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Abstract

The purpose of this work is to investigate experimentally the
effects of mixed-mode I/II loading on the fracture behavior of
polymer mortars. Three point bend beam specimens with off-
center notch were used in plane-strain fracture toughness tests.
Two approaches have been simultaneously used to determine the
crack opening displacements. The crack mouth opening displace-
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placement were used to evaluate the rotational factor. Finally, the Author email: jreis@mec.uff.br
effect of sliding mode-II in fracture was not easily observed using
clip gage, however this effect was noticed employing Digital Image

Correlation method.
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1 INTRODUCTION

Polymer mortars are composite materials made with polymeric materials and inorganic aggregates,
Czarnecki (2010) and Ribeiro et al. (2003). These types of materials have the advantage of provid-
ing lightweight, fast curing and durability. They are three to five times stronger than conventional
concrete; moreover, do not display brittle characteristics that have limited its usefulness for load-
bearing applications. Nowadays, polymer mortars have been used in precast components for bridge
panels, buildings, machine bases, and transportation components. Previous studies have allowed an
optimization of polymer mortar formulation, considering an extensive experimental program by Reis
(2009) and Reis et al. (2011a, 2011b).
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Many recent studies have focused on fracture behavior of polymer mortars. An alternative pro-
cedure to identify fracture properties, Young’s modulus and Poisson’s ratio, of polymer mortars was
proposed by Nunes et al. (2011). In addition, an investigation of mode-I fracture behavior of
chopped grass fiber reinforced polymer mortars evaluating the crack-tip opening displacement, the
crack extension and critical stress intensity factor through digital image correlation method was
developed by Nunes and Reis (2012).

Knowledge of mixed mode fracture has a great importance for different types of structures. Sev-
eral experimental works based on mixed mode fracture of concrete and similar materials have been
performed by Kazemi and Vossoughi Shahvaril (2004), Galvez et al. (1998, 2002), Swartz et al.
(1988) and Jenq and Shah (1988). Some of them were developed using different experimental meth-
ods for quantifying fracture phenomena, being based on optical methods such as moiré interferome-
try by He et al. (1997), electronic speckle pattern interferometry by Li et al. (2009) and Richter et
al. (1988) and acoustic emission by Ohtsu et al. (1999).

The possibility of obtaining full-field displacements has generated wide interest in the Digital
Image Correlation (DIC) method. The DIC is a powerful available optical-numerical method devel-
oped to estimate full-field displacement without contact. This method has been well documented in
the literature, Sutton (2009), Dally and Riley (2005) and Shape (2008). Several investigators have
recently turned to employ the DIC method in different types of mechanical problems, including
fracture problems Ferreira et al. (2011), Shah and Chandra Kishen (2010), Nunes (2012) and Veer-
man and Muller (1972).

The main purpose of the present work is to investigate the effects of mixed mode I/II loading on
the fracture behavior of polymer mortars. In order to do that, fracture toughness tests were per-
formed using three point bend beam specimens with off-center notch at different locations along the
span. Two approaches were simultaneously employed to measure the crack opening displacement.
The crack mouth opening displacement (CMOD) was measured by means of a clip gauge, while the
crack tip opening displacement (CTOD) was estimated through the digital image correlation meth-
od. The experimental data were used to estimate some important fracture parameters, such as ener-
gy release rate and approximated mixed-mode stress intensity factor. Moreover, the rotational fac-
tor Veerman and Muller (1972), Kolednik, (1989), Bhattacharya and Kumar (1995) and Kumar and
Bhattacharya (1995), which is associated to rotation of specimen about a plastic hinge axis with
notch opening, was also estimated.

2 MATERIALS AND METHODS

Polymer mortars were prepared by mixing fine aggregates and a polymeric binder, in this case an
epoxy resin based on diglycidyl ether of bisphenol-A and aliphatic-amide hardener. This low viscosi-
ty (12000 mPas) system was processed with a maximum mix-to-hardener ratio of 4:1. Resin content
was 12% by weight and no filler was added to the formulation. The aggregate was a siliceous sand
with an average diameter of 245 ym. The sand specific gravity is 2.65 g/ cm® and fineness modulus
of 2.5. The sand was previously dried before added to the polymeric resin in an automatic mixer.
The Polymer mortar formulations were manufactured following the specifications of RILEM
TC113/PC-2 (1985).
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Polymer mortar specimens were compacted in a steel mold of dimensions of 30 x 60 x 250 mm?®.

The specimens were initially cured at room temperature and then post-cured for 3 hours at 80°C.
The samples were notched using a 2mm diamond saw to a 20 mm depth. The final geometry for a
single-edge-notched specimen was considered with a notch length, a, equal to 20 mm; a beam depth,
W, equal to 60 mm; a beam thickness, B, equal to 30 mm; specimen loading span, S, equal to 240
mm. It is schematically illustrated in Fig. 1.

For inducing a mixed-mode fracture condition, loads were applied at the same position on the
middle of specimens, while notches were located by x, values from position load at different loca-
tions along the span, as shown in Fig. 1. The values of x, were obtained from the relation
x,=vYS/2, where y varies from 0 to 0.6, Kazemi and Vossoughi Shahvaril (2004) and Jeng and

Shah (1988).
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Figure 1 Scheme of three point bend beam with off-center notch

3 EXPERIMENTAL PROCEDURE

Three-point bend tests were performed using an electro-mechanical Shimadzu AG-X universal test-
ing machine with a crosshead speed of 0.5mm/min. The crack mouth opening displacement
(CMOD) was measured by means of a clip gauge mounted in the bottom of the beam in the notch
and held in position by two 1.5mm steel knife edges glued to the specimen. At the same time, the
crack tip opening displacement (CTOD) of specimen was determined through the DIC method. The
experimental setup with clip gauge and DIC system is shown in Fig. 2. The DIC system for in-plane
surface displacement measurement is composed of a Sony XCD-SX910 camera with Close Focus
Zoom Lens (10xZoom). This system was used to record a sequence of image around notch tip, i.e.,
at region of interest as shown in Fig. 1.

Digital image correlation (DIC) is a well-established method based on optical-numerical ap-
proach to estimate full-field displacement. The basic principle of the DIC method is to match max-
imum correlation between small subsets of the specimen in the undeformed and deformed states,
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Sutton et al. (2009) and Dally and Riley (2005). In order to do that, all specimens were painted
with white paint and sprayed with black paint to obtain a random black and white speckle pattern
to perform the correlation procedure.

Figure 2 Experimental setup of three-point bend tests: clip gage and DIC systems

The captured image were processed using DIC program (home-made DIC code) for estimating
full-field displacements. The size of the images was 1280x960 pixels and the reference and target
subsets equal to 31x 31 and 71x71 pixels, respectively. The accuracy of the DIC algorithm was ap-
proximately equal to 0.01 pixels and the calibration factor, defined as millimeter per pixel, was
equal to 10/393. It is important to emphasize that the 10x Zoom lens used in the present study
provided relatively low image distortion. Those parameters were used for making accurate meas-

urements.

4 RESULTS AND DISCUSSION

Figure 3 illustrates a set of image around notch tip, which were obtained at region of interest, as
schematically illustrated in Fig.1. These images are associated with different notch locations along
the span, i.e., z. equal to 0, 24, 48 and 72 mm. The crack trajectories can also be observed in Fig. 3
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and taking into account these results the final failure angles were achieved, as summarized in Ta-
blel. It is important to note that the crack trajectory tends to applied load and the final failure

angle of the crack increases, which accentuates the effect of sliding mode-II in fracture.

Figure 3 Experimental crack trajectories: (a) xc = 0 mm; (b) xc = 24 mm; (c) x.

Table 1 Crack angle as a function of crack position.

48 mm; (d) xc = 72 mm;

Specimen z. (mm) Angle (degree)
CP1 0 0
CP2 24 11,3
CP3 48 11
CP4 72 23

The applied loads as a function of the crack mouth opening displacements are plotted in Fig. 4.
As previously described, the values of CMOD were obtained by means of clip gage. The load-
CMOD values were achieved for different notch positions, i.e., z. equal to 0, 24, 48 and 72 mm. It
should be noted that the critical applied load increases with z. values, when the notch tends to ex-

treme positions of the span of test beam.
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Full-field displacements near the notch tip were measured by means of the DIC method. Sam-
ples of u-displacement fields associated with different applied loads for CP1 (see Table 1) are illus-
trated in Fig. 5. Clearly, the crack nucleation and crack propagations can be observed.
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Figure 4 Crack mouth opening displacement as a function of applied loads
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Figure 5 u-displacement fields for different applied loads: CP1
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To determine the crack tip opening displacements (CTOD), the u-displacement fields were used.
CTOD values were obtained by taking the discontinuity of w-displacement at the notch tip. More
detailed analysis can be found in Nunes and Reis (2012). Figure 6 illustrates the crack tip opening
displacement values as a function of applied loads, considering different notch positions. These re-
sults were directly obtained from in-plane displacement fields near the notch tip. Note that for dif-
ferent notch locations along the span, the critical applied load increases with x, values, while the
load-CTOD plots present changes in shape.

0 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
CTOD (mm)

Figure 6 Crack tip opening displacement as a function of applied loads

By results displayed in Figs. 4 and 6, the critical crack mouth opening displacement and the
critical crack tip opening displacement were evaluated. These parameters were obtained taking into
account the values of CMOD and CTOD corresponding to maximum applied loads. The results are
summarized in Table 2.

Table 2 Fracture Parameters for three-point bending specimen with different notch locations.

‘ , Fuex | CMODc | CTODe | 0, U G, K, oy’
Specimen 0 1/2

(mm) (kN) (mm) (mm) (mm) (Nm) (N/m) (MPam™'7) (MPa)

CP1 0 1.62 0.122 0.051 0.308 0.47 390.68 2.23 11.68

CP2 24 1.77 0.112 0.047 0.329 0.51 423.48 2.32 10.64

CP3 48 2.46 0.124 0.054 0.390 0.64 536.55 2.61 11.06

CP4 72 3.70 0.116 0.100 0.469 0.81 673.59 2.93 11.09
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As indicate in Table 2, the estimated critical CMOD have approximately the same values.
Moreover, the values of critical CTOD from CP1, CP2 and CP3 are approximately equal to
0.05mm, while the critical CTOD from CP4 is larger than others. However, it is important to re-
mark that this last value was achieved when fracture of the material was brittle and, consequently,
a few number of points was taken into consideration.

Figure 7 illustrates the correlation between CMOD and CTOD for different notch locations. A
nonproportional behavior may be observed when the notches are taken off-center. This effect in-
creases as the notch tends to move towards the support span. It is associated with mixed mode
condition, in which the effect of sliding mode-II in fracture is accentuated. It is important to em-
phasize that, in the present work, CTOD values were obtained directly. However, the indirect
measurement of CTOD is usually determined by measuring the value of CMOD, considering linear
relationship between them. Therefore, the use of DIC method has been proved to be useful to
measure CTOD.
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Figure 7 Crack tip opening displacement versus crack mouth opening displacement

The energy release of three point bend beam and approximate value of mixed-mode stress inten-
sity factor can be determined taking into account the load point displacement related with applied
load. Figure 8 illustrates the result of applied load as a function of the load point displacement for

different notch locations.
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Figure 8 Load against load point displacement for different notch locations

The energy release rate of three-point bend beam was determined using the Direct Energy
Method. In this method, only energy absorbed by the beam to the point of instability is considered.
The energy release rate may be given by Swartz et al. 1988

_ U—O.SmggO .
" BW(l-a/W) @)

where U is the area under the load-load point displacement curve, mg is the beam weight between
support, go is the load point displacement at peak load. The geometrical parameters of specimens
B, W and a were previously presented in section 2.

Estimated values of U and go are summarized in Table 2. Moreover, the energy release values

are also displayed in Table 2 and are plotted as function of notch locations, as shown in Fig 9. Note
that G, increases significantly as the location of notch approaches the extreme of the beam span. As
notch is moved towards support, more energy is retained to produce failure.
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Figure 9 Energy release rate at different notch locations

Despite mixed-mode condition, in present analysis, only approximate values of mixed-mode
stress intensity factor associated with different notch locations were estimated. For determining this
parameter, the calculated values of energy release (see Table 2) were taken. In this way, the follow-

ing expression, considering the Poisson’s ratio very small, is assumed
K.=\/GE (2)

where the Young’s modulus is E = 11.7 GPa, Nunes and Reis (2012). The estimated values of ap-
proximated mixed-mode stress intensity factor are shown in Table 2. Fracture toughness increase as
notch is dislocated, higher K. is reported but more brittle failure is observed.

The tensile traction acting on the crack surface, or normal stress, can be expressed by

6M
W2B(1-a/W)’ ()

Oy =

F L
with the moment given by M = Z(S - 2xc)+ %(S - 2xc)+ %(L —-2x, )2 . Where ¢ is weight per

unit length of the beam. Normal stress values as a function of crack tip opening displacement for
different notch locations are illustrated in Fig 10. Moreover, maximum values of normal stress are
summarized in Table 2, being these values approximately the same.
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Figure 10 Normal stress as a function of crack tip opening displacement

The bend specimen rotates about a plastic hinge axis with notch opening. The rotational factor r

is associated with this plastic hinge with the center of rotation at a distance r(W —a) from the

crack tip. In order to determine the rotational factor, the crack tip opening displacement (CTOD)
and crack opening displacement (COD) were taken into account. The rotational factor can be de-
termined through a linear relationship given by Gdoutos (2005).

cCTOD a
"= (4)
COD — CTOD (W _ a)

It is important to remark that COD and CMOD values were adjusted, considering the thickness
of steel knife-edges glued to the specimen.
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Figure 11 Rotational factor as a function of CTOD

The rotational factor as a function of crack tip opening displacement for different notch location
is shown in Fig. 11. Tt is important to emphasize again that the effect of sliding mode-II in fracture
is observed.

5 CONCLUSIONS

In the present work, an experimental investigation of effects of mixed mode I/II loading on the frac-
ture behavior of polymer mortars was developed based on two approaches. Crack mouth opening
displacement and crack tip opening displacement were simultaneously determined using clip gauge
and Digital Image Correlation method respectively. The values of energy release rate and stress
intensity factor for mixed-mode I/II loading were greater than the mode I, i.e., these parameters
have increased when the location of notch tended to extreme of the beam span. In addition, the
effect of sliding mode-II in fracture was not easily observed in Load-CMOD curve, however in Load-
CTOD curve this effect was noted. Moreover, this effect was accentuated in CTOD-CMOD curve as
well as in rotational factor values. It should be noted that the linear correlation between CTOD
and CMOD was not achieved and a new expression must be investigated to describe the fracture
behavior of polymer mortars under mixed mode I/II condition. Furthermore, fracture in structural
applications often occurs in mixed mode loading condition. Therefore, the DIC may be a practical
and economical method to provide an estimate of the remaining useful life of the structure.
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