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Abstract

Polyurethane (PU) mixtures exhibit superior mechanical performance compared to tradi-
tional asphalt mixtures, owing to the excellent engineering properties of the PU binder. This
study investigates the dynamic rheological properties of an open-graded polyurethane mix-
ture (PUM–OGFC) in comparison with a dense-graded polyurethane mixture (PUM–AC).
The time–temperature superposition principle and three rheological models (Standard
Logistic Sigmoid (SLS), Generalized Logistic Sigmoid (GLS), and Havriliak–Negami (HN))
were employed to construct and analyze master curves. The results show that while
PUM–AC possesses a higher dynamic modulus, PUM–OGFC exhibits a lower phase an-
gle, indicating a more elastic response. Critically, PUM–OGFC demonstrated superior
rutting resistance, as evidenced by its higher rutting parameter (|E*|/sin δ). Aggregate
gradation significantly influenced all rheological properties. The master curve analysis
further revealed that PUM–OGFC exhibits greater temperature sensitivity than PUM–AC.
The SLS and GLS models provided excellent fits for both dynamic modulus and phase
angle data, whereas the HN model was suitable only for dynamic modulus. In summary,
the open-graded structure, when combined with a PU binder, creates a high-performance
composite with an exceptional balance of elasticity and rutting resistance, showcasing its
potential for demanding pavement applications.

Keywords: PU mixture; aggregate gradation; dense-graded; open-graded; dynamic property

1. Introduction
Water or rain accumulates on the surface of traditional dense gradation asphalt pave-

ment, creating several hazards to driving safety and structural integrity: (a) hydroplaning
risk, water buildup can form a film that reduces tire–pavement surface contact, increasing
skidding risk [1–14]; (b) water mist and glare, water spray from water buildup impairs
driver visibility and increases the risk of glare [1,2,5,9,10,12,13,15–18]; (c) increased braking
distance, the water film decreases the skid coefficient between the tire and pavement,
leading to longer braking distance [19,20]; (d) reduced durability, water penetrating the
pavement structure accelerates asphalt aging and can induce freeze–thaw damage, rav-
eling, and other moisture-related distresses [1,3,5,10,12,14,21–24]; (e) freezing risk, water
buildup freezes at low temperature, creasing ice layers that further increase skidding risk;
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and (f) reduced skid resistance, water erosion accelerates asphalt binder stripping and
aging, which decreases skid resistance [25]. Porous asphalt mixture, commonly known
as an open-graded friction course (OGFC), is designed to mitigate these water-related
issues and enhance overall pavement performance. OGFC consists of a coarse aggregate
skeleton with stone-on-stone contact, bonded by a high-viscosity asphalt film (≥8 µm), and
is designed with a high air void content of 15%–25% [1,3–5,9,10,26]. OGFC offers several
advantages: (a) rapid drainage, water on the pavement surface drains rapidly through
the pores, minimizing water spray, splash, and glare [1,2,4–6,9–12,15,17,18,26], thereby
significantly enhancing driver visibility; (b) anti-slip and wear-resistance, the exposed
coarse aggregates create a significant macro-structure (mean profile depth, MPD > 1.5 mm)
and yield a higher British Pendulum Number (BPN > 60), reducing accident risk in wet
conditions [1,5,8,10,12,14,17,20,24,26–31]; (c) noise reduction, the high air void content
absorbs tire–pavement interaction noise, typically reducing sound levels by 3–5 dB com-
pared to dense-graded pavements, thereby improving driving comfort [1,2,4,5,10,15,16];
(d) rutting resistance, the stone skeleton enhances shear strength and provides greater high-
temperature dynamic stability compared to dense-graded asphalt pavement [29,32–35];
(e) performance in special climates, OGFC is particularly suitable for rainy regions and
areas prone to winter freezing [34,36,37]; and (f) environmental benefit, OGFC reduces
runoff pollution, mitigates urban flooding, and aids in underwater recharge [1,12,24,27,32].

However, the widespread application of conventional OGFC is often limited by its
mechanical performance, particularly at elevated temperatures. The dynamic modulus of
OGFC is highly dependent on the coarse aggregate skeleton and the asphalt binder. As tem-
perature rises, the asphalt binder softens, significantly weakening skeletal support and lead-
ing to a substantial reduction in dynamic modulus and rutting resistance [14,22,28,34,35,38].
This inherent temperature susceptibility underscores the need for advanced binder tech-
nologies to unlock the full, durable potential of porous pavement structures. For instance,
the dynamic modulus at 60 ◦C is reduced by 40%–50% compared to that at 25 ◦C [39,40].
The dynamic modulus of epoxy asphalt OGFC at −10 ◦C is three to four times greater than
that at 20 ◦C, but it is reduced by 75%–80% at 60 ◦C [39]. As the asphalt binder softens, the
supporting function of coarse aggregate is weakened. The phase angle, which reflects the
temperature sensitivity of OGFC, increases with rising temperature due to the enhanced
viscous effect of the asphalt binder. The phase angle decreases at low temperature or high
frequency, where the elastic properties of the asphalt binder dominate. Conversely, it in-
creases at high temperature or low frequency, where the viscous property dominates [39,41].
The dynamic modulus values of OGFC also increase with loading frequency [8,12,38]. This
occurs because the aggregate skeleton dominates the response at high frequency, while the
viscosity of the asphalt binder dominates at low loading frequency, which is the charac-
teristic of a viscoelastic material [39]. At high loading frequency, OGFC exhibits a high
elastic modulus due to its frequency-dependent behavior, which helps reduce rutting dam-
age [19,34,42]. For epoxy asphalt OGFC at 20 ◦C, the dynamic modulus increases from
2000 MPa at 0.1 Hz to 12,000 MPa at 25 Hz [39]. The dynamic modulus of OGFC can reduce
tensile strain at the bottom of the asphalt layer by 12%–18% and pressure strain on the
soil base by 10%–15%, thereby mitigating fatigue and rutting damage. For example, in
the Mechanistic–Empirical Pavement Design Guide (MEPDG), the addition of an OGFC
layer reduces bottom tensile strain by 15%–20%. The dynamic modulus is dominated by
the coarse aggregate skeleton [43]. OGFC with a medium aggregate gradation (15%–25%
passing the 4.75 mm sieve) composes more aggregate skeleton contact points; consequently,
its dynamic modulus is greater than that of OGFC with a coarse aggregate gradation [44,45].
When the air void content in OGFC exceeds 22%, the aggregate skeleton and dynamic
modulus decrease, which can induce raveling damage [5,46]. The dynamic modulus of

