelling the elastoplastic damage
zone. In numerical non-linear (fictitious cracking) analyses, NL interface elements for mixed mode I-II
fracture are predefined in the program. With these NL elements, the initiation of new cracks and the
propagation of existing cracks are modelled. The nonlinear interface elements of FRANC2D are used to
model plastic deformation under external load (Fig. 9). The fictitious crack propagation with FRANC2D
occurs when the maximum circumferential stress at the tip is exceeded.

RES-DASHED

RES-BOUND

ORG-ON
NL interface
elements

PAN

a SNAP d

Fig.9 Modelling of fictitious crack propagation

The fictitious crack lengths and the sliding between crack plains for the beam specimen under indirect
tensile loading modeling is shown in Fig.10. As seen in Figure 10, cohesion due to friction on the crack
surfaces increases up to 3 mm crack length and then continues to decrease. In this case, it is explained that
the increase in KI given in Fig. 7 up to this crack length is due to these cohesive forces. When the same
analysis was performed for beam specimens under shear-tensile stress condition, it was found that the
sliding value between the cohesive crack surfaces was about ten times higher than in the mode I case
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(Fig.11). This result is expected and it is stated that the sliding values are higher due to the higher shear
forces in the mixed mode I-II case.
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Fig.10 Sliding between crack surface plains for mode I loading
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Fig.11 Sliding between crack surface plains for shear-tensile loading

According to the results obtained after cohesive fracture analyses and SIF analyses, it will be very important
at this point to investigate and introduce appropriate mixed-mode fracture models and theories for the
prediction of fracture properties of soils or soft geo-materials. Because is not proper. Thus, Because,
although there are many international standard test methods to find the fracture toughness of cement and
metals, no international standard test has been developed for the fracture toughness test of cement stabilized
soils, which is a deficiency in the field of mechanics of materials. It is possible to develop mode I and mixed
mode I-II fracture models and theories for the prediction of fracture properties of stabilized soils or soft
geo-materials using the notched beam specimen or semi-circular disc specimens mentioned in this research.

It is recommended to study different types of industrial and environmentally friendly sustainable cement
mixtures in future cement stabilized soil studies. Because cement stabilized soils are mainly used in road
construction, but also in deep soil mixing (DSM) and jet grouting (JG) applications. Therefore, considering
that millions of tons of cement will be used, it is essential to investigate new generation environmentally
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friendly cements in terms of fracture mechanics principles in terms of climate change and sustainability.
For example, OYAK Cement Ltd., which is the producer of enrironment friendly cement NOVOCEM, has
kept the reduction of CO> emission with calcined clay technology in the first place among its targets in
parallel with borderline carbon applications and produces NOVOCEMO© cement with 40% lower CO2
emission and 35% less energy consumption with 20% renewable fuel. The cement sector is responsible for
8% of CO» emissions from greenhouse gases in the world. Global climate change and sustainability require
the cement industry to seek innovative solutions. Innovative methods aiming to reduce the environmental
footprint of cement production have a critical role in the development of the sector.

Soil reinforcement with cement is also very common in underground and tunneling applications. For
example, in the so-called umbrella reinforcement, it is a technique that aims to improve the ground around
the tunnel during the excavation of the tunnel. It is usually applied using a series of holes into which a
cement mixture is injected. In the method, cement is injected into the pipes placed in the ground to increase
its strength. Moreoevr, the combination of Sodium Silicate injection and cement would provide effective
results in soil improvement and water management processes within tunneling projects. This method is
particularly applicable in tunnels where the cement-water mixture cannot control the pressure of
groundwater. The cement-water mix can reduce its density due to ground-borne water action and can be
washed before setting when in contact with water.

S. CONCLUSION

In this study, the fracture toughness and cracking behavior of soil specimens stabilized with cement, an
elasto-plastic material, were investigated. Numerical analyses of stress condition and fracture behaviour
were performed using FRANC2D program. Stress and crack analyses in beam specimens were performed
using FRANC2D software. The indirect tensile fracture toughness (KIC) value of the modelled beam
specimens was found to be 0.32 MPaVm. Similarly, the indirect tensile and shear fracture toughness values
were found to be 0.38 MPavVm.

The failure and fracture behaviour of the beam samples under indirect tensile and indirect tensile-shear
loading were analyzed for both non-cohesive and cohesive fracture by numerical modeling with
FRANC2D. The results of the analyses showed that the most significant slippage between the cohesive
crack surfaces was observed in the specimen under indirect tensile-shear loading. The "wing crack" growth
in the reinforced soil specimens was obtained compatible with the fracture mechanics applications. The
results obtained in this study are expected to bridge over in the development of a new international standard
test method for the determination of fracture toughness of reinforced soil specimens under tensile and shear
loads.
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