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Abstract

This study examines the effects of super-heavy (SHL) vehicles on semi-rigid flexible pavements using various pavement design
methodologies. At present, no standardised framework exists for the design of semi-rigid flexible pavements subjected to SHL
movements. Current practice commonly relies on performance models originally developed for conventional heavy vehicles;
however, the applicability of these models to SHL conditions remains questionable and may result in significant underestimation
of pavement damage. In this study, critical pavement responses are simulated mechanistically using the commercially available
Mechanistic-Empirical pavement design software HIPAVE, following a benchmarking process against the FAARFIELD
program. A hybrid set of pavement materials failure criteria is incorporated into the HIPAVE to simulate pavement responses
under SHL operations. The simulation results obtained from HIPAVE show good agreement with those generated by
FAARFIELD, demonstrating a reliability of the adopted modelling approach. Furthermore, a novel approach based on the
concept of a representative SHL nucleus is proposed to characterise super-heavy loading configurations, enabling efficient
assessment of pavement impacts while significantly reducing computational time. The findings from the literature review and
numerical analyses indicate that further research is required to establish unified design guidelines and long-term field monitoring
including the development of a simplified design chart or nomograph for semi-rigid flexible pavements subjected to SHL
movements.
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1. Introduction

This study demonstrates the methodology of designing su- exceed statutory limits for axle and tyre loads. These vehicles
per-heavy load (SHL) movements on semi-rigid pavements typically have extreme gross weights ranging from 387 to
using HIPAVE software. SHL vehicles are characterised by 2819 tonnes, exceptionally high axle loads of 12-70 tonnes,
non-standard body configurations, low operating speeds, and tyre loads of up to 17.5 tonnes [1-3]. Their complex load
oversized dimensions, and gross vehicle weights (GVWs) that
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arrangements often incorporate multiple wheel and axle as-
semblies, together with specially designed tyres operating at
inflation pressures up to 2180 kPa [1-3]. SHL movements fre-
quently require specialised tailers and hauling units that are
custom configured to accommodate the loads, resulting in
non-standard and highly variable axle configurations. Conse-
quently, the loading imposed by SHL movements is substan-
tially greater than that experienced by conventional highway
pavements. The resulting stress levels can induce excessive
permanent deformations in the form of surface rutting and
heaving as shown in Figure 1.

SHL vehicles are substantially larger and heavier than con-
ventional heavy vehicles. Figure 2a and 2b show examples of
a Louisiana-permitted SHL vehicle (LA-12T-16) and Cometto
self-propelled modular transporter (SPMT), designated MSPE
EV03 70T respectively.

o it o

(a)

Figure 1. Severe pavement damage on pavements by SHL movement

[6].

Figure 2. (a) Louisiana permitted SHL vehicle LA-12T-16 with fragmental axle configuration axle spacing 1.4 m, spacing between trailers
5.33 and the vehicle width 11.56 m [2] (b) Twin trailers SPMT front and rear [1].

At present, there is no standardised procedure for the design
of semi-rigid pavements subjected to SHL movements. In this
study, commercially available and accessible globally Mech-
anistic-Empirical pavement design software HIPAVE with an
open system that can handle abnormal wheel loads and ac-
commodates material properties and performance criteria is
used to assess the critical pavement responses subject to SHL
movements.

2. Literature Review

As part of MX missile programme, Barber and Ladd [4] of
the U.S Army Engineering Waterways Experiment Station
conducted extensive full-scale pavement tests by adopting
Corps of Engineers (CE) flexible pavement design criteria for
SHL traffic. The study focused on a missile transporter weigh-
ing approximately 680 tonnes. The field-testing programme
revealed that the predominant form of pavement distress was
deep-seated consolidation caused by the exceptionally heavy
loads applied through unusually large tyres.

Jooste and Fernando [5] were commissioned by Texas De-
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partment of Transportation (TxDOT) to develop a methodol-
ogy to evaluate the potential for pavement damage along pro-
posed SHL routes including the identification of any tempo-
rary strengthening measures required to accommodate the
load movements. They found that the proposed SHL route
possessed adequate structural capacity and that modelling the
load using an equivalent single-axle representation produced
conservative estimates of potential for pavement damage.
Chen et al. [6] demonstrated that tyre group loading exerts
a substantially greater influence on pavement surface dis-
placement and compressive strain at the top of the subgrade
than single wheel representation. This infers that modelling
wheel groups explicitly provides a more realistic representa-
tion of pavement response and is therefore preferable for SHL
simulations. In the subsequent study, Chen et al. [7] presented
a case study involving the transportation of 1800-tonne super-
heavy load over a flexible pavement in Louisiana. The pave-
ment response was analysed using both with the three-dimen-
sional finite element modelling based on the Mohr-Coulomb
yield criterion and the BISAR layered elastic analysis program.
Pavement performance was evaluated using the fatigue crack-
ing and rutting criteria proposed by the Asphalt Institute [8].
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Nimeri [9] introduced the concept of the SHL Representa-
tive Nucleus, which was subsequently adopted and further de-
veloped by Hajj et al. [2]. The Representative Nucleus is de-
fined as a standardised loading configuration consisting of a 5
by 5 tyre cluster that produces the maximum vertical stress
within the pavement structure under SHL conditions. The un-
derlying premise is that the influence of tyres located beyond
this critical loading zone becomes negligible. Consequently,
the Representative Nucleus provides an efficient means of
capturing the critical wheel-wheel and wheel-axle interaction
effects without the need to explicitly model the entire vehicle
configuration. The SuperPACK software was developed using
this concept to facilitate the assessment of SHL movements
on flexible pavements.

Skaff [10, 11] undertook a comprehensive verification and
refinement of SuperPACK software and subsequently applied
the enhanced methodology to a series of case studies involv-
ing the risk assessment of SHL movements on flexible pave-
ments.