https://doi.org/10.3390/coatings16020153

https://doi.org/10.3390/coatings16020153


Coatings 2026, 16, 153 3 of 24

OGFC decreases by 23.5% when the air void content increases from 18% to 24%, as the
increased air void weakens the aggregate skeleton [47–49].

To address this limitation, the performance of OGFC can be significantly enhanced
by using high-performance binders, such as crumb rubber-modified asphalt (CRMA) or
polyurethane (PU). The performance of the OGFC mixture can be significantly enhanced by
using high-viscosity asphalt binders (with a dynamic viscosity at 60 ◦C typically ≥20,000
Pa·s, according to ASTM D3381/D3381M), such as crumb rubber-modified asphalt (CRMA)
and polyurethane (PU)-modified asphalt (PUMA), which improve durability and reduce
temperature sensitivity [7,12,17,26,27]. CRMA improves the adhesive strength and fatigue
resistance of OGFC mixtures. Similarly, PUMA enhances the durability and water damage
resistance of porous polyurethane-modified asphalt mixture (PPAM) [29]. Blockage and
permeability tests indicate that PPAM exhibits superior resistance to blockage compared
to traditional OGFC [29]. Freeze–thaw tests demonstrate that PPAM possesses greater
low-temperature stability than traditional OGFC; for instance, the dynamic modulus of
OGFC decreased by 20%–35% after the test, whereas PPAM declined by less than 10% [34].
Furthermore, the Hamburg wheel-track test and dynamic modulus test reveal that PPAM
offers greater resistance to deformation and fatigue [29,35]. The dynamic modulus values
of PPAM exhibit a positive correlation with its rutting resistance and serve as an indicator
of its viscoelastic property. Consequently, the dynamic modulus test can be utilized as
a tool for selecting high-performance porous mixtures [34,35] and optimizing mixture
design [50,51].

Notably, when PU replaced asphalt as the binder, the dynamic modulus of the PU
mixture was greater than that of the corresponding asphalt mixture at elevated tempera-
tures (>40 ◦C). For instance, the dynamic modulus of a stone matrix polyurethane mixture
(SMPU–13) exceeded 8000 MPa at 60 ◦C, whereas the corresponding asphalt mixture
dropped to 156 MPa at 50 ◦C [29]. The PU mixture also demonstrated a higher rutting
factor, indicating superior resistance to permanent deformation at high temperatures [41].
Furthermore, the PU mixture exhibited a more stable phase angle and excellent viscoelastic
properties [29]. The dynamic modulus of the asphalt mixture was significantly influenced
by temperature and loading frequency, decreasing dramatically at high temperatures. In
contrast, a Superpave polyurethane mixture (SUPU–20) maintained significantly higher dy-
namic modulus values under the same conditions [29]. Wang Huoming [52–54] found that
porous PU mixture (PPM) with an open-graded structure exhibits superior performance,
including deformation, fatigue, corrosion, and light/heat aging resistance, compared to
both dense-graded and open-graded asphalt mixtures. Chen et al. [55] reported that PPM
exhibits greater resistance to clogging from infiltrating soil suspended solids than OGFC.
Cong et al. [56] found that PPM possesses a Marshall stability three times greater and a
fatigue life one order of magnitude higher than those of OGFC. Sun [57] demonstrated that
PPM exhibits superior resistance to high-temperature rutting, low-temperature cracking,
and moisture damage. Similarly, Li [58] found that PPM offers improved resistance to high-
temperature deformation, cracking, and moisture compared to traditional open-graded
asphalt mixtures. While these studies confirm the outstanding macro-mechanical perfor-
mance of PPM, a comprehensive understanding of their fundamental dynamic rheological
behavior—the very basis for mechanistic design and performance prediction—remains
less explored. Specifically, there is a lack of comparative studies that systematically evalu-
ate how aggregate gradation (open-graded vs. dense-graded) influences the viscoelastic
properties, rutting potential, and model-predicted responses of PU-based composites.

To bridge this knowledge gap, this study presents a comparative investigation into the
fundamental dynamic rheological behavior of polyurethane mixtures with open-graded
(PUM–OGFC, OGFC–13) and dense-graded (PUM–AC, AC–13) structures. Dynamic mod-
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ulus and phase angle were characterized across a spectrum of temperatures and loading
frequencies. The time–temperature superposition principle was applied to construct master
curves, which were fitted using three rheological models (SLS, GLS, HN). Furthermore,
the Kramers–Kronig (K–K) relations were employed to derive and evaluate correspond-
ing phase angle master curves. This work aims to elucidate how aggregate gradation
governs the viscoelastic response and performance potential of PU-based composites,
providing critical insights for the mechanistic design of high-performance, sustainable
porous pavements.

