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ABSTRACT

To study the deformation and failure behavior of the open-graded friction course (OGFC)
before cracking at low temperatures, a four-point bending test of the trabecula was conducted, and
the deformation process was monitored by the digital surface model (DSM). The distribution law of
the strain field of the trabecular specimens was analyzed. The horizontal strain field gradually
changed from a uniform distribution to a strain concentration area with loading. The crack initiation
time, crack initiation strain, and deformation period were obtained from the strain curve. The
combination of stress reconstruction and DSM makes the stress measurement of the OGFC more
authentic.
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INTRODUCTION

The open-graded friction course (OGFC) has been popular since 1950 and has been used
because of its advantages, such as strong drainage capacity, improved road surface friction, and
low noise [1-2]. Compared with other types of mixtures, OGFC has a higher porosity and coarse
aggregate content. However, owing to this unique structure, its spatial distribution has a significant
influence on the deformation and failure behavior [3].

Low-temperature deformation and failure are common issues associated with asphalt
pavements and have important impacts on the road function of the OGFC. Typically, the
deformation and failure behavior of materials are evaluated as a whole by the nominal stress and
strain in multiple macroscopic tests [4-5]. However, material properties are evaluated according to
the assumption of isotropy; the anisotropic properties of the mixture are neglected [6-7]. In
addition, the deformation process prior to failure is ignored. It is impossible to obtain the
deformation of the sample surface or the concerned part. The actual strain field of materials must
be obtained to understand their macroscopic behavior, irrespective of whether it is the surface of
the sample or the place of interest [8]. Therefore, it is of great significance to study the deformation
and failure behavior of OGFCs by considering comprehensively the anisotropy properties of
materials.

The digital surface model (DSM) can realize full-field, noncontact measurements. Through
the deformation measurement experiment of 0.1-500m scale, Maas et al. [9] determined that digital
image correlation (DIC) can analyze deformation with a precision of 1:1000000. Kovaci¢ et al. [10]
found that the photogrammetry results also maintained high accuracy compared with the results
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obtained by geodetic and hydraulic piston methods. Stewart et al. [11] found that cracks are
sensitive to mesostructural features using DSM combined with macro tests. Bjorn et al. [12] found
that a DIC system overcomes the shortcomings of traditional strain measuring equipment and has
satisfactory accuracy compared with strain gauges. Through the failure test of concrete wall, Teo
[13] studied that there is a high correlation between photogrammetry displacement and linear
variable differential transformer (LVDT) displacement. Lyons et al. [14] studied the ability of DIC
computer vision technology to measure in-plane deformation at temperatures as high as 650 °C.

Considering the above analysis, in this study, the deformation and failure behavior of OGFC
is studied using DSM in conjunction with a four-point bending test to obtain the full-field
displacement and strain information of the OGFC mixture. Additionally, we propose stress
reconstruction, obtain the stress change during loading, and recognize the full-field deformation
and failure behavior of the OGFC mixture.

METHODS

Gradation design of OGFC

OGFC is an open-graded asphalt mixture composed of asphalt and aggregates. Basalt was
used as the coarse aggregate, alkaline machine-made sand was used as the fine aggregate, and
the mineral powder was made of ground limestone. The gradation is illustrated in Figure 1.
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Fig. 1 — Gradation design of open-graded friction course

To verify the high-temperature stability, low-temperature crack resistance, and water
stability of the OGFC, the dynamic stability was measured by conducting a rutting test at 4160
times/mm. The freeze-thaw splitting strength ratio measured by the freeze—thaw splitting test was
90.86%, and the flexural tensile strain measured by the low-temperature bending test was 3178.34
x 10°.

Test methods
Basic principle of DSM

This study mainly uses the MatchlD system, comprising a camera, computer, and light
source, to execute the DSM test. The DSM test system is shown in Figure 2.
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Fig. 2 — Digital speckle method test system

Basic principle of DSM [15]: Through correlation matching of speckle images before and
after deformation (the images before and after deformation are reference and deformed images,
respectively), the gray field of an image subregion is obtained, and the displacement and strain of
sample are calculated according to the gray changes of pixel points. The algorithm principle is
depicted schematically in Figure 3. The gray values of the reference and deformed images are f(x,
y) and g(x’, y’), respectively. Consider a point P(x, y) in the reference image, and a subset s of
pixel points with a size of (2M +1) x (2M+1) as the reference image matching subarea. After
loading, when point P moves to point P’(x’, y’), the speckle in S moves to the corresponding
position in the S’ subregion centered on the point P’(x’, y’). Based on the principles of probability
and statistics, the deformed point P’ can be determined by the position of the point with the
maximum correlation coefficient after matching with point P [16]. After matching the corresponding
points, the coordinate differences between these two points are the displacement components
attributed to the deformation of point P [17].

reE—-n

Y1 Reference image YT deformation image
Fig. 3 — Basic principle diagram explaining the implementation of the correlation algorithm

The zero-mean normalized sum-of-squared differences (ZNSSD) correlation function [18] is
used to calculate the correlation coefficient of the OGFC beam specimen before and after
deformation,

FxY)~fm g(x'y')-g
Cznnssp = ZJAf:—M Z“yQ_M o " . Y 1\(4 ) jn NPT 1)
Zx:—MZy:—M[f(xry) fm] Zx:—MZy:—M[g(x Yy ) gm]

where f(x,y) is the gray value of reference image point P in Figure 3, g(x’, y’) is the gray value of
the deformed image point in Figure 3, and f,, and gm are the average gray values of the subregions
of the reference and deformed images, respectively.

@ DOI 10.14311/CEJ.2022.02.0020 262



Article no. 20
CIVIL

R THE CIVIL ENGINEERING JOURNAL 2-2022

Preparation of test pieces

The rutting plate specimen with dimensions of 300 mm x 300 mm x 50 mm (length x width
x height) was cut in beam specimens with dimensions of 250 mm x 30 mm x 35 mm (length x
width x height). Speckles were made on the test piece. The bottom part was sprayed with matte
white paint on one side in the up-and-down direction of molding, and black spots were added after
air drying to form a speckled surface with black spots on a white background, as shown in Figure
4.
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Fig. 4 — Speckled surface of the tested specimen

Test scheme

The four-point bending test is shown in Figure 5. A SANS universal testing machine was
used as the loading device. The distance between the supports of the specimen placement device
was 200 mm, the distance between adjacent chucks was 66.67 mm, the loading rate was 50
mm/min, the test temperature was -10 °C, and the image acquisition frequency was 10 ms/pair.

-4
Fig. 5 — Four-point bending test

ANALYSIS AND DISCUSSION OF TEST RESULTS
Load-time curve analysis

The entire field deformation and failure behavior of the OGFC were studied using DSM
combined with a four-point bending test. Figure 6 illustrates the load—time curve. At the initial stage
of loading, the load on the specimen increases approximately linearly. At this time, the microcracks
in the specimen are gradually compressed and deformed. Subsequently, the load growth rate
decreases until the peak value is reached. Finally, the load decreases approximately linearly until
the end of the test. To analyze the strain field evolution process of the OGFC beam specimens
before complete failure, the strain fields at six representative time points (A—F) were selected to
analyze the evolution process from the load—time curve and the evolution characteristics of the
strain field nephogram. Point A is the initial loading of the specimen, point B is in the stage of linear
load growth, point C is in the stage of slow-load growth, point D is near the peak load, point E is at
the stage of load decline, and point F is the end of the load decline when the test is terminated.
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Fig. 6 — Load—time curve of four-point bending test

Strain-field evolution analysis

We focus on the evolution process of the strain field before the complete failure of the
OGFC beam specimen and investigate the deformation and failure behavior by examining the
evolution of the horizontal strain field [19], as shown in Figure 7(a)—(f).
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(c) Point C

-0.007555 -0.002411 0.002733 0.007877 0.01602
(d) Point D

Fig. 7 — Horizontal strain field at representative temporal points
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Fig. 7 — Horizontal strain field at representative temporal points

Figure 7 demonstrates that:

(D There is no notable difference between the strain fields at points A and B, and the
nephogram of the horizontal strain field is uniformly distributed; however, there is a rather fuzzy
ribbon area at point B. Compared with the position of the specimen, these areas are all distributed
along the asphalt mortar owing to the uneven distribution of materials, and the flexible asphalt
binder is prone to deformation. Thus, different positions generate different strain responses.