Khanal et al. [12] used finite element method (FEM) to
evaluate pavement layer stresses and strains under SHL move-
ments during spring and winter conditions. Their analysis re-
vealed that, despite movements involving approximately 55%
less gross vehicle weight than winter movements, they re-
sulted in nearly three times greater pavement damage.

Vandenbossche et al. [13] were commissioned by the Penn-
sylvania Department of Transportation to develop Excel-
based predictive models for quantifying the effects of SHL
movements on flexible and rigid pavements; however, access
to these workbooks remains restricted to users within the
United States.

Perez-Gonzalez [14] developed the i3C-SHL software, an
analytical tool based on multi-layer elastic theory, to quantify
the impact of SHL vehicles on pavements in Quebec. The soft-
ware is calibrated to climatic conditions specific to the Quebec
region, which constitutes one of its principal limitations,
alongside restricted accessibility and limited applicability to

conditions dissimilar to those found in Quebec.

Koh et al. [3] developed methodologies to quantify super-
loads and assess their impacts on lowa’s road infrastructure,
encompassing jointed plain concrete pavements, flexible
pavements and granular roads. This culminated in the devel-
opment of the Road Infrastructure-Superload Analysis Tool
(RISAT), which enables practitioners to evaluate structural
damage and associated treatment costs induced by superload
traffic.

3. Semi-rigid Flexible Pavements

A semi-rigid pavement typically comprises an asphalt sur-
facing layer constructed over cement-treated base (CTB),
which is in turn supported by a granular subbase material.
Within this configuration, the CTB layer contributes a sub-
stantial proportion of the overall load-carrying capacity of the
pavement structure, owing to its relatively high stiffness and
flexural strength compared with conventional unbound gran-
ular materials. This composite arrangement allows semi-rigid
pavements to combine the surface performance characteristics
of flexible pavements, such as smoothness and ease of mainte-
nance, with the superior load distribution and structural dura-
bility typically associated with rigid pavement systems. As a
result, semi-rigid pavements are particularly well suited to
heavily trafficked pavements.

4. Principles of Super-heavy Load
Analysis

The determination of the induced pavement responses in-
duced by surface wheel loads generated during SHL move-
ments is essential for evaluating the structural adequacy of the
pavement system. The critical strain locations considered
within the pavement model are shown in Figure 3.
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Figure 3. Pavement model for mechanistic-empirical procedure (Adapted from [15]).
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The stresses induced by SHL vehicle movements are ex-
pected to overlap significantly within the pavement structure,
extending well beyond a certain depth. Assuming that the
stress distribution from an individual wheel or axle load dissi-
pates uniformly with depth, the influence of adjacent wheels
or axles is generally considered negligible until the depth

Starting depth of overlapping
(single tire loading)

Starting depth of overlapping
(dual tire loading)

N Asphall Concrete

reaches one-half the spacing between the representative
wheels or axles [16, 17]. Furthermore, the extent of stress
overlap is governed by several factors, including the magni-
tude of surface load, wheel load configuration, pavement layer
thicknesses, and the mechanical properties of the pavement
materials, as illustrated in Figure 4 [18, 19].
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Figure 4. Concept of wheel load stress overlap and superposition principle (a) transverse direction (b) direction of travel (Adapted from [17-

19]).

5. Pavement Modelling for Super-heavy
Load

To address the absence of a comprehensive framework for
assessing SHL movements on flexible pavements, Hajj et al.
[2] developed a mechanistic-based analysis methodology.
This unified approach provides a systematic and reliable
means of evaluating the structural impacts of SHL vehicles
and led to the development of the SuperPACK software in the
United States. While the methodology offers greater confi-
dence in the timely assessment of SHL movements and ad-
dresses many of the unique challenges associated with super-
heavy load transport, its application outside the United States
remains limited. This is primarily because the methodology
was developed and calibrated for pavement conditions, design
practices, and loading environments specific to the United
States. Furthermore, access to the SuperPACK software is re-
stricted, which further constrains its adoption and implemen-
tation in other countries.

5.1. Nucleus of SHL Design Vehicle

The conventional approach to SHL pavement analysis in-
volves modelling the complete tyre footprint of the design ve-
hicle. To improve modelling efficiency, Nimeri et al. [19] pro-
posed an innovative methodology based on identifying a nu-
cleus segment within the overall SHL tyre configuration. The
underlying premise is that the loading effects generated by this
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nucleus segment can adequately replicate the critical pave-
ment responses induced by the entire SHL vehicle.

The first step in identifying the nucleus segment of an SHL
configuration is to determine the number of line loads (axle
groups) in the longitudinal direction of travel and the spacing
required between them for their interactions to become negli-
gible in terms of induced pavement responses. For each anal-
ysis, the equivalent design traffic loading is used to replicate
the loading conditions generated by the entire SHL vehicle.
The second step involves evaluating the influence of wheel
loads in the transverse direction on pavement responses. This
is achieved by incrementally increasing the number of wheel
loads included in the analysis until the addition of another tyre
results in a negligible change in the induced pavement re-
sponse at the critical location. The final step is to assess the
effect of trailer spacing on pavement responses in the trans-
verse direction.

5.2. Materials Characterisation

Proper characterisation of pavement layer materials is crit-
ical for the accurate simulation of load-pavement interactions
and for predicting pavement responses that are representative
of in-service field conditions.

5.2.1. Unbound Granular Materials

The stress-dependent behaviour of unbound base course
and subbase layer is accounted for by using sub-layering
method developed by Barker-Brabston of the U.S. Army
Corps of Engineers (USACE). This approach characterises the
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resilient modulus (Mz) of unbound materials as a function of
the prevailing stress state within the pavement structure [20].
Appropriate presumptive My values for unbound pavement
materials have been published by various agencies and may
be adopted where project-specific laboratory data are unavail-
able [15, 21, 22].