2. Materials and Methods
Two aggregate gradations were selected for mixture preparation. The first was a

conventional dense-graded asphalt concrete (AC–13) gradation, representing a standard,
continuously graded structure. The second was an open-graded friction course (OGFC–13)
gradation, characterized by a gap-graded design with a high proportion of coarse aggregate
and limited fine content to create an interconnected air void network. These correspond-
ing aggregate gradations were plotted in Figure 1. The binder, which was provided by
Wanhua Chemical Group Co., Ltd. (Yantai, China), was one kind of wet-setting PU binder;
the optimum PU binder contents were determined by the Marshal method for asphalt
mixture. The optimum PU binder contents were 4.9% and 4.7% for PUM–OGFC and
PUM–AC, respectively.
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Figure 1. Aggregate gradation for PUM–OGFC and PUM–AC.

After the aggregate gradation and optimum PU binder content were determined,
specimens would be compacted by the Superpave gyratory compactor (SGC) to a size of
175 mm in height and 150 mm in diameter. The specimens would be kept in a certain
environment (35 ◦C and 70% RH) for 7 days. After the setting process, the specimens
were cut into special sizes for the dynamic modulus test, which was 150 mm in height
and 100 mm in diameter. A dynamic modulus test was performed on selected conditions
(5 ◦C, 15 ◦C, 25 ◦C, 35 ◦C, 45 ◦C, 55 ◦C, and 25, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1 Hz for each test
temperature) by the asphalt mixture performance tester (UFA102QK00, Controls S.p.A.,
Milan, Italy). All specimens of PUM–OGFC and PUM–AC were tested at the same test
temperature and loading frequency; average values for three duplicates for each PU mixture
were adopted for the following analysis.

Scholars developed various master curve models for analyzing dynamic modulus
test results: the SLS model [59], the GLS model [60], and the HN model [61], selected in
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this paper for analyzing dynamic modulus test results. These three models were listed in
Equations (1)–(3).

log(
∣∣∣E*

∣∣∣) = δ +
α

1 + eβ+γ·log( fr)
(1)

where |E*|—dynamic modulus (MPa); fr—load frequency at the reference temperature
(Hz); δ, α, β, and γ—fitting parameters.

log(|E∗|) = δ′+ α′[
1 + λ·eβ′+γ·log( fr)]

1
λ

(2)

where δ′, α′, β′, and γ′–fitting parameters; λ–added parameter to account for the asymmet-
ric shape of the function.

E*(ω) = |E0|+
|E∞| − |E0|[

1 +
( ω0

i·ω
)α′′

]β
′′

(3)

where i2 = −1; ω0 = 1/τ0; ω—angular frequency; τ0—determines the horizontal po-
sition of the real or imaginary part of the dynamic modulus along the frequency axis;
|E∞|—dynamic modulus as ω approaches ∞; |E0|—dynamic modulus as ω approaches
0; and α′′ and β′′—fitting parameters.

There were no determined models developed for fitting phase angle data, but the
Hilbert integral transforms [62] can be introduced to transform dynamic modulus master
curve models to fit corresponding phase angle data; this process is known as the K–K
relation, which is shown in Equation (4) [63].

φ(ω) =
π

2
·
dlog

(∣∣E*(ω)
∣∣)

dlog(ω)
(4)

Using Equation (4), the SLS, GLS, and HN models in Equations (1)–(3) can be trans-
formed into corresponding mathematical models for the phase angle, which are shown in
Equations (5)–(7).

φ(ω) = −π

2
· α·γ·eβ+γ·log(ω)(

1 + eβ+γ·log(ω)
)2 (5)

φ(ω) = −π

2
· α′·γ′·eβ′+γ′ ·log(ω)(

1 + λ·eβ′+γ′ ·log(ω)
) 1

λ +1
(6)

tan φ(ω) =
sin

(
α′′ ·π

2

)
(

ω
ω0

)α′′

+ cos
(

α′′ ·π
2

) (7)

Based on the time–temperature superposition principle (TTSP), measured data points
at different test temperatures can be shifted to the selected temperature to build a smooth
master curve, which can be used to characterize the viscoelastic property of different
asphalt mixtures. The shift factor is used as the shifted distance between the measured data
point at different temperatures and master curves at the reference temperature, as shown
in Equation (8).

log( fr) = log( f ) + log(αT) (8)

where log(f )—frequency in experiment temperature; log(fr)—reduced frequency in reference
temperature; and αT—shift factor.
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The temperature shift factor αT at temperature T can be calculated using the
Williams–Landel–Ferry (WLF) [64–67] empirical equations. The equation is described in
Equation (9):

log(αT) =
−C1·(T − T0)

C2 + (T − T0)
(9)

where C1 and C2—constants; T—test temperature; and T0—reference temperature (20 ◦C in
this paper).

The master curve fitting process is to minimize the error between experimental data
points and predicted data points using different models. The error-minimizing process is
performed by the nonlinear regression process, as shown in Equations (10) and (11).

E*
Error =

i=n

∑
i

(
logE*

Exp(ωi)− logE*
Prd(ωi)

)2
(10)

δError =
i=n

∑
i

(
δExp(ωi)− δPre(ωi)

)2 (11)

where E*Exp—experimental dynamic modulus; E*Pre—predicted dynamic modulus using
different mathematical models; δExp—experimental phase angle; and δPre—predicted phase
angle using different mathematical models.

Indexes, including Se/Sy (the ratio of the standard error (Se) to the standard deviation
(Sy)) minimization, R2, SSE (Sum of Squared Error), and Error2, were introduced to estimate
the regression accuracy, shown in Equations (12)–(16).

Se =

√
1

n − p − 1
·

n

∑
i
|x̂i − xi| (12)

Sy =

√
1

n − 1
·

n

∑
i
|x̂i − xi| (13)

where xi—measured dynamic modulus; x̂i—predicted dynamic modulus; and xi—mean
value of the measured dynamic modulus.

R2 = 1 − (n − p − 1)·S2
e

(n − 1)·S2
y

(14)

where n—sample size, and p—number of parameters to be estimated.

SSE =
i=n

∑
i

(
E*

Exp(ωi)− E*
Prd(ωi)

)2

(
E*

Exp(ωi)
)2 (15)

Error2 =
i=n

∑
i

(
E*

Exp(ωi)− E*
Prd(ωi)

)2
(16)

3. Results
3.1. Dynamic Modulus and Phase Angle Results of Two PU Mixtures
3.1.1. Dynamic Modulus Results

The dynamic modulus results of PUM–OGFC and PUM–AC under different test
temperatures and loading frequencies were plotted separately in Figure 2a,b, and the
dynamic modulus results at the same test temperatures for PUM–OGFC and PUM–AC
were shown together in Figure 2c–e.
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Figure 2. Dynamic modulus |E*| values for PUM–OGFC and PUM–AC. (a) |E*| of PUM–AC across
various test temperatures; (b) |E*| of PUM–OGFC across various test temperatures; (c) comparison
|E*| of PUM–OGFC and PUM–AC at 5 ◦C and 15 ◦C; (d) comparison |E*| of PUM–OGFC and
PUM–AC at 25 ◦C and 35 ◦C; (e) comparison |E*| of PUM–OGFC and PUM–AC at 45 ◦C and 55 ◦C.

3.1.2. Phase Angle Results

The phase angle results of PUM–OGFC and PUM–AC under different test tempera-
tures and loading frequencies were plotted separately in Figure 3a,b, and the phase angle
results at the same test temperatures for PUM–OGFC and PUM–AC were shown together
in Figure 3c–e.
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Figure 3. Phase angle (δ) values for PUM–OGFC and PUM–AC. (a) δ of PUM–AC across various
test temperatures; (b) δ of PUM–OGFC across various test temperatures; (c) comparison of δ of
PUM–OGFC and PUM–AC at 5 ◦C and 15 ◦C; (d) comparison of δ of PUM–OGFC and PUM–AC at
25 ◦C and 35 ◦C; (e) comparison of δ of PUM–OGFC and PUM–AC at 45 ◦C and 55 ◦C.

3.2. Rutting Parameter (|E*|/sin(δ)) Results

The parameter |E*|/sin(δ) represents the rutting resistance of asphalt mixtures, re-
spectively. Values of rutting parameters for the PUM–OGFC and PUM–AC, obtained across
various test temperatures and loading frequencies, are presented separately in Figure 4.
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3.3. Black Space Diagram Results

The black space diagrams for the PUM–OGFC and PUM–AC were plotted in Figure 5.
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Figure 5. The black space diagrams for the PUM–OGFC and PUM–AC.

3.4. Master Curves Model Results
3.4.1. Dynamic Modulus Master Curve

The master curves of the dynamic modulus |E*| for PUM–OGFC and PUM–AC,
constructed using SLS, GLS, and HN models with shifted measured dynamic modulus
data, are presented in Figure 6a–f, respectively. A comparison of the three master curves
for each PU mixture is shown in Figure 6g,h.

The shift factors used to generate the master curves for PUM–OGFC and PUM–AC
are presented in Figure 7a,b, respectively.
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A comparison of the predicted and measured dynamic modulus |E*| data for PUM–
OGFC and PUM–AC is presented in Figure 8a,b, respectively. The corresponding linear
regression parameters are summarized in Tables 1 and 2.

Table 1. Linear regression parameters between predicted and measured |E*| for PUM–AC.

Model Type Equation R2

SLS model Y = 0.9962 × X + 32.58 0.9959
GLS model Y = 1.0046 × X – 25.85 0.9839
HN model Y = 1.0008 × X + 5.31 0.9843

Table 2. Linear regression parameters between predicted and measured |E*| for PUM–OGFC.

Model Type Equation R2

SLS model Y = 0.9868 × X + 69.51 0.9902
GLS model Y = 0.9806 × X + 89.51 0.9893
HN model Y = 0.9776 × X + 135.01 0.9581
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Figure 6. Master curves of dynamic modulus for PUM–OGFC and PUM–AC constructed using
different models. (a) PUM–AC with SLS model; (b) PUM–OGFC with SLS model; (c) PUM–AC with
GLS model; (d) PUM–OGFC with GLS model; (e) PUM–AC with HN model; (f) PUM–OGFC with
HN model; (g) model comparison for PUM–AC; (h) model comparison for PUM–OGFC.
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Figure 8. Comparison of predicted and measured dynamic modulus |E*| for PUM–OGFC and
PUM–AC. (a) PUM–AC; (b) PUM–OGFC.

3.4.2. Phase Angle Master Curve

The phase angle (δ) master curves for PUM–OGFC and PUM–AC, constructed using
SLS, GLS, and HN models, are presented in Figure 9a–f. A comparison of the three models
for each PU mixture is shown in Figure 9g,h.
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Figure 9. Phase angle (δ) master curves for PUM–OGFC and PUM–AC, constructed using different
models. (a) PUM–AC with the SLS model; (b) PUM–OGFC with the SLS model; (c) PUM–AC with the
GLS model; (d) PUM–OGFC with the GLS model; (e) PUM–AC with the HN model; (f) PUM–OGFC
with the HN model; (g) model comparison for PUM–AC; (h) model comparison for PUM–OGFC.

The shift factors used to construct the phase angle master curve are presented in
Figure 10a,b for PUM–OGFC and PUM–AC, respectively.
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Figure 10. Shift factors for the phase angle (δ) master curves of PUM–OGFC and PUM–AC.
(a) PUM–AC; (b) PUM–OGFC.
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A comparison of the predicted and measured phase angle (δ) data for PUM–OGFC and
PUM–AC is presented in Figure 11a,b, respectively. The corresponding linear regression
parameters are summarized in Tables 3 and 4.
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Figure 11. Comparison of predicted and measured phase angle (δ) for the PUM–OGFC and PUM–AC.
(a) PUM–AC; (b) PUM–OGFC.

Table 3. Linear regression parameters between predicted and measured phase angle data of PUM–AC.

Model Type Equation R2

SLS model Y = 0.9865 × X + 0.08 0.9850
GLS model Y = 0.9863 × X + 0.08 0.9850
HN model Y = 0.7821 × X + 0.88 0.9319

Table 4. Linear regression parameters between predicted and measured phase angle data of PUM–OGFC.

Model Type Equation R2

SLS model Y = 0.9831 × X + 0.09 0.9758
GLS model Y = 0.9808 × X + 0.11 0.9799
HN model Y = 0.7386 × X + 1.22 0.8840

4. Discussion
4.1. Comparing Dynamic Modulus and Phase Angle of Two PU Mixtures
4.1.1. Dynamic Modulus Comparison

As shown in Figure 2a,b, the dynamic modulus (|E*|) of both PUM mixtures exhibited
characteristic viscoelastic behavior: it increased with loading frequency and decreased
with rising temperature. The sensitivity to these factors was quantified. The increasing
rate from 0.1 Hz to 25 Hz was more pronounced at higher temperatures, ranging from
31.8% to 47.2% for PUM–AC and from 22.9% to 46.1% for PUM–OGFC. Furthermore, |E*|
decreased with increasing test temperature across all loading frequencies. The magnitude
of this decrease was greater at lower frequencies, rising steadily from 43% to 49% as loading
frequencies decreased from 25 Hz to 0.1 Hz for PUM–AC and from 50.7% to 58.6% for
PUM–OGFC. Therefore, the dynamic modulus of both PUM mixtures is influenced by both
test temperature and loading frequency. Temperatures had a more significant influence on
|E*| than loading frequency. Specifically, high temperature and low loading frequencies
(corresponding to slow vehicle speed) reduce the dynamic modulus of both PUM mixtures.

As shown in Figure 2c–e, the dynamic modulus of PUM–OGFC was consistently
lower than that of PUM–AC at all test temperatures. For instance, the |E*| value for
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PUM–AC at 55 ◦C was greater than that for PUM–OGFC at 15 ◦C. Therefore, aggregate
gradation profoundly influences the dynamic modulus of the PU mixture. This result
indicates that the aggregate skeleton, in combination with the PU binder, contributes
significantly to load bearing. The denser AC gradation, with its lower air void content and
more continuous aggregate skeleton, provides a higher resistance to elastic deformation
under load compared to the open-graded structure.

However, it is critical to distinguish between resistance to elastic deformation and
resistance to permanent deformation (rutting). While the higher |E*| suggests PUM–AC
may offer advantages in terms of instantaneous stiffness, the overall rutting performance is
governed by both the stiffness and the viscous characteristics of the material, as evaluated
by the phase angle and rutting parameter (|E*|/sin(δ)) in the subsequent sections. The
following discussion will demonstrate that the PUM–OGFC mixture compensates for
its lower stiffness with a markedly more elastic response, leading to superior long-term
rutting resistance.

4.1.2. Phase Angle Comparison

Figure 3a shows that the phase angle (δ) of PUM–AC decreased with increasing loading
frequency across all test temperatures, with a reduction rate ranging from 29.1% to 33.8%.
This rate of decrease did not vary consistently with temperature. Conversely, the phase
angle increased with temperature, with an increase rate of 45.8% to 54.9% across all loading
frequencies. This rate of increase varied steadily with loading frequency. The phase angle
demonstrated a higher percentage change in response to variations in temperature and
loading frequency compared to the dynamic modulus, highlighting its strong dependence
on test conditions. As shown in Figure 3b, the phase angle of PUM–OGFC exhibits a trend
similar to that of PUM–AC. Specifically, the phase angle decreased with loading frequency
(by 25.5% to 37.8%) and increased with temperature (by 60% to 95.5%). These results
indicate that the phase angle of PUM–OGFC is even more sensitive to changes in loading
frequency and temperature than that of PUM–AC.

Figure 3c–e shows that at a given temperature, the phase angle of PUM–AC was
slightly larger than that of PUM–OGFC. However, the absolute phase angle values for both
PU mixtures were less than 10◦, regardless of gradation. The phase angle represents the
viscoelastic behavior of a material: lower values indicate more elastic solid-like behavior,
while higher values indicate more viscous fluid-like behavior. The consistently low phase
angle (<10◦) indicated that both PUM–OGFC and PUM–AC exhibit a predominantly elastic
and highly recoverable response, even at 55 ◦C. This pronounced elastic character is a key
indicator of the material’s potential to resist the accumulation of permanent deformation.

4.2. Comparing Rutting Parameter (|E*|/sin(δ))

The NCHRP report 513 established a strong correlation between the dynamic modulus
of asphalt mixtures and field permanent deformation behavior, a finding subsequently
incorporated into the Superpave performance evaluation system. Research indicates that
the rutting resistance of a hot mixed asphalt mixture correlates well with the rutting
parameter (|E*|/sin(δ)). Consequently, this parameter is a reliable indicator for evaluating
the high-temperature rutting resistance of hot mixed asphalt mixture (HMA). Thus, higher
|E*|/sin(δ) values correspond to greater rutting resistance.

As shown in Figure 4, PUM–OGFC and PUM–AC exhibited similar trends: the rutting
parameters (|E*|/sin(δ)) increased with loading frequency and decreased with temper-
ature. Consequently, both PU mixtures exhibit maximum rutting resistance at low tem-
peratures and high loading frequencies. For PUM–AC, increasing the loading frequency
from 0.1 Hz to 25 Hz raised |E*|/sin(δ) by approximately 94.2% to 111.8% across the
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tested temperatures. Conversely, increasing the temperature from 5 ◦C to 55 ◦C reduced
it by approximately 61.6% to 65.9% across all loading frequencies. Thus, for PUM–AC,
the loading frequency had a greater influence on |E*|/sin(δ) than temperature. Similarly,
for PUM–OGFC, |E*|/sin(δ) increased by approximately 60.3% to 123.7% as loading fre-
quency increased from 0.1 Hz to 25 Hz, and decreased by 69.4% to 78.2% as temperature
increased from 5 ◦C to 55 ◦C. Therefore, the loading frequency also had a greater effect on
PUM–OGFC than temperature.

More critically, under identical temperature and frequency conditions, PUM–OGFC
consistently exhibited higher |E*|/sin(δ) values than PUM–AC. For example, the value
for PUM–OGFC at 55 ◦C exceeded that of PUM–AC at 35 ◦C. This direct comparison
conclusively demonstrates the superior rutting resistance of the PUM–OGFC mixture.

Furthermore, this finding underscores the unique advantage of the polyurethane
binder system. Despite the PUM–OGFC mixture’s higher air void content (which typically
compromises stiffness), the synergistic effect of the strong, elastic polyurethane binder and
the interlocking open-graded skeleton leads to a composite material with an exceptionally
favorable balance of stiffness and elasticity, as quantified by the rutting parameter.

4.3. Black Space Diagram Comparing

The black space diagram [68] is a plot of dynamic modulus versus phase angle, used
to analyze the rheological properties of asphalt and compare the viscoelastic performance
of HMA [37,69]. It also assesses the stiffness and relaxation capability of HMA [30]. In this
diagram, a curve shifted to the right or a right-side inflection indicates viscous status in the
asphalt binder or HMA. A typical HMA exhibits a peak phase angle value in its black space
plot, reflecting the interaction between asphalt binder and aggregate [70]. Consequently,
a well-defined curve shape and a distinct inflection point in the black space diagram are
characteristic of typical rheological properties in the asphalt binders or HMA.

Figure 5 shows that the black space diagrams for PUM–OGFC and PUM–AC lack the
well-defined curve shape and distinct inflection points characteristic of typical HMA. This
distinct, near-linear clustering of data points indicates that the relationship between |E*|
and δ for these polyurethane mixtures is remarkably consistent across the wide range of
temperatures and loading frequencies tested. Unlike HMA, the viscoelastic response of the
PUM composites does not traverse a broad, curved path in the black space, suggesting a
fundamentally different and simpler relaxation mechanism. Furthermore, the entire dataset
for PUM–OGFC is positioned at lower phase angles compared to PUM–AC at similar
stiffness levels. This clear separation underscores the significant influence of aggregate
gradation on the viscoelastic character of the PU composite, with the OGFC structure
consistently promoting a more elastic-dominant response.

4.4. Master Curves Comparing
4.4.1. Dynamic Modulus Master Curve Analyzing

This section details the use of three master curve models—SLS, GLS, and HN
models—to fit equation parameters and construct the corresponding master curves. The
measured data points were shifted to a selected reference temperature using the WLF shift
factor equation. During the fitting process, the sum of squared error (SSE, denoted as
error2) between the predicted and measured |E*| values was minimized. The coefficient
of R2 and Se/Sy were used as additional good-of-fit criteria. The quality of the model fits
was evaluated using the coefficient of determination (R2) and additional statistical metrics
(error2, Se/Sy, and SSE), as defined in Supplementary Material Table S1.

Figure 6a,b show that the |E*| master curves for PUM–OGFC and PUM–AC have sim-
ilar shapes but different peak values. This finding confirms the discussion in Section 4.1.1
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that PUM–AC exhibits higher stiffness than PUM–OGFC. The measured data points are
clustered on the right side of the master curves, slightly offset from them. The R2 values
for both PU mixtures approach 1, indicating that the SLS model provides a good fit to the
measured |E*| data. As summarized in Supplementary Table S1, the error2, Se/Sy, and
SSE values were lower for the PUM–AC fits than for the PUM–OGFC fits across all models,
indicating a marginally more precise prediction for the dense-graded mixture’s dynamic
modulus data.

All three models successfully generated continuous master curves for both PUM–
OGFC and PUM–AC, as shown in Figure 6. A consistent, key observation is that the master
curves for PUM–AC are positioned at significantly higher |E*| values than those for PUM–
OGFC across all models (Figure 6a,c,e), providing model-based confirmation of the higher
stiffness of the dense-graded mixture. Furthermore, the statistical metrics (R2, Error2, SSE)
uniformly indicate that all models fit the experimental data for PUM–AC more precisely
than for PUM–OGFC (see Supplementary Table S1). This suggests the dynamic modulus of
the dense-graded mixture is more predictable within these viscoelastic frameworks. The
SLS model (Figure 6a,b) provides a very good fit for both mixtures (R2 ≈ 1). The error
metrics (Error2, SSE) are notably lower for PUM–AC than for PUM–OGFC. The GLS model
(Figure 6c,d) yields a similar quality of fit to the SLS model, with comparably high R2

values. Consistent with the SLS results, the GLS model also shows lower fitting errors for
PUM–AC. The HN Model (Figure 6e,f) provides an excellent fit, with R2 values of 0.9855
for PUM–AC and 0.9675 for PUM–OGFC. While its R2 for PUM–OGFC is relatively lower,
the HN model produces the lowest absolute SSE values for both materials, indicating it
minimizes the absolute prediction error most effectively. A direct comparison of the master
curves from the three models for each mixture is shown in Figure 6g,h. The curves exhibit
similar shapes, with minor differences in predicted values across the frequency range.

For PU–OGFC mixtures, the shift factor fitted with the SLS and GLS models shows
minimal difference, but their absolute values are consistently larger than those fitted with
the HN model (Figure 7b). While for PU–AC in Figure 7a, all shift factors for the three
models exhibited nearly the same values. The shift factor, a function of temperature,
facilitates the translation of data from various test temperatures to a referenced temperature
to form a continuous, smooth curve. It also indicates the quality of this translation, reflecting
the time–temperature superposition principle [71]. The absolute shift factor value at a
given test temperature reflects the mixture’s temperature dependency, with higher values
indicating greater temperature dependency [72]. The activation energy, which is related
to the shift factor [73], represents the energy barrier overcome when data measured at
different temperatures are shifted to form the master curve. A higher activation energy
indicates that more energy is required to shift the data, implying greater temperature
sensitivity. A critical finding is that the absolute values of aT are larger for PUM–OGFC
than for PUM–AC across all three models. This indicates the dynamic modulus of the open-
graded mixture exhibits greater temperature dependency, implying a higher activation
energy for its viscoelastic relaxation.

It was generally observed from Figure 8a that for PUM–AC, all the predicted |E*|
values for the three models are closely clustered around the line of equality, with only an
outlier from the HN model. Linear fitting was used to evaluate the correlation between
predicted and measured |E*| values. According to Table 1, all three models predict PUM–
AC’s |E*| values with high accuracy (high R2 values). The SLS model has higher R2

values than the HN model, while the GLS model showed slightly lower R2 values than
the HN model. The HN model has the smallest intercept values and slope values closest
to 1, indicating it provides the most accurate prediction for PUM–AC. Figure 8b shows
that for PUM–OGFC, the predicted values also cluster around the line of equality but
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exhibit greater dispersion than those for PUM–AC. The linear regression results in Table 2
show that all three models also predict the |E*| of PUM–OGFC with high precision, as
indicated by high R2 values. The SLS and GLS models have higher R2 values and smaller,
nearly identical slope and intercept values compared to the HN model. The R2 values
are higher for PUM–AC than for PUM–OGFC. The SLS model, with its smaller slope and
intercept values, predicts the |E*| of PUM–AC more accurately than that of PUM–OGFC.
The R2 values from this linear regression are consistently higher for PUM–AC, reaffirming
that aggregate gradation influences the predictability of the dynamic modulus, with the
behavior of the dense-graded mixture being more readily captured by these models.

4.4.2. Phase Angle Master Curve Analyzing

Numerous models, such as the SLS, GLS, and HN models used in this paper, have been
developed to construct dynamic modulus master curves. However, few models existed to
construct a master curve for the simultaneously measured phase angle data. Consequently,
the K–K relations [74,75] were employed to derive a phase angle master curve from the
corresponding dynamic modulus data. The fitting procedure mirrored that used for the
dynamic modulus; the WLF equation was also used to fit the shift factors.

The phase angle master curves constructed using the SLS, GLS, and HN models are
presented in Figure 9. Both the SLS and GLS models successfully generated curves within
the theoretical range of 0–90◦, capturing the characteristic decrease in phase angle with
increasing loading frequency (Figure 9a–d). In contrast, the HN model produced master
curves with very low ultimate values (below 8◦), which substantially underestimated the
measured phase angles and showed poor agreement with the experimental data, indicating
its inadequacy for this purpose (Figure 9e,f).

For both the SLS and GLS models, the master curves of PUM–AC were consistently
positioned below those of PUM–OGFC across the frequency range (Figure 9a–d), confirming
the more elastic-dominant behavior of the dense-graded mixture. Statistically, the fits for
PUM–AC also demonstrated slightly higher R2 values and lower Error2, Se/Sy, and SSE
values compared to PUM–OGFC, indicating a marginally better prediction precision for
the dense-graded mixture.

The fitted shift factors are plotted in Figure 10a,b. The values for the SLS and GLS
models are nearly identical and are smaller in absolute value than the HN model. Further-
more, the absolute shift factor values for PUM–AC are smaller than those for PUM–OGFC.
Consequently, PUM–OGFC exhibits greater temperature sensitivity than PUM–AC and is
more prone to high-temperature deformation. Therefore, aggregate gradation type affects
PU mixture performance, with the AC gradation exhibiting superior performance.

The predicted versus measured phase angle data for all three models are shown in
Figure 11a,b. Figure 11a shows that for PUM–AC, the data points predicted by the SLS
and GLS models are distributed around the line of equality, whereas those predicted by
the HN model show significantly greater dispersion. This result is consistent with the
previous discussion on the phase angle master curves. Similarly, Figure 11b shows that
for PUM–OGFC, the data points predicted by the SLS and GLS models are distributed
around the line of equality but exhibited greater dispersion than those for PUM–AC. The
data points from the HN model are also located far from the line of equality and exhibit
the highest dispersion. The linear regression process was used to analyze the correlation
between predicted and measured phase angles; the results are listed in Tables 3 and 4.
For PUM–AC, the HN model has the lowest prediction precision, while the GLS and SLS
models have identical prediction precision, evidenced by their slope and intercept values.
For PUM–OGFC, the HN and SLS models also show the lowest and highest precision,
respectively. Furthermore, the R2 values are higher for PUM–AC than for PUM–OGFC,
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while the slope and intercept values are close to 1 and 0, respectively. Therefore, aggregate
gradation type significantly influences the prediction precision of the PU mixture’s phase
angle. Overall, the GLS model provides the most precise phase angle predictions for both
PUM–OGFC and PUM–AC.

5. Conclusions
This paper utilized open-graded (OGFC–13) and dense-graded (AC–13) aggregate gra-

dation to prepare PU mixtures and investigate the dynamic properties of the open-graded
PU mixture (PUM–OGFC). Based on complex dynamic modulus test results, the dynamic
modulus, phase angle, rutting resistance, and rheological properties of PUM–OGFC and
PUM–AC were compared. The SLS, GLS, and HN models, in conjunction with the WLF
equation, were used to construct dynamic modulus master curves for both PU mixtures.
The K–K relations were employed to derive phase angle master curve equations from
the dynamic modulus models, which were then used to construct the phase angle master
curves. The main conclusions are as follows:

(1) The dynamic modulus of PUM–AC at 55 ◦C was greater than that of PUM–OGFC
at 15 ◦C. The phase angle of PUM–OGFC was slightly lower than that of PUM–AC
across all temperatures and frequencies. All phase angles were below 10 ◦, indicating
predominantly elastic behavior at 55 ◦C. The phase angle of PUM–OGFC was more
sensitive to variations in temperatures and frequencies than that of PUM–AC.

(2) PUM–OGFC exhibited higher rutting resistance. The rutting parameter (|E*|/sin(δ))
for PUM–OGFC at 55 ◦C exceeded that for PUM–AC at 35 ◦C. The parameter was
more sensitive to loading frequency than to temperature.

(3) Unlike typical HMA, PUM–OGFC and PUM–AC did not exhibit defined black space
diagram shapes. Aggregate gradation significantly influenced the rheological property
of the PU mixture.

(4) The SLS, GLS, and HN models accurately fitted the dynamic modulus data of both
PU mixtures. PUM–OGFC exhibited greater temperature sensitivity than PUM–AC.
Aggregate gradation influenced the fitting result and prediction accuracy.

(5) The SLS and GLS models provided a more precise fit to the phase angle data than the
HN model. Consistent with the dynamic modulus results, PUM–OGFC showed greater
temperature sensitivity, and aggregate gradation affected the prediction accuracy.

This study reveals that the introduction of a PU binder fundamentally alters the
conventional framework for understanding the gradation–performance relationship in
paving mixtures. For PU-based composites, the exceptional performance originates from
the binder’s intrinsic mechanical properties and its unique interaction with the aggregate
structure, rather than strictly following the traditional skeleton or densification principles
of asphalt mixtures.

In conventional asphalt mixtures, open-graded (OGFC) designs rely primarily on
point contacts between coarse aggregates to form a load-bearing skeleton. However, the
thermoplastic and viscoelastic nature of asphalt binder can lead to skeleton instability
under prolonged loading at high temperatures. In contrast, for PU mixtures, the situation is
transformed. The reactive PU binder cures to form a tough, highly elastic three-dimensional
network. Within PUM–OGFC, this elastic network not only provides strong adhesion at
aggregate contact points but, more critically, it fills and reinforces the large void spaces,
creating a continuous elastic matrix that supports the aggregate skeleton. This means load
transmission is no longer reliant solely on limited aggregate point contacts but is achieved
through a synergistic mechanism combining the “aggregate skeleton” and the “PU elastic
matrix.” This synergy results in a composite material that achieves an exceptional balance of
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high stiffness, high elasticity, and superior resistance to permanent deformation, surpassing
the performance of traditional materials.

Conversely, in the dense-graded PUM–AC, although the PU binder strengthens the
mastic, the compact structure limits the formation of an extensive, effective spatial network
of the elastic binder. The performance improvement here stems more from the increased
modulus of the mastic itself. The rheological data from this study, specifically the higher
rutting parameter (|E*|/sin(δ)) and lower phase angle for PUM–OGFC, confirm that the
“spatial synergy” between the PU binder and the open-graded skeleton translates the excel-
lent material properties of PU into macroscopic engineering performance advantages more
effectively than the “filling and reinforcement” mechanism in the dense-graded mixture.

Therefore, a key insight from this research is that for high-performance reactive binders
like polyurethane, an open-graded structure is not a mechanical disadvantage but an ideal
framework to fully utilize its high elasticity and strong adhesive properties. This provides
a new theoretical basis and a viable technical pathway for designing sustainable pavement
materials that combine excellent drainage function with high resistance to rutting. Beyond
the laboratory findings, this study underscores the need to correlate lab performance with
long-term field behavior through future pilot sections. While the established rheological
parameters provide a sound basis for mix design, their validation ultimately requires
real-world performance data under complex traffic and environmental conditions. Future
work should therefore focus on bridging this gap by developing reliable transfer functions
between lab tests and field monitoring data. Addressing this challenge is crucial to translate
the present mechanistic insights into robust, practical criteria for sustainable pavement
design [76].
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Abbreviations
The following abbreviations are used in this manuscript:

AC Dense-Graded Asphalt Concrete
BPN British Pendulum Number
CRMA Crumb Rubber-Modified Asphalt
DSR Dynamic Shear Rheometer
FTIR Fourier Transform Infrared Spectroscopy
GLS Generalized Logistic Sigmoid (model)
HMA Hot Mixed Asphalt (mixture)
HN Havriliak–Negami (model)
K–K Kramers–Kronig (relations)
MPD Mean Profile Depth
OGFC Open-Graded Friction Course
PPAM Porous Polyurethane-Modified Asphalt Mixture
PU Polyurethane
PUM–AC Polyurethane Mixture with Dense-Graded (Asphalt Concrete)
PUM–OGFC Polyurethane Mixture with Open-Graded Friction Course
PUMA Polyurethane-Modified Asphalt
R2 Coefficient of Determination
SMPU–13 Stone Matrix Polyurethane Mixture (13 mm nominal size)
SLS Standard Logistic Sigmoid (model)
SSE Sum of Squared Errors
SUPU–20 Superpave Polyurethane Mixture (20 mm nominal size)
TTSP time–temperature superposition principle
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