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Abstract: The thermal storage stability of styrene-butadiene-styrene tri-block copolymer modified
bitumen (SBSPMB) is the key to avoid performance attenuation during storage and transportation
in pavement engineering. However, existing evaluation index softening point difference within
48 h (ASPyg) cannot effectively distinguish this attenuation of SBSPMB. Thus, conventional physical
indexes, rheological properties, and micro-structure characteristics of SBSPMB during a 10-day
storage were investigated in this research. Results showed that during long-term thermal storage
under 163 °C for 10 days, penetration, ductility, softening point, recovery rate (R%), and anti-rutting
factor (G*/sind) were decayed with storage time increasing. This outcome was ascribed to the phase
separation of SBS, which mainly occurred after a 4-day storage. However, ASP,g after a 6-day
storage met the specification requirements (i.e., below 2.5 °C). Thus, the attenuation degree of asphalt
performance in field storage was not effectively characterized by ASP,g alone. Results from network
strength (I) and SBS swelling degree tests revealed that the primary cause was SBS degradation and
base asphalt aging. Moreover, conventional indexes, including penetration, ductility, and softening
point, were used to build a prediction model for rheological properties after long-term storage
using partial least squares regression model, which can effectively predict I, R, Jnr, G*/sind, and SBS
amount. Correlation coefficient is above 0.8. G*/siné and I at the top and bottom storage locations
had high coefficient with SBS amount. Thus, phase separation of SBSPMB should be evaluated
during thermal storage.

Keywords: polymer-modified asphalt; thermal storage stability; relationship between macro performance
and micro structures; partial least squares regression

1. Introduction

Styrene-butadiene—styrene tri-block (SBS) polymer-modified bitumen (PMB) (i.e.,
SBSPMB) has been applied globally in road pavements owing to its superior performance.
Compared with polyethylene (PE), styrene butadiene rubber (SBR), and ethylene-vinyl
acetate (EVA), SBS can provide outstanding stiffness and elastic recovery characteristics
over a wide temperature range to conventional asphalt [1,2]. SBSPMB also serves in porous
pavement for sustainability of urban environment [3,4], thus, this binder has dominated
the PMB market. However, SBS copolymers are far from perfect. The poor storage stability
of SBSPMB remains a crucial but difficult challenge to be addressed.

The poor storage stability of SBSPMB often results from poor compatibility between
SBS polymers and bitumen, which is controlled by the different properties of polymers and
bitumen, such as density, molecular weight, polarity, and solubility [5]. Poor compatibility
leads to phase separation between SBS and asphalt [6-8]. Actually, SBS has a biphasic
morphology composed of polystyrene (PS) and polybutadiene (PB), in which rigid PS and
flexible PB are the dispersed and continuous phases, respectively [9,10]. When a suitable
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amount of SBS is added into asphalt, PB can be swollen by the light components in asphalt
but PS is pure without change. The combination of the hardness of PS and softness of PB
could form a rubbery supporting network in the asphalt, and increase the anti-rutting, anti-
cracking, and elastic response to the asphalt matrix. The strength of this physical crosslink
network comes from intermolecular forces [11]. Thus, it is easily destroyed by heat and
oxidation because of the presence of double bonds and hydrogen in the - position (x-H)
in PB blocks [12] and loss of the light components of asphalt [5]. Zhu believed that density
difference was one of the causes of PMB instability in the gravity field [13]. Consequently,
an extensive rule for SBSPMB is that SBS is partially swollen by the light components of
bitumen to form a thermodynamically unstable but kinetically stable system. Nevertheless,
this kinetically stable system is a type of metastable state in the gravity field. Lastly, phase
separation resulted in a worse performance for SBSPMB during thermal storage, which is
called segregation in road engineering.

Therefore, segregation is a crucial issue in PMB. Numerous studies have concentrated
on preventing the segregation of SBSPMB, including optimizing the production process,
grafting modifier, or adding stabilizers. Ali found that the mixing time during the blending
process of the polymer and asphalt had a significant influence on the polymer particle
distribution [14]. Fu reported that SBS-g-M grafted with vinyl monomer under c-rays
irradiation could significantly improve the storage stability of SBS-modified asphalt [15].
Ren adopted SBS latex to avoid the segregation of SBSPMB [16]. Among many technologies,
sulfur or polymerized sulfur is a common stabilizer for SBSPMB [17-19]. Sulfur is a
chemically coupling polymer and bitumen through sulfide or polysulfide bonds, that leads
to polymer molecule crosslinking, and provides considerably stronger interactions to form
a stable polymer network compared with the physical ones [5]. Aromatics-rich oil (light
components) is also a frequently used way to improve SBS swelling that decreases the
segregation of SBSPMB [20,21]. Also, there is a side effect of the use of sulfur, as some
studies have indicated that there was some element of insoluble sulfur in the vapour
produced during the process of mixing and dumping of the asphalt mixture which could
have bad effects on the safety of workers, particularly effects on the eyes and skin. Thus,
antioxidants [22], nanomaterials [10,23-25], and other functionalization of polymers [24,26]
are proposed. Overall, sulfur stabilizers remain the most widely used.

Extensive effort has been focused on the effective evaluation indexes on segregation.
This method aims to extensively use closed aluminum toothpaste tubes at 163 °C to mimic
the storage and transportation conditions of SBSPMB [19]. The softening point difference
after a 48-h storage period (ASP4g) of SBSPMB in the top and bottom 1/3 part of the tube is
the most popular control index used to evaluate PMB stability. However, this conventional
index is insufficient to identify whether or not PMB is stable, particularly for long-term
storage. Thus, Zhu introduced a phase-field method to capture the phase separation of
SBSPMB [27]. Liang used fluorescence microscopy (FM) combined with the phase field
model to describe the SBS-phase distribution during storage [28]. Singh reported the
rheological property changes with storage time [29]. Typically, each asphalt tank truck can
load approximately 40 tons of asphalt. However, using a truck of asphalt in pavement
engineering in a short time is difficult, particularly during bad weather. Therefore, before
asphalt mixture mixing, SBSPMB is exposed to elevated temperatures (100-180 °C) in
closed metal containers with vents for a long time [30], occasionally for over a week.
However, only a few studies have focused on the performance decay of SBSPMB during
long-term thermal storage.

This study aims to identify the macro-performance and micro-characteristics attenu-
ation of SBSPMB during long-term storage to control the quality of SBSPMB in the field.
Segregation test was conducted to simulate the thermal storage procedure. First, macro-
performance was used to determine the conventional and rheological index attenuations as
storage time increases, which were obtained from softening point, multi-stress creep recov-
ery, and small strain oscillatory rheological tests. Second, micro-characteristics of the SBS
degradation during storage were investigated via attenuated total reflection infrared spec-
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troscopy (ATR-FTIR), FM, and atomic force microscopy (AFM). Lastly, a grey relation was
used to determine the relationship between macro-performance and micro-characteristics,
and the partial least squares (PLS) method was used to predict rheological properties based
on conventional physical indexes. This research will be beneficial in markedly improving
our understanding of the durability of PMB and controlling its quality in the field.

2. Materials and Methods
2.1. Materials

The grade of base asphalt used is Penetration 70 dmm (marked as A70#). A linear
type SBS with molecular weight 110,000 g/mol was used in this research. Commercial
sulfur stabilizers were used as asphalt stabilizers. The properties and characteristics of
base asphalt and SBS modifier are listed in Table 1.

Table 1. Properties and characteristics of base asphalt and SBS modifiers.

Ductility @ 10 °C/cm Sof.tenéng Penetration @ 25 °C/dmm
Base Asphalt Point/°C
38 49 70
. Polybutadiene  Polystyrene Molecular
SBS Type Size o o . 1
Modifiers Content/% Content/% Weight/g-mol
Linear 20 mesh 70 30 110,000

The SBSPMB was prepared using a high-shear mixer (WeiYu Machine Co., Ltd.,
Shanghai, China). Base asphalt was heated at 160 °C for improved flow. SBS polymers
(4.5 wt.% by asphalt weight) were added to the asphalt at 175 °C for 30 min at a fixed
rotation speed for 3000-3500 r/min. Thereafter, asphalt stabilizer (0.25 wt.% by asphalt
weight) was added into the mixtures at 180 °C for 5 min. Finally, it was polymer swelling
at low temperature and shearing speed to prevent base asphalt aging, and the swelling
conditions were 165 °C, 60 min at a fixed rotation speed of 2500 r/min.

2.2. Methods

The entire experimental design is summarized in Figure 1. Long-term thermal storage
samples were obtained from segregation test in accordance with ASTM D 5975. The storage
time was 0, 2, 4, 6, 8, and 10 days.

| Long term thermal storage |

\1,' i’ ‘l’
Physical Rheological | Micro-structures
indexes properties | | characteristics
¥ v ¥
ion: N kS
Base i Pglfh;;llt_wl.l’ Jﬁ;vg; ets‘:;(;; gtht(r;x)c;mre
asphalt c lty’_ avg’ | |SBS Swelling Degree;
Soﬂenlrllg point.| | G*/ slin8. ATR-IIR.
v v
| Greyrelation | | Partial Least Squares |
¥ v
Optimization of | Performance prediction based
evaluation index on conventional indexes

Figure 1. Experimental design flowchart.
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This figure shows that storage samples were obtained from segregation tests in ac-
cordance with ASTM D 5975. However, the storage time was not only 48 h. Macro-
performance testing of SBSPMB included conventional physical and rheological indexes.
Conventional physical indexes were obtained by softening point, penetration at 25 °C, and
ductility at 5 °C, which were in accordance with ASTM D2398, ASTM D 5, and ASTM D 113,
respectively. Softening point difference (ASP4g) was obtained from ASTM D5976. Rheolog-
ical indexes were obtained from a Multiple Stress Creep Recovery Test (MSCR) and small
strain oscillatory rheological test. MSCR was used to determine irrecoverable compliance
(Jnr), recovery rate (R%), and accumulative strain in accordance with ASTM D7405-10a.
Small strain oscillatory rheological test was used to obtain the complex modulus (G*) and
phase angle (6) on the dynamic rheological remoter (DSR) at 70 °C.

Micro-characteristics included experiments conducted using ATR-FTIR, FM, and AFM.
ATR-FTIR experiments performed on a TENSOR II instrument (Bruker, German) were used
to determine the SBS characteristic peak changes, which occurred during the SBS PMA
storage process. FM was used to observe the SBS-rich phase distribution, and AFM was
used to identify the particle characteristics of the SBS-rich phase. FM was conducted on a
DM 2500 system (Leica, German) and AFM was performed using a Dimension Fast Scan
system (Bruker, German). Digital imaging technology was used to find the SBS swelling
degree and particle characteristic indexes. For FM, the ultraviolet light type used was blue
violet light, the magnification times of the ocular glass was 10x, and that of the object
glass was 40x. Asphalt films for FM and AFM were obtained by using the heat-casting
method. Hot asphalt binder was cast into glass slides to achieve effective flow with a
heating temperature of approximately 160 °C. Bitumen-covered sample holders were left
overnight at room temperature before testing.

3. Results
3.1. Macro Performance Indexes
3.1.1. Conventional Physical Indexes
Changes in conventional physical indexes as storage time increases are shown in
Figure 2. Softening point was typically iso-viscous temperature, penetration was iso-

temperature viscosity, and ductility was used to identify the low temperature flexibility of
SBSPMB.

10
8k
5 % . 5 o 6r
I o .
—m— Softening pointtop  © Softening point bottom ﬁ 4+ i /‘
—aA— Penetration top A Penetration bottom Specification Value
+— Ductility top % o Ductility botom | = |=e—=f—- p_ ............. A_SEI'EIE crust |
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Figure 2. Performance evaluation of SBS modified asphalt based on conventional indexes. The error bar represents the

standard deviation of the results of two separate tests. (a) Conventional index at top and bottom part during storage.

(b) Softening point difference within 48 h.

As shown in Figure 2a in the top part of SBSPMB, softening point was increased
initially and decreased thereafter, penetration was decreased and increased, and peak
values ocurred on the 4th and 6th days. Moreover, Figure 2a shows that the softening point
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at the bottom of SBSPMB was increased and then decreased, and the peak happened on
the 2nd day; and penetration was decreased and then increased, and the valley value was
seen on the 2nd day. Ductility was decreased at all times either in the top or bottom part.
Thus, long-term storage results in decreased flexibility at low temperature but increased
viscidity at high temperature.

In Figure 2b, the max value of ASP;g was observed on the 4th day, thereby demon-
strating the occurrence of the heaviest segregation or phase separation. However, ASPg
was decreased after a 4-day storage. The reason is that all softening points at the top and
bottom decreased, indicating a lack of phase separation improvement. On the 8th and
10th days, ASP,g satisfied the specification requirement of SBS I-C of China (i.e., below
2.5 °C). Asphalt crusts were extremely issues after a 10-day storage, as shown in Figure 2b.
Thus, the attenuation degree of asphalt performance in field storage was not effectively
characterized by ASP,g alone.

3.1.2. Rheological Indexes from MSCR

Accumulated strain, Ravg, and Jnravg Of three modified asphalts were selected to
determine the creep characteristic differences of SBSPMB during long-term thermal storage,
as shown in Figure 3.

200 200
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Figure 3. Accumulated strain, Ravg, and Jnravg of samples with different storage time. The error bar represents the standard

deviation of the results of two separate tests. (a) Accumulated strain at 3.2 kPa at the top of SBSPMB; (b) Accumulated strain

at 3.2 kPa at the bottom of SBSPMB; (c) Average recovery rate at 0.1 kPa and 3.2 kPa; (d) Average irrecoverable compliance

at 0.1 kPa and 3.2 kPa.

Equations (1) and (2) were used to obtain the values of Ravg and Jnravg, respectively:

R _ Ro1xpa + R32kpa
awg =" 5

)
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_ Jn7o.kpa er Jn73.2kPa @
where Ry 1xp, is the recovery rate at 0.1 kPa, R3o1p, is the recovery rate at 3.2 kPa, Ravg
is the average value of Ry xp, and Rj3kpa, Jnr0.1kpa 1S the irrecoverable compliance at
0.1 kPa, Jr3.2kpa is the irrecoverable compliance at 3.2 kPa, and Jnravg is the average value
of Jnr0.1kpa @nd Jp3oxpa- For accumulated strain, the results in Figure 3a,b show that the
accumulated strain increased with an increase in storage time either at the top or bottom of
SBSPMB. A larger accumulated strain demonstrated worse elastic recovery ability at high
temperature. The results in Figure 3c,d verify this conclusion. The value of R decreased
as storage time increased, while the J,;» increased at the top or bottom of SBSPMB. High
R and low J;; suggested considerable elasticity at high temperature [31]. Thus, higher
R and lower J,,; would provide SBSPMB with better anti-rutting property. However, on
the 10th day of storage, R% reduced to 2.54% and lost 96% elastic ability, resulting in a
significantly high [,,. After a two-day storage, J,,» was below 0.5 (1/kPa). Thus, long-term
hot storage would destroy the three-dimensional network structure, which was proven by
the micro-characteristic indexes.

Jnravg

3.1.3. Rheological Indexes from Small Strain Oscillatory Rheological Test

Complex modulus (G*) is an important index to evaluate the load bearing capacity of
PMB. Changes in G* at 70 °C during long-term storage is summarized in Figure 4a. The
results showed that G* decreased substantially as storage time increased either at the top
or bottom part. A smaller G* provided a lower strength, which was ascribed to the SBS
network structure decay and base asphalt aging. In pavement engineering, the ratio of
complex modulus to the sine value of the phase angle (G*/sind) is called the anti-rutting
factor, performing the high temperature in performance grade (PG). G*/sind variation
with storage time is listed in Figure 4b. The result showed that G*/sind decreased with
an increase in storage time either at the top or bottom part. By contrast, a slightly higher
value at the top was observed than the one at the bottom. A larger G*/siné indicated that
this binder could be used in higher air temperature condition. Thus, SBS particle was
implied to float up to enhance the modulus and decrease the phase angle of SBSPMB. By
contrast, the bottom was completely the opposite. In general, deformation resistance at
high temperature of SBSPMB was weakened after long-term storage.

2400 - —=— SBS PMB at the Top 2500 b
—o— SBS PMB at the Bottom (@) 7 (b) __Top
& Bottom
R
2000 | RS
2000 |+ (XX | -
© 5 R
o XK R
© = £XX] A
o ) :.:.:.1 (XX
1600 £ el s
* 0RRA] XK 77
o £ Potodod Netede!
‘©1500F & 3
(5 o
[ K (0
1200 - (0] KXY R
KXX] KKK KXKA] o
0‘0‘0‘4 ’0.0‘04 ,0.0.0.4 7 /
00 el S
RRK ool XX %
1000 |+ 5 RN KSR
RRK 0358 XX
800 . . . . . 78 8 88 ,
2 4 6 8 10 2 4 6 10
Storage times/days Storage time/days

Figure 4. G*/sind of samples with different storage time. The error bar represents the standard deviation of the results of
two separate tests. (a) is complex modulus. (b) is anti-rutting factor.



Sustainability 2021, 13, 10582

7 of 16

8,000

6,000

E)
o
o
o

Shearing Stress/pa

2,000 [

3.2. Micro Characteristics Indexes
3.2.1. Network Structure Strength from Stress-Time Curves

A rubbery supporting three-dimensional network formed from the SBS phase is the
modification nature of SBSPMB. Wehumbura believed that if a modified asphalt exists in a
cross-linked network, then the shear stress—time curve from the continuous application of
force at a fixed shear rate in strain control mode would show evident peaks and valleys [32].
Thus, network structure strength (I) was proposed to characterize the crosslinking degree
of network as follows: s

=2 3
SP ®)
where S is the peak of the shearing stress, S;, is the flat value of the shearing stress, and
all units are in Pa. A large I identified a strong network among the polymer phase that is
difficult to destroy by external force. The shearing stress—time curves at the top and bottom
of SBSPMB are shown in Figure 5, and the value of I is presented in Figure 6.

(b) Bottom

(a) Top

8,000 -

o

o

o

o
T

4,000}

Shear stress/pa

2,000 fd

L L L L

L L L

20 30 40 50 60 0 10 20 30 40 50 60

Loading time/s Loading time/s

Figure 5. Evaluate of network structure strength. (a) Shearing stress at the top. (b) Shearing stress at the bottom.
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1%
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1.3 boteteld
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Storage time/days

Figure 6. Evaluate of network structure strength.

The results in Figure 5 show that the peak value of the shearing stress-time curve
decreased at the bottom with an increase in storage time. For samples at the top, the value
at the 2nd storage was smaller than that the 4th day of storage but larger than that at the
6th day of storage. As shown in Figure 6, the value of I increased initially and decreased
thereafter at the top, but decreased at all times at the bottom. The low I value at the bottom
was mainly attributed to the thermal degradation of SBS. I on the 2nd day was significantly
lower than that on the 4th day at the top of the SBSPMB sample. Macro properties showed
that heavy segregation occurred on the 4th day. Thus, the SBS value on the 4th day was
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considerably higher than that on the 2nd day, indicating a strong network. Moreover, I on
the 2nd day was lower than that at the bottom on the 2nd day because the upper part was
easily exposed to oxygen, resulting in SBS oxidation. The flowing up of SBS particle during
storage was due to its smaller density than asphalt (i.e., approximately 0.9 g/cm3). Thus,
factors affecting network strength included SBS degradation, loss of light component, and
oxidation of the base asphalt and SBS.

3.2.2. SBS Swelling Degree from FM

FM was used to determine the SBS-rich phase distribution characteristics of SBSPMB,
as shown in Figure 7. FM images revealed that the SBS swelling degree was calculated on
the basis of Equation (4) using digital image technology [33], which indirectly evaluated
the compatibility of PMB:

SBS swelling degree _Arre x 100% 4)
ATptal

where Aprp is the area of the SBS-rich phases and Ay, is the total area of SBSPMB in
the FM images. The original images were processed using MATLAB to convert them
into binary images, which only contained two-pixel values (i.e., 0 and 1), and to binary

black (asphaltene-rich phases) or white (SBS-rich phases) thereafter. Aprp and Ay Were
eventually obtained. The SBS swelling degree is illustrated in Figure 8.

XSy

6" top of SBS PMA

ond hottom of SBS PMA 6t bottom of SBS PMA 10t bottom of SBS PMA

Figure 7. Fluorescence images with different storage time.

The polymer-rich phase of SBSPMB exhibited a higher fluorescence to ultraviolet rays
than the bitumen phase; thus, the bright white dots in the FM images were SBS polymers,
and the rest was asphalt matrix [34]. As shown in Figure 7, SBS particles increased at the
top as storage time increased but decreased at the bottom. The swelling degree of the SBS
phase at the top substantially increased on the 4th day and slightly decreased thereafter,
as shown in Figure 8. This significant increase was attributed to the upflow of the SBS
particles during the first four days. The SBS swelling degree over the range from 4 to
10 days slightly decreased. The main cause of this steady change was the SBS degradation,
and a minor consideration may be the SBS phase separation. However, SBS swelling degree
at the bottom decreased with an increase in storage time, mainly considering the result of
the SBS amount decrease owing to phase separation.
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Figure 8. The SBS swelling degree with the increasement of storage time.

3.2.3. SBS Amount from ATR-FTIR

Characteristic peaks in the ATR-FTIR spectrum provided the functional group compo-
sition in SBSPMB. ATR is an IR sampling technique, which generally enables qualitative
or quantitative analysis of samples with minimal or no sample preparation. Thus, this
technique could be used for semi-quantitative analysis in pavement engineering. The
ATR-FTIR spectra of SBSPMB with different storage time is summarized in Figure 9.

0.00 0.00
-0.05 -0.05}
CH,(1377)
o o\o = \\ —
< -0.10 % -0.10 ’
8 2
< ]
S -015 £-015¢
S 2 2 $=0(1030) || €=C(966)
o o, _ _
< -0.20 <020 ——4 A N =
76 v
-0.25 -0.25} 7?0
(@) (b)
-0.30 : . : . . . -0.30 : - . . . .
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber/cm™ Wavenumber/cm

Figure 9. Infrared spectra of different storage time. (a) Infrared spectra at the top; (b) Infrared spectra at the bottom.

As shown in Figure 9, the observed wavenumbers at 2850, 2920, and 1450-1475 cm !
demonstrate the existence of an aliphatic long chain in saturated hydrocarbon. The charac-
teristic peaks at 1377, 1450-1475, 2850, and 2920 cm ! belonged to the base asphalt. The
wavenumber at 1020 cm ™! typically represented asphalt aging degree, and 1377 cm™!
represented the base asphalt [35]. SBS showed characteristic peaks at wavenumbers 699,
760, 910, and 966 cm~!. Peaks at 699 cm~! and 966 cm~! belonged to the polystyrene
phase of SBS [36]. Meanwhile, 966 cm ! was the butadiene stretching vibration of SBS, and
showed a relatively stronger peak intensity than 699 cm~!. Thus, the characteristic peak
index of SBS polymers (Asgs) (i-e., 966 cm ') was used to determine the changes in the SBS
amount in the asphalt matrix, as shown in Equation (5), where Sog¢ and S1377 are the peak
areas at 966 cm ! and 1377 cm ™!, respectively:

So66
A =
85 7 Siarr

% 100% 5)

As shown in Figure 10, the characteristic peaks of SBS polymers at the top increased
initially and decreased thereafter, and the peak value was obtained on the 4th day. At the
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bottom, the characteristic peaks of the SBS polymers decreased gradually with storage time.
The rule was the same as the macro-performance and other micro-characteristics results.
Yan reported that the SBS polymer network could provide a barrier’s effect for the oxidation
of the actual binder, thereby resulting in improved anti-aging resistant performance when
the SBS amount is sufficiently high [32]. Thus, asphalt aging was not considerable apparent
as storage time increases, as shown in Figure 9.

0.28
~Top
7 RR82 Bottom
0.26 |
8 i
& 0.24
i % %@
0.20
2 4 6 8 10

Storage time/days
Figure 10. SBS characteristic index Aggg /1377

The Beer-Lambert law states that absorbance is proportional to the concentration of
a substance at a given wavenumber. Thus, Asgs was used to determine the SBS amount
from the standard curve of SBSPMB using ATR-FTIR. The standard curve of SBSPMB was
obtained from the same prepared process and raw materials but different SBS amounts,
as discussed in the SBSPMB preparation part. In this case, the amounts were 3%, 3.5%,
4%, 4.5%, and 5% based on asphalt quality. The calculation of the SBS amount was similar
to that in Wang [37]. The standard curve of the SBS amount for SBSPMB is shown in
Figure 11a. The correlation index R? was 0.9933, showing that the standard curve was
effective.

0.6
05| Y=0.10035x+0.00498 (R?=0.9933) 441 —=—Top
' —e— Bottom
04} g 42t
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< 40t
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n .
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SBS amount/% Storage time/days

Figure 11. Standard curve of SBS amount for SBSPMB and SBS amount changes as storage time. The error bar represents

the standard deviation of the results of five separate tests. (a) Standard curve. (b) The changes of SBS amount.

As shown in Figure 11b, the SBS amount at the top was significantly larger than that
at the bottom, demonstrating that SBS flowed up during long-term storage. This result
could explain why the 4th day had a large ASP, and the upper part dislayed a better
macro-performance than the one at the bottom. Meanwhile, the SBS amount at the top
increased initially and decreased thereafter as storage time increased, while the value at
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Softening point

Ductility =

Penetration

the bottom decreased with an increase in storage time. The reduction of the SBS amount
was due to SBS degradation in hot condition, while the increase in SBS amount on the 4th
day of the top part was attributed to SBS flowing up.

3.3. Performance Prediction after Long-Term Storage
3.3.1. Grey Relation

Grey relation is used to explore the relationship between two systems that vary
with different objects. Correlation degree is used to measure the degree of similarity or
difference of development trend between the two. This study used grey correlation degree
to identify the most representative index of the SBS amount. The correlation degree of the
macro-micro indexes referenced as SBS amount are shown in Figure 12.

SBS swelling degree SBS swelling degree

1.0
1609 G*/sind  Softening point 0.9 G*/sind
0.7 _ .
0.6 0.6
0.5 0.5
Ductilit | = 1
/- ! Y / I/
e
|
\. Jor,, Penetration Jor,,
R (a)Top Ry (b)Bottom

avg

Figure 12. Grey correlation degree between evaluation indexes of top and bottom samples and SBS content. (a) Correlation

degree of top sample index. (b) Correlation degree of bottom sample index.

For the samples at the top part in Figure 12a, the softening point, ductility, penetration,
I, Ravg, and G*/siné showed a grey correlation degree near 1.0, implying they had a closed
relationship with SBS amount. However, the grey correlation degree among penetration,
softening point, I, Ravg, G*/sind, and SBS amount at the bottom are above 0.8. However,
indexes at the bottom provided smaller grey correlation degree than that at the top. SBS
swelling degree and Jnravg showed slightly smaller correlation with SBS amount. For
segregation, the phase separation degrees were determined using Equation (6):

Top parameters — Bottom parameters

D f tion(A;j) =
egree of separation(4;) Average of the top and bottom parameters

x 100%  (6)

The grey correlation degree between the segregation degree based on different indexes
and SBS amount is shown in Figure 13. Meanwhile, ASP4g showed a superior relationship
with SBS amount either at the top or bottom part, yet it was not accurate diagnotic of the
performance decay during long-term storage though satisfied specification requirement.
G*/sind has a high grey correlation degree at the top /bottom part and segregation degree.
On a micro-scale, I and SBS swelling degree hold a correlation degree above 0.7, although
I has a higher correlation degree at the top and bottom with its SBS amount. Thus, the
network structure strength I would be a potential indicator to describe the SBS phase
separation during storage.
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Figure 13. The grey correlation degree between SBS amount and segregation degree based on
different indexes.

3.3.2. PLS Regression Model

PLS is a multivariate statistical linear regression technique based on estimated latent
variables, which extracts the relationships between dependent and independent vari-
ables [37]. In this study, the purpose of PLS regression is to build a linear model to predict
the rheological properties and micro-characteristic index based on conventional physical
indexes, including penetration, ductility, and softening point during storage. The reason is
that conventional physical indexes are easily obtained in all testing organizations.

The prediction models are presented in Figure 14. The highest prediction accuracy
was G*/siné and its R? was 0.9111, as shown in Figure 14b. The second was Rayg and its
R? was 0.8828, as presented in Figure 14c. The prediction accuracy of the SBS amount
and Jnrave were 0.8540 and 0.8390, respectively, as shown in Figure 14a,d, respectively.
However, the prediction accuracy of I and SBS swelling degree was below 0.8, demon-
strating a lack of relevance with the conventional physical indexes. Conventional physical
indexes were not identifying network strength and the changes of the SBS swelling degree
during storage. Thus, segregation based on ASP4g only was not suitable to determine the
macro-performance and micro-characteristics changes. The current research suggested
that G*/sind and I may be superior indexes to monitor the macro- and micro-changes of
SBSPMB with storage time.
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Figure 14. Measured and predicted values of indicators. (a) Prediction of SBS amount. (b) Prediction of G*/sind. (c) Predic-
tion of Ravg. (d) Prediction of Jnravg- (e) Prediction of I. (f) Prediction of SBS swelling degree.

4. Conclusions

The elusive thermal storage stability of SBSPMB has attracted wide attention during
over half a century of intensive research. However, the existing softening point difference
evaluation index within 48 h could not distinguish between phase separation and perfor-
mance decay during thermal storage. Thus, this research investigated macro performance,
micro-characteristic indexes, and their correlation. Lastly, this study provided prediction
models based on conventional physical indexes using PLS regression.

The results from the macro performance indexes indicated that ASP,g increased
initially and decreased thereafter to even below 2.5 °C after an 8-day storage. The largest
ASP was observed on the 4th day of storage. Ductility either at the top or bottom decreased
with an increase in storage time. Penetration either at the top or bottom slightly decreased
initially and increased thereafter. For rheological indexes, Jnr increased, while R and
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G*/siné decreased with an increase in storage time. The results implied a worse high-
temperature performance after long-term storage, and the values of the bottom samples
decayed more substantially than those of the top owing to SBS flowing up.

The results from the micro-characteristic indexes revealed that the network structure
strengths were reduced with an increase in storage time either at the top or bottom, except
the one at the top on the second day. The top on the first two days can easily contact
oxygen, thereby leading SBS to undergo oxidation although the swelling degree and SBS
amount was not changed substantially. For the SBS swelling degree, the values of the top
were significantly higher than those of the bottom. Meanwhile, the top showed higher
SBS amount than that of the bottom, demonstrating SBS flowing up. Phase separation of
SBS mainly occurred after a 4-day storage, and the decay of performance for SBSPMB was
attributed to SBS degradation and base asphalt aging.

The grey correlation degree was used to find the relationship between SBS amount
and other macro- and micro-indexes. The results showed that softening point, penetration,
I, Ravg, and G*/sind either at the top or bottom part, as well as their segregation degree,
showed a close relationship with SBS amount. Penetration, ductility, and softening point
were used to build a prediction model for rheological properties after long-term storage
using PLS. The model can predict I, R, Jnr, G*/sind, and SBS amount effectively. G*/siné
and I at the top or bottom storage location of SBSPMB have high coefficients with SBS
amount. Thus, they were better in evaluating the phase separation of SBSPMB during
thermal storage. This study will be beneficial in obtaining an improved understanding of
the durability of PMB and controlling its quality in the field.
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