2 When loaded to point C, the sample is in a stage of slow load growth. First, flame-like
areas F and S, namely the strain concentration areas, appear at the bottom part of the right
indenter and expand upward to form the strain concentration belt area (Figure 7(c)). As indicated,
the degree of strain concentration in area F is higher than that in area S. Comparing Figures 7(c)
and 7(b), we can observe that areas F and S are developed from the ribbon areas in Figure 7(b).

(3 When loaded at point D, the strain concentration degree of area F is higher than that of
area S, and the stress is concentrated. When the concentrated stress exceeds the ultimate
strength that the OGFC can bear, area F cracks before area S, as shown in Figure 7(d).
Concurrently, a crack tip is produced, and the strain concentration area moves up to the tip, thus
promoting continuous expansion of cracks. In addition, the first generation of cracks in area F
increases the tensile strain at point D by one order of magnitude compared with point C.

@ With the application of load, the cracks in area F continue to expand, and the strain
concentration in area S increases synchronously. When the material limit is exceeded, the cracks
in area S appear as shown in Figure 7(e). Simultaneously, a flame-like area T appears at the
bottom of the left indenter owing to the strain concentration.

® The strain concentration in the left indenter and cracking in area S disperse the stress in
area F and decelerate the development of cracks. When loaded to point F, the strain concentration
causes the crack at the bottom of the left indenter specimen to expand to a certain extent, which in
conjunction with the two cracks on the right side, leads to the final failure form of the specimen
shown in Figure 7(f).

According to the overall observation of the six pairs of strain field nephograms with different
characteristics at different times, the drastic changes in the strain field distribution in the four-point
bending test are mainly concentrated between two indenters. The strain field gradually changes
from a uniform distribution to a considerable concentration, thus indicating the localization
characteristics of the OGFC deformation. In addition, by comparing the strain concentration bands
to the distribution positions of the specimen materials, it can be observed that the strain
concentration bands in areas F, S, and T are all located between coarse aggregates, and the
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materials at the positions are asphalt mortar formed by asphalt binder and fine aggregate.
Furthermore, the cracks are distributed along the asphalt mortar and spread at the interface
between the fine aggregate and asphalt binder.

Strain characteristics at strain concentration zone

To objectively and quantitatively investigate the evolution of the strain concentration zone,
the horizontal strain of the concerned points (1, 2, 3, and 4; Figure 8) was measured using the
point function of the MatchID system, as depicted in Figure 7(c), in which three points (1, 3, and 4)
were located at the cracking point of the strain concentration zone, and point 2 was located at the
middle bottom. Figure 9 demonstrates the change in the horizontal strain at each point with the
number of collected frames.
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Fig. 8 —The horizontal strain of the Concerned points
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Fig. 9 — Changes of horizontal strain of concerned points with the number of frames collected

Figure 9 shows that the strain change trends of the concerned points are different, and the
strain growth is slow in the early stage with no notable differences. The strain growth rate at points
3 and 4 is accelerated and tends to be linear at approximately 200 frames, but the growth rate at
point 3 is faster than that at point 4 in the early stage. At approximately 600 frames at point 1, the
strain begins to increase rapidly and tends to be linear. When cracks occurred at points 1, 3, and 4,
the strain responses were disrupted. Considering that no cracks were formed at point 2, the curve
changed steadily until the test stopped. Based on the number of frames at the turning point of the
curve from slow growth to rapid growth, the cracking point sequence adheres to the order of points
3, 4, and 1, respectively. The corresponding time at the strain interruption at point 3 is the crack
initiation time (4.33 s). Furthermore, the time before cracking (strain interruption) is the deformation
period of the specimen, which is approximately 0-4.33 s (520 frames).
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Fig. 10 — Nominal strain response of four-point bending test

The nominal strain of the four-point bending test is shown in Figure 10. Comparing Figures
9 and 10, the strain change trends present nonlinear growths and not the approximate linear
growth trends of the nominal strain, although the strain change trends of the concerned points are
different. This is because OGFC exhibits anisotropic properties, as verified by the distribution of the
strain field and strain changes of the concerned points. The nominal strain was the ideal strain
obtained by homogenizing the specimen. The DSM calculates the strain values of the points on the
surface of the specimen. Therefore, the strain calculated using the DSM is the true strain value of
each point.

Stress reconstruction and evolution analysis

To study the material stress variation law, a theoretical formula is generally used to
calculate the stress; however, this method does not consider the change in the material‘s cross-
section owing to load. In addition, the theoretical formula can only calculate the representative
stress and cannot obtain the stress change of the concerned area or point. Previously, the stress
change was studied using the finite element method (FEM) [20-21]. However, the FEM is too
idealistic; thus, using DSM to estimate the stress of materials can provide more accurate results.
Therefore, based on the FEM and material properties, this study reconstructs the stress of the
OGFC deformation process through the stress—strain inverse mechanical analysis method based
on the strain measurement results of DSM.

Stress reconstruction

The four-point bending test used in this study was performed at -10 °C. Assuming that
OGFC produces elastic deformation during loading, the stress—strain relationship at the
deformation stage can be expressed using Equations 2—4, according to the elastic mechanics
theory as follows,

1-—
o = (o - 5) @
_ 1-u W
& = 50y - H‘TW) 3)
2(1-p)
Yy = Turxy 4)

where o, is the horizontal stress, o, is the vertical stress, t,, is the shear stress, u is the
Poisson’s ratio of the material, and E is the elastic modulus.
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Assuming that a = 1_7” and b = £, the above equations can be simplified to Equations 5-7, as

1-u'
follows,
&y = a(crx - bay) (5)
&y = a(oy, — boy) (6)
Yoy = 2a(1+ D)1y, @)

Equations 8-10 of the stress reconstructions in the horizontal, vertical, and shear directions can be
obtained by the simultaneous inversion of Equations 5-7, as follows.

&x—bey

% = by (8)
__ &y—bey
Oy = a(1-b2) (9)
1
Txy = myxy (10)

Therefore, using the elastic modulus, Poisson's ratio, and strain data, the real stress can be
obtained by stress reconstruction. The elastic modulus and Poisson's ratio were calculated from
the DSM in the deformation stage. The starting and ending points of the deformation stage were
determined; E,, and u,, [22] of the specimen represent the elastic modulus and Poisson's ratio,
respectively.

To obtain E,, and u,,, the line function of the MatchID analysis system was adopted, and
the lines were arranged in the obtained strain nephogram. The required strain values are given by
Equations 11-14, as follows,

Eha = > 211 Eina (11)
€ea = = i1 Eiea (12)
Enp = = 211 Einb (13)
Eeb = = X Eiep (14)

where a and b are the start and end marks of the deformation stage, respectively; ¢, and &, and
&.q and g,,, are the average horizontal strains and average vertical strains at the beginnings and
ends of the deformation stages, respectively; n is the number of measuring points on the
measuring line; &, andeg;,, and €., and g, are the horizontal and vertical strains of the
measurement point i of the measuring line at the start and end points, respectively.

According to the definition of the elastic modulus and Poisson's ratio, Equations 15 and 16
are obtained as follows,

Op—0q

Fov = cunena (15)
_ €eb—€ea
Hav = — (16)

where g, and g, are the stress values at the beginning and end of the deformation stage,
respectively.

Stress analysis based on DSM

As observed earlier, the elastic deformation time of the OGFC beam specimen is in the
range of 0—4.33 s (0-520 frames), and its horizontal and vertical strains are both zeroes because
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there is no stress at the beginning. The horizontal and vertical strains at the end of the deformation
stage can be obtained by combining the corresponding relationship between time and strain. The
strain field is shown in Figure 11.

(b) Nephogram of vertical strain field at the end point

Fig. 11 — Nephogram of horizontal strain and vertical strain fields at the end point

Based on the stress condition, a measuring line was placed horizontally along the top and
bottom edges of the test surface of the specimen to calculate the average horizontal strain.
Further, a measuring line was placed vertically directly below the loading end to calculate the
average vertical strain. A total of 51 points from each measuring line were used to obtain the strain
change of the test piece, as shown in Figure 12. In Figure 12(a), the fluctuations of the top and
bottom measuring lines are located at the middle measurement point, and the fluctuation of the top
measuring line is much smaller than that of the bottom. This indicates that the deformation of the
test piece occurs between the loading ends. The top is the compressive strain, and the bottom is
the tensile strain, which plays a major role in the deformation. In Figure 12(b), the left measuring
line is parallel to the right measuring line, exhibiting no significant changes. However, compared
with Figure 12(a), vertical strain value is one order of magnitude smaller than the horizontal strain
value, thus indicating that the horizontal strain primarily affects the test piece. The irregular
fluctuation and peak value of the measuring lines in Figures 12(a) and 12(b) demonstrate the
anisotropic characteristics of the OGFC; accordingly, the applicability of DSM to OGFC is verified.
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(a) Horizontal strain of the top and bottom measuring lines

Fig. 12 — Horizontal and vertical strains of the measuring lines
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Fig. 12 — Horizontal and vertical strains of the measuring lines

The horizontal strain data of the top and bottom measured points were input in Equation 13,
while the vertical strain data of measured points at the loading end were input in Equation 14. The
following results were obtained based on calculations: g,, = 0, £,, =0, ey, = 1.008 x 1073, and
e.p, = 2.467 x 107*. The stress value at the beginning and end of the deformation stage was
determined based on the time correspondence. The above estimated data were input in Equations
15 and 16. The following results were obtained based on calculations: E,,, = 1580 MPa and p,, =

0.24.
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Fig. 13 — Horizontal and vertical stress plots as a function of the number of frames
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Fig. 13 — Horizontal and vertical stress plots as a function of the number of frames

The horizontal and vertical stresses can be obtained by using the four points in Figure 8 as
the concerned points for stress reconstruction and by inputting the horizontal and vertical strains
and the calculated elastic modulus and Poisson's ratio in the deformation process in Equations 8
and 9 (Figure 13). The positive and negative values represent only the stress direction and not the
value. As shown in Figure 13, the horizontal stress of the four points increased significantly
compared with the vertical stress, indicating that the horizontal stress primarily affects the
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specimen. In addition, by comparing the horizontal stresses at different points, it can be observed
that the point order (from large to small stress values) is 3, 4, 2, and 1. In particular, the stress at
point 3 is slightly greater than that at point 4 and far greater than those at points 1 and 2.
Therefore, point 3 is the first crack point with the highest strain and stress concentration.

Therefore, the results of stress reconstruction are consistent with the macro phenomenon
and DSM that verifies the feasibility of stress reconstruction for the analysis of the stress change
law of the OGFC.

CONCLUSION

(1) During the four-point bending test of the OGFC, we observed a strain concentration zone in
the horizontal strain field at the mortar distribution until a crack occurred at the highest strain
concentration.

(2) The quantitative analysis of the strain of the concerned points showed that the strain
increased nonlinearly, and the growth was initially slow, then accelerated, and then tended to be
linear. Strain responses were disrupted owing to the cracking of the specimen at the strain
concentration zone and tended to be stable at a later stage in the noncracking zone.

3) The stress—strain inversion and stress reconstruction of the DSM confirm that the stress
reconstruction is effective and feasible for the analysis of the stress variation law of the OGFC.
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