5.2.2. Asphalt

Asphalt concrete (AC) is most appropriately characterised
as a viscoelastic material whose behaviour is influenced by
both loading frequency and temperature [15]. Consequently,
the slow-moving SHL vehicle plays a major role in the visco-
elastic response of the AC layer, as reduced vehicle speeds
increase load application times and alter the material response.

The viscoelastic behaviour of the AC layer is characterised
by incorporating the dynamic modulus (£), which is a function
of material temperature and loading frequency. An AC dy-
namic modulus master curve can be developed by conducting
a series of E tests over a range of temperatures and loading
frequencies. Alternatively, an appropriate presumptive £ mas-
ter curve published by asphalt suppliers or other recognised
agencies may be adopted [23-25].

5.2.3. Cemented Materials

Unlike conventional concrete pavements, cemented materi-
als can be regarded as low-grade concrete layers. They do not
contain reinforcement or joints to mitigate stress development;
instead, they rely on the tensile strength of the material and
the frictional resistance provided by the underlying granular
subbase to control shrinkage cracking [26]. Due to their ability
to enhance the strength and durability of granular materials at
a relatively low cost, cemented materials have been widely
adopted in pavement construction and remain an attractive op-
tion for pavement engineers [27].

5.2.4. Subgrade

The stiffness of the pavement foundation, characterised by
the subgrade elastic modulus, is preferably determined
through laboratory testing to ensure an accurate representation
of field conditions. The maximum subgrade modulus of 150
MPa is generally adopted in pavement design practice. It
should also be noted that the construction of semi-rigid pave-
ments can be challenging on subgrades with a CBR of less
than 5%. Conversely, for subgrades with higher strength, an
in-situ CBR of at least 10% is typically required at the time of
construction to ensure adequate compaction and performance
of the cement-stabilised base layers [15].
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5.3. Pavement Performance Models

Pavement structures are designed to ensure that these criti-
cal responses remain below tolerable limits throughout the de-
sign life, thereby maintaining the structural integrity and long-
term performance. As of now, no widely accepted critical re-
sponse parameter or performance criterion has been estab-
lished for unbound granular layers.

Numerous pavement performance models have been devel-
oped by researchers to predict the long-term behaviour and
deterioration of pavement structures under repeated traffic
loading [28]. In general, pavement performance models are
represented by regression equations derived from experi-
mental data and are commonly expressed as either a linear re-
lationship on a log-log scale or a log-linear relationship. For
cement-treated materials, European pavement design method-
ologies frequently employ log-linear performance models to
relate the allowable number of load repetitions to the tensile
strain at the bottom of the cement-treated layer, as expressed
in Equation (1) [29].

Logyo(N) = k — ble] (1)
where N is the allowable repetitions (predicted life), & is a ma-
terial constant, b is the material damage exponent and ¢ is the
induced strain (dimensionless). Generally, most performance
models may be expressed as in Equation (2).

V-l

&

@)

These performance models are incorporated into mechanis-
tic-empirical pavement design procedures in conjunction with
layered elastic analysis.

5.3.1. Asphalt Failure Criteria

Asphalt failure models are commonly expressed in the form
of power-law relationship, as represented in Equation (3).
Most existing asphalt fatigue prediction models are primarily
empirical in nature and have limitations in accurately repre-
senting actual field conditions, including rest periods between
load applications, temperature variations, and the fatigue en-
durance limit behaviour of asphalt mixtures. These limitations
have motivated the development of alternative approaches,
such as the energy-based ratio of dissipated energy change
(RDEC) concept proposed by Shen and Carpenter [30]. The
RDEC approach was subsequently adopted by FAA for im-
plementation in FAARFIELD [21]. Table 1 summarises the
commonly accepted published asphalt fatigue failure criteria
used in pavement design practice.
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Table 1. Selected publications for asphalt failure criteria.

Stud Material Damage ex-
uey constant (k) ponent (b)

Finn et al. [31] 17721 33

PCASE [32] 5136 5

Asphalt Institute

(Chen et al. [34]) 19518 33

AfPA [35] 5848 5

Austroads [15] 5986 5

FAARFIELD [21] 670 5.7

Comments

For highway pavements and power curve fitted from log N =15.947 - 3.291 log

(1526) - 0.8541 log(l%) where ¢ is asphalt tensile strain, E asphalt elastic

modulus (psi)

Based UFC 3-260-02 for airfield pavements [33]. Assume £= 200000 psi (1380

MPa) and power curve fitted from N = 10(268-5l0ge:=2.665l0gE)

113291 /10854
Power curve fitted from N = 0.0796 (E—) (E) developed by Asphalt In-
t

stitute [8] successfully used by Chen et al. [34] for SHL pavement analysis.

For ports and container terminal pavements. Assume £ = 1380 MPa and power

curve fitted from log N=RF x [5 xlog (EWZW) — 2log(E™) +

log(ERef) + 3.8] where Npoo is number of cycles to failure tested at 20°C
10Hz and 200pue, Ereris the measured modulus, £* is the test modulus of interest
For highway pavements. Assume DIT AC14 mix [36] with £=1196 MPa and

5
power curve fitted from N = il (W) where SF is field shift fac-
E%*°ue

RF
tor, RF is reliability factor, V) is asphalt bitumen volume (%), ue is asphalt ten-
sile strain (microstrain). Based on Shell Equation [37]

For aircraft pavements. Assume £ = 1380 MPa and power curve fitted from N =
0.4801 PV09%7 where PV = 44.422¢7-14 5396y p3.069Gp=2681 where VP is
volumetric parameter, GP is the aggregate gradation parameter. Based on prin-
ciples ratio of dissipated energy change approach developed by Shen and Car-
penter [30].

criteria. The results demonstrate a considerable variation in
predicted performance among the different models. Notably,

7000
—_ Austroads [15] (DIT AC14M [38])
9 —— PCASE [32] (UFC [33] E=1380MPa)
= 6000 —— Finnetal. [31] E=1380MPa
—— FAARFIELD [21] (P-401 E=1380MPa)
- = = ATPA[35]
5000 —— AsphaltInstitute (Chen et al. [34])

4000

3000

2000

1000

AC horizontal tensile strain

the FAARFIELD fatigue criterion consistently predicts the
lowest allowable asphalt concrete horizontal tensile strain
across all evaluated traffic loading cases, indicating a more
conservative fatigue performance assessment compared with
the other criteria.

When using the FAARFIELD program for airfield pavement
design, the critical failure mode is generally influenced by sub-
grade strength and pavement material properties.

5.3.2. Cemented Material Failure Criteria

Currently, there is limited performance characterisation
data for failure criteria of cemented materials applicable to the
higher wheel loads associated with airfields, container termi-

0

nals and industrial pavements. Based on research conducted

10 100 1000 10000 100000 by the Virginal Transportation Research Council for FHWA

Number of repetitions

Figure 5. Comparison of asphalt failure criteria.

and Virginia Department of Transportation, the CTB modulus
corresponding to the specified design strength range was re-
ported to be between 4826 and 5516 MPa [38]. Considering
the inherent variability in CTB material properties, the FAA

Figure 5 presents a comparison of the predicted asphalt hor- adopted a more conservative design modulus of 3447 MPa in
izontal tensile strain to failure using various published fatigue =~ FAARFIELD for P-304 cement-treated aggregate base course
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[21]. Tt is noteworthy that current mechanistic-empirical pave-
ment design procedures, including FAARFIELD, PCASE,
and BPA, do not explicitly incorporate CTB fatigue failure
criteria [32, 39-42]. In contrast, HIPAVE provides the capa-
bility to apply a fatigue performance criterion for CTB mate-
rials [29]. AfPA [35] validated the applicability of a single fa-
tigue relationship for CTB materials based on a limited num-
ber of port terminal pavement case studies and concluded that
a constant relationship may be suitable for design purposes.

The flexural fatigue behaviour of CTB materials is com-
monly characterised in term of strain ratio. The strain ratio is
defined as the ratio of the allowable tensile strain to the tensile
strain capacity of the material. The allowable tensile strain
varies depending on CTB strength and typically ranges from
approximately 125 to 300 microstrain (ue), with higher-
strength and higher-modulus CTB materials generally exhib-
iting lower allowable tensile strain values [43]. Table 2 sum-
marises the commonly used published CTB fatigue failure cri-
teria applicable to pavement structures subjected to higher
wheel loading conditions.

Austroads [15]
Shackel [46-47]
Vroombout et al. [48]

= —=-—=-ARRB [50]
—Gonzalez et al. [51]

PCA (Larsen&Nussbaum [44])
= =FHWA (Ashtiani et al. [27])
—AfPA [35]
= Pretoruis [45]

10 100 1000 10000
Number of repetitions

100000

Figure 6. Comparison of CTB failure criteria.

Table 2. Selected published CTB failure criteria.

Material con- Damage expo-

Study AR o) Comments

PCA method based on a curvature ratio approach. Use h = 6 in and Power curve
028 — } - ;

PCA [44] 325.7 185 fit from NO (R/l?c) x (1.05 - 0.042 x h) where R CTB radlu.s of curvature,
Rc = critical R at failure of the beam (Rc = =7350 inches; 4 = fatigue beam
thickness in inches)

Pretoruis [45] 170.6 135 For pavement with CTB. Power curve fitted from strain ratio = &/e» =1 - 0.11
log N
For roads and industrial pavements. Power curve fit from ue = (993500 x f2)

Shackel [46, 47] 311 12 /E1022 x N0-0502) where elastic modulus E = 57000\f: both E and f; (compressive
strength) are in psi unit

Vroombout et al. 280 18 Proposed for aircraft concrete block paving. Based on laboratory accelerated

[48] loading facility trial results for CTB undertaken NAASRA [49]

ARRB [50] 311 12 For highway pavements
For highway pavements. Presumptive algorithms for in-service conditions

1 1. [51 272 12 .
Gonzalez et al. [51] 7 based on ARRB formulation and laboratory tests
Xay——

FHWA (Ashtiani et 616 105 Power curve fitted from In (N) = T b where 1 and f are field calibra-

al. [27]) ’ ' tion factors, a1 and a2 are laboratory regression factors apply for virgin aggre-
gates and for highway pavements

AfPA [35] 250 12 Validated against limited port pavements data

Austroads [15] 235 12 For highway pavements. k equal to 235 and 233 for CTB base and CTB sub-

A comparative evaluation was conducted to assess the var-
iability of these failure criteria, and the results are presented

in Figure 6. The figure indicates that the CTB failure criterion

base with flexural strength 1.4 and 1.2 MPa respectively

proposed by Pretoruis [45] predicts a tensile strain of approx-
imately 70 ue, below which the influence of traffic loading on
fatigue life becomes negligible. This observation is consistent
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with the concept of a fatigue endurance limit for CTB materi-
als, as proposed by Carpenter et al. [52].

5.3.3. Subgrade Failure Criteria

Apart from Austroads [15] and Shell [37] for highway load-
ing conditions, the commonly used published subgrade failure
criteria applicable to higher wheel loads used on airfields, con-
tainer terminals and industrial pavements are listed in Table 3.
It should be noted that the number of repetitions to subgrade
failure is referred to coverage for aircraft pavements. Wood-
man [53], Rodway [54] and Wardle and Rodway [55] were

based on full-scale pavement tests under heavy aircraft load-
ings up to 27 tonnes wheel loads conducted by the US Army
Corps of Engineers. Interestingly, the empirical relationship
developed for road models used in UK Road Note 29 [56] is
adopted in the British Ports Association (BPA) method [39],
which incorporates the Nottingham University criterion [57].
A comparison of subgrade failure criteria is presented in Fig-
ure 7. In general, all the failure criteria for aircraft and indus-
trial pavements indicate lower strain values than those of high-
way pavements. This trend may be attributed to material char-
acterisation adopted for difference methods used to design
highways, aircrafts and industrial pavements.

Table 3. Selected published subgrade failure criteria.

Material con- Damage expo-

Adopted in DESIGNPAVE CMAA software (Rahman et al. [58])
95% reliability, based on AASHO road test

Based on Brown and Brunton [57], British conditions for UK Practice Road
Note 29 [56] and rut depth 20 mm.

50% reliability, aircraft test pavement
50% reliability, based on USACE aircraft test pavement (Turnbull et al. [59])

50% reliability, based on USACE aircraft test pavement (Turnbull et al. [59])

B
Power curve fitted from N = [S] based on USACE CBR method (S77-1
Method (Pereira [62])) calibrated with aircraft loading (Wardle et al. [60]).

k=1.64x10FE% - 4.31x107E? + 2.18X10"°E + 0.00289

B=-2.12x107E%+ 8.38x10°E2 - 0.0274E + 9.57
&= maximum vertical strain at the top of subgrade

Based USACE UFC 3-260-02 for airfield pavements [33]. Power curve fitted
B
from N=10000(%)
&€

where 4=0.000247+0.000245logMr and B=0.0658M 3-55°

Mg is subgrade resilient modulus (psi). Limited literature on calibration/valida-

Power curve fitted from Log (f) =

1.7782+0.2397 Log(C)
140.503 Log (C)

CBR Beta reformulation procedure with constant concentration factor for all test
points to eliminates ESWL concept and the Alpha factor. Use for CBR airfield

pavement design method.

Power curve fitted from Log (8) =

1.5586+0.0886 Log(C)
14+0.0778 Log (C)

Revised CBR Beta criteria using concentration factor as a function of CBR with

a better fit to the test data. Plot curve is 85% reliability and for aircraft pave-

C = coverage, o = stress at the top of subgrade (psi), f = i

Study stant (k) nent (b) Comments
Shell [37] 18000 4
BPA [39] 21600 3.57
Barker and Brabston
[20] (USACE) 5525 6.527
BAA (Woodman [53]) 5820 5.747
HIPAVE (Wardle et
al. [60]) 4276 6.635
APSDS [61] 2472 16.13
PCASE [32] 4712 6.58
tion
CBR (Gonzalez et al.
(63, 64]) 3046 7.19
C = coverage
CBR (Miller [65]) 10900 4.42
ments
Moffat and Nichol 3150 9.5

[66]

CBR

D
Power curve fitted from N= [ 00()0(;)
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Material con-

Study stant (k) nent (b)
Chen et al. [34] 10469 4.5
FCAA [69] 16000 4.5
FAAFIELD [21] 3216 12.66
Austroads [15] 9150 7

Damage expo-

Comments

A=0.000247 + 0.000245log10E
D = 0.0658¢%5%° for port and container terminal pavements

4.477
Power curve fitted from N = 1.365 XlO‘QG) developed by Asphalt Institute

[8] successfully used by Fernando et al. [67], Fernando and Oh [68], Chen et al.
[34] for SHL pavement analysis. Based on terminal rut of 12.7 mm.

Power curve fitted from e= 16000N ~0-222

French approach to limiting vertical strain of the subgrade for airfield pavements

0.00414131)8-1
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Figure 7. Comparison of subgrade failure criteria.

AfPA [72] study revealed that rutting could occur in any un-
bound granular layer, and permanent deformation is more closely
related to the deformation within the layer than to the strain at a
specific point within the layer. This finding shows that the surface
deformation is not solely attributed to the subgrade for thicker
pavements. They modified the traditional model by introducing the
Elastic Limit concept, which is defined as the sum of the strain pro-
file with depth above the elastic limit.
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6. Balanced Pavement Design Approach

The concept of balanced pavement design should be
adopted whenever possible to achieve an economical and
structurally efficient pavement design, ensuring that all the
pavement layers are utilised to their full load-bearing capacity
[73]. This approach requires each layer within the pavement
structure to operate at stress and strain levels close to, but
within, its allowable limits, thereby maximising structural ef-
ficiency while preventing premature failure.

The principles of structural balance and appropriate layer
configuration are particularly important in the design of SHL-
duty pavements. Structural balance refers to the progressive
improvement in material quality, strength, and stiffness from
the subgrade towards the surface wearing course. A well-bal-
anced pavement structure demonstrates a gradual reduction in
stiffness and strength with increasing depth, enabling effective
stress distribution and improved long-term performance.

7. Comparison of FAARFIELD and
HIPAVE Procedures

For a large number of analyses with varying pavement prop-
erties and loading conditions, mechanistic analysis based on
Layered Elastic Theory (LET) provides an efficient means of
modelling linearly elastic flexible pavement structures and de-
termining critical pavement responses under a range of SHL
scenarios. In this study, critical pavement responses—including
the horizontal tensile strains at the bottom of the asphalt and
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CTB layers, as well as the vertical compressive strain at the top
of the subgrade—were simulated using the commercially avail-
able mechanistic-empirical pavement design program HIPAVE
following the benchmarking process. A principal limitation of

3000 m

m

layered elastic analysis is its inability to directly account for ma-
terial non-linearity. To address the stress-dependent and non-
linear behaviour of unbound subbase materials, HIPAVE incor-
porates the Barker-Brabston sub-layering technique, which was
originally adopted by USACE [20].

90 tonnes

Tyre pressure

930kPa
assume circular tyre

|
|
|

footprint (radius 277mm)

120mm_§ | Asphalt surfacing
: Cement
Varies Treated base
Granular material
200mm subbase
Infinit .
P S S s Subgrade

Figure 8. Schematic diagram of the super-heavy load semi-rigid pavement (Vehicle data source from [74]).

FAARFIELD is widely adopted for its reliability and com-
putational efficiency in conducting structural analyses of air-
field pavements. Although it is suitable for general pavement
design applications, the program relies on several assumptions
and simplifications that may not fully capture the failure
mechanisms of CTB layers or the complex behaviour of semi-
rigid pavement systems. Therefore, a comparative assessment
between the results obtained from FAARFIELD and HIPAVE
is warranted to evaluate the applicability and limitations of
each approach for modelling SHL semi-rigid pavement struc-
tures. Initially, the FAARFIELD procedure was used to deter-
mine the required pavement thickness to accommodate the de-
sign vehicle with a 90-tonne axle load and the wheel configu-
ration illustrated in Figure 8. The assumed design traffic con-
sists of 400 passes per year over a 25-year design life, with a
zero-traffic growth rate. The input subgrade and pavement
material parameters used in the analysis are summarised in
Table 4.

Table 4. Material properties used in this comparative study.

Laver Elastic Modulus  Poisson’s
y (MPa) ratio
Surfacing (asphalt) 1380 0.15
Cement Treated Base (CTB) 5000 0.15
Subbase 500 0.30
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Laver Elastic Modulus Poisson’s
Y (MPa) ratio
Subgrade 30-100 0.40

Data source: [21, 22, 41]
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Figure 9. Comparison super-heavy load semi-rigid pavements by
FAARFIELD and HIPAVE.
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For ease of comparison purposes, the asphalt surfacing thick-
ness was fixed at 120 mm, while the subbase thickness was
maintained at 200 mm. The HIPAVE procedure adopts asphalt
and subgrade failure criteria similar to those used in the FAAR-
FIELD procedure. It should be noted that HIPAVE is an open-
system platform that allows users to define and incorporate cus-
tomised material failure criteria for individual pavement layers.
The effect of pavement thickness variations resulting from dif-
ferent subgrade CBR values was evaluated over a range of 3%
to 10% and the results are shown in Figure 9.

The results in Figure 9 demonstrate that the required pave-
ment thickness to withstand the design traffic loading increases
as subgrade stiffness decreases. For constant asphalt surfacing
and subbase thicknesses, the required CTB thickness is highly
dependent on the strength and stiffness of the subgrade. When
CTB fatigue criteria are not considered, the pavement thick-
nesses predicted by HIPAVE are approximately less than 5%
lower than those obtained from FAARFIELD. However, when
CTB fatigue criteria are incorporated, HIPAVE predicts a sub-
stantial increase in the required pavement thickness, ranging
from approximately 32% to 51%. These finding highlights that
neglecting CTB fatigue failure criteria may result in significant
underestimation of the required pavement thickness. Therefore,
appropriate CTB failure mechanisms must be incorporated into
the design process to ensure reliable and adequate performance
of semi-rigid flexible pavement structures.

For the purpose of comparing pavement responses between
FAARFIELD and HIPAVE, the analyses were conducted

without considering CTB failure criteria. Both programs were
evaluated using the same pavement configuration, layer thick-
nesses, and equivalent pavement material properties to ensure
a consistent basis for comparison. Figure 10a shows that the
pavement response in terms of tensile strain at the bottom of
the asphalt layer predicted by HIPAVE is approximately 12-
25% lower than that predicted by FAARFIELD. A direct com-
parison of the tensile strain response at the bottom of the CTB
layer cannot be made, as FAARFIELD does not incorporate a
CTB fatigue failure criterion, as illustrated in Figure 10b. The
predicted vertical compressive strain at the top of the subgrade
is relatively comparable between the two approaches, with
HIPAVE consistently producing values approximately 1%
lower than FAARFIELD, as shown in Figure 10c. The asphalt
tensile strain results indicate that, for stronger subgrade con-
ditions, the FAARFIELD design procedure is generally gov-
erned by asphalt fatigue performance. In contrast, the
HIPAVE procedure appears to be more influenced by CTB
fatigue behaviour under strong subgrade conditions, as
demonstrated by the increase in CTB tensile strain with in-
creasing subgrade CBR values (Figure 10b). Overall, the
pavement response predictions obtained from HIPAVE show
good agreement with those from FAARFIELD when CTB
failure criteria are excluded. Under these conditions, the
HIPAVE modelling approach was successfully verified
through benchmarking against the established FAARFIELD
design methodology.
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Figure 10. (a) Tensile strain at asphalt (b) Tensile strain at CTB (c) Compressive strain at top of subgrade.

8. Case Study

This section presents an efficient approach for designing
semi-rigid flexible pavements subjected to SHL movements.
A hypothetical case study is considered to demonstrate the
proposed design procedure. The total gross weight of the
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transported load is assumed to be 4480 tonnes and is carried
by two SPMTs. Each SPMT consists of an assembly of two
4/4/3.00 Evo3 (70 t) modules and one 6/4/3.00 Evo3 (70 t)
module, as illustrated in Figure 11 [1]. The front and rear trail-
ers adopt the same wheel configuration, comprising twin mod-
ule assemblies. The maximum dimensions of the front trailer
are 22.4 m in length and 3.0 m in width, with a module spacing
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of 2.0 m. The complete SPMT vehicle configuration and load-
ing details are summarised in Table 5 and illustrated in Figure

3000

(a) (b)

12.

(c)

Figure 11. Cometto SPMT (a) Section view (b) Elevation view 4/4/3.00 Evo3 (701) (c) Elevation view 6/4/3.00 Evo3 (70T) (Data source: [1]).

Table 5. Load description of SMPT modules.

Vehicle description Front trailer Rear trailer

Total weight (tonnes) 2240 2240
Load/Line (tonnes) 140 140
Load/Axle (tonnes) 70 70

Load/Tyre (tonnes) 17.5 17.5
Aeronautic tubeless 33.5x11.25-15 33.5x11.25-15
tyres 26Pr 26Pr

Tyre pressure (kPa) 2180 2180

Data source: [1]

For the parametric study, the semi-rigid flexible pavement
configuration, layer thicknesses, and material properties were
assumed to remain constant, as summarised in Table 6. The
asphalt surfacing layer was modelled as a standard material
defined by the FAA and adopted in FAARFIELD. The CTB

layer failure criterion was based on the AfPA [72] procedure,
calibrated for Ports and Intermodal Terminal pavements. The
Barker and Brabston [20] sub-layering approach was imple-
mented in HIPAVE to represent the stress-dependent behav-
iour of the unbound subbase layer. The subgrade layer was
assumed to extend to an infinite depth, with the subgrade fail-
ure criterion adopted in HIPAVE calibrated based on aircraft
loading conditions.
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Figure 12. Schematic illustration of SMPT used in this case study
and nucleus segment of SPMT.

Table 6. Material properties used in HIPAVE.

Material type Thickness (mm) Modulus (MPa) Failure criteria source

Asphalt surfacing 100 1380 FAARFIELD [21]

Cement treated base 200 5000 AfPA [72]

Crushed aggregate subbase 200 500 Barker and Brabston [20]

Subgrade CBR 6% Infinite 60 HIPAVE [29] calibrated with aircraft loading

Data source: [21, 29, 72]
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8.1. Effect Online Loads

As a first step in identifying a representative load nucleus,
an incremental line-load approach was adopted. In this study,
a line load is defined as the complete axle load of the twin-
trailer configuration considered in the case study, as illustrated

in Figure 12. The line loads are progressively added until the
inclusion of an additional line load no longer influences the
pavement response at the critical point of interest. This means
that the stress and strain responses induced at the critical pave-
ment locations have stabilised and are no longer affected by
further increases in the applied line load.
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Figure 13. Effects of line loads on (a) Tensile strain of asphalt (b) Tensile strain of CTB (c) Compressive strain of subgrade.

A comparison of the pavement responses in the asphalt,
CTB, and subgrade layers, as presented in Figure 13, indicates
that for the considered pavement configuration and loading
conditions, the asphalt layer represents the critical component,
with asphalt fatigue damage governing the pavement response.
The results further show that three-line loads represent the
critical loading configuration for this analysis. These findings
demonstrate that the progressive superposition of stresses in-
duced by the applied line loads plays a significant role in gov-
erning the overall pavement response.
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N
o

8.2. Effect of Wheel Number

Within each trailer axle configuration, an analysis was con-
ducted to evaluate the influence of increasing the number of
wheels on pavement response. For each wheel configuration,
an equivalent design traffic loading was applied to maintain
consistent loading conditions and determine the critical pave-
ment responses, including the horizontal tensile strain at the
bottom of the asphalt and CTB layers, as well as the vertical
compressive strain at the top of the subgrade.
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Figure 14. Effects of line loads on (a) Tensile strain of asphalt (b) Tensile strain of CTB (c) Compressive strain of subgrade.
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Figure 14a shows that the four-wheel configuration pro-
duces the maximum horizontal tensile strain of approximately
80 we in the asphalt layer. This value is less than half of the
allowable tensile strain limit of approximately 230 ue speci-
fied by the FAARFIELD asphalt failure criterion shown in
Figure 7. Figure 14b indicates that the single-wheel configu-
ration generates the maximum CTB tensile strain of approxi-
mately 212 ue, exceeding the allowable tensile strain limit of
approximately 155 ue based on the AfPA CTB failure crite-
rion as shown in Figure 6. For the subgrade response, the two-
wheel configuration results in the maximum compressive
strain of approximately 1470 ue at the top of the subgrade as
shown in Figure 14c, which remains below the allowable limit
of 1790 ue defined by the HIPAVE subgrade failure criterion,
shown in Figure 5. In the case of subgrade, 2 number of
wheels generate the maximum compressive strain of 1470 ue
at the top of subgrade as revealed in Figure 14c compared with
the allowable compressive strain of 1790 ue as shown in Fig-
ure 5 for HIPAVE subgrade failure criteria. Comparison of the
pavement responses across the asphalt, CTB, and subgrade
layers indicates that the CTB layer represents the governing
structural component under the considered loading conditions.
The results demonstrate that the CTB layer carries a signifi-
cant proportion of the structural demand, with CTB fatigue
damage controlling the pavement performance.

8.3. Effect on Axle Spacing

For this assessment, axle sensitivity analyses were performed
using a four-axle SPMT configuration with axle loads of 70
tonnes and 35 tonnes. A comparison of the pavement responses
in the asphalt, CTB, and subgrade layers indicates that, for the
considered pavement configuration and loading conditions, the
subgrade represents the critical component, with subgrade dam-
age governing the pavement performance as shown in Figure
15a, 15b and 15c. Figure 15¢ demonstrates that an inter-axle
spacing greater than 1.6 m has a negligible influence on the re-
sponse of adjacent axle wheel loads, whereas the minimum in-
ter-axle spacing of 1.3 m produces a significant interaction ef-
fect. This indicates that closely spaced axles result in overlap-
ping stress distributions, leading to increased stress concentra-
tions and greater pavement damage potential. The increased ef-
fect of closely spaced axle loads is further amplified by the re-
sidual response of pavement materials exhibiting visco-elasto-
plastic behaviour, including the asphalt surfacing, CTB, granu-
lar subbase, and subgrade layers. The tensile and compressive
stresses induced by individual axle loads do not dissipate im-
mediately following each load application; instead, a portion of
the stress remains within the pavement structure, resulting in a
pre-stressing effect. The accumulation of these residual stresses
can accelerate fatigue damage and contribute to premature
pavement deterioration [17].
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Figure 15. Effect of axle spacing (a) Tensile strain of asphalt (b) Tensile strain of CTB (c) Compressive strain of subgrade.

For practical considerations, an inter-axle spacing equal to
or less than 1.0 m is not feasible due to insufficient horizon-
tal clearance between adjacent tyres. It is worth noting that
increasing the inter-axle spacing beyond 1.6 m results in less
than a 5% variation in the vertical strain response at the top
of the subgrade. In the absence of a specific criterion defin-
ing the minimum significant difference between loading
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conditions, a 5% variation is considered a reasonable engi-
neering tolerance. Interestingly, reducing the axle load by
half produces similar pavement response trends, indicating
that axle interaction remains a significant factor under dif-
ferent loading magnitudes. This finding is consistent with
the study by Varin and Saarenketo [75], which investigated
the influence of inter-axle spacing on heavy vehicle loading
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behaviour. The results demonstrate that the interaction ef-
fects between closely spaced axles cannot be neglected.
Given that the SPMT configuration considered in this study
has an inter-axle spacing of 1.4 m, all axles should be incor-
porated in the pavement modelling to accurately capture the
combined loading effects.

8.4. Effect on Number of Axles

For this study, the standard COMETTO SPMT axle spacing
of 1.4 m was progressively increased from one axle to sixteen
axles. For each axle configuration, an equivalent design traffic
loading was applied to maintain consistent loading conditions.

A comparison of the critical responses in the asphalt, CTB,
and subgrade layers indicates that subgrade damage governs
the pavement performance, as illustrated in Figure 16. The re-
sults highlight that the number of axles has a significant influ-
ence on pavement strain responses due to the stress superpo-
sition effect associated with closely spaced axle loads. Inter-
estingly, the three-axle configuration produced a similar criti-
cal response to the sixteen-axle configuration when assessing
the worst-case loading condition using mechanistic analysis.
This finding suggests that modelling three axles is sufficient
to replicate the critical pavement responses generated by the
full sixteen-axle configuration.

160 100 52000
B ® 2
2140 § 90 S 1800
S 120 @ 80 % 1600
é. 9 70 7 1400
530 c 60 S 1200
© — —
£ 800 £ 50 4 S 1000 (2/9*9-9-9— —0
[ 7} @ q
» 60 %40 v 800
2 @ 600
§ 40 § 30 2
é x 20 5 400
3 20 £ 10 £ 200
o
0 0 X 0
i1 3 5§ 7 9 11 13 15 17 1T 3 5 7 9 11 13 15 17 = 1 3 5§ 7 9 11 13 15 17
No of axles No of axles No of axles
(a) (b) (c)

Figure 16. Effects of number of axles on (a) Tensile strain of asphalt (b) Tensile strain of CTB (c) Compressive strain of subgrade.

8.5. Effect on Trailer Spacing
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Figure 17. Effects of trailer spacing on (a) Tensile strain of asphalt (b) Tensile strain of CTB (c) Compressive strain of subgrade.

As indicated in Figure 17a, the maximum horizontal tensile
strain at the bottom of the asphalt layer occurs at a trailer spac-
ing of 2.0 m, reaching approximately 126 ue, which is less
than half of the allowable tensile strain limit of approximately
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230 ue specified by the FAARFIELD asphalt failure criterion
as shown in shown in Figure 7. As can be seen in Figure 17b,
the influence of adjacent trailer loading on the CTB layer re-
sponse becomes negligible beyond a spacing of approximately
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2.0 m. Similarly, for the subgrade response, the critical verti-
cal compressive strain at the top of the subgrade decreases rap-
idly with increasing trailer spacing and becomes insignificant
beyond approximately 3.0 m, as illustrated in Figure 17c.
These findings reveal that the effect of twin-trailer spacing be-
comes negligible beyond 2 m.

9. Conclusions

Super-heavy load vehicles typically consist of numerous
tyres and axles to distribute extremely large weights. This
study presents a methodology for conducting mechanistic
analysis using a Layered Elastic Theory based program,
HIPAVE, to identify a representative nucleus segment and de-
termine the critical pavement responses associated with SHL
movements on semi-rigid flexible pavements. By applying
SHL nucleus segment, the mechanistic analysis demonstrated
that the critical pavement responses generated by the complete
SHL configuration can be effectively replicated without the
need to model the entire vehicle wheel arrangement. The re-
sults indicate that, when adopting the FAA asphalt failure cri-
terion and excluding CTB failure criteria, the HIPAVE design
approach produces pavement thicknesses comparable to those
obtained from FAARFIELD for a subgrade CBR of 6%. Fur-
thermore, the study highlights that CTB failure criteria should
not be neglected, as doing so may result in underestimation of
the required pavement thickness and potentially lead to inad-
equate pavement design. Since FAARFIELD does not incor-
porate CTB failure criteria, its results should be interpreted
with caution when applied to the analysis and design of semi-
rigid flexible pavements.

The parametric study demonstrates that increasing the inter-
axle spacing beyond 1.6 m results in less than a 5% difference
in the vertical strain response at the top of the subgrade. The
results further indicate that modelling three axles is sufficient
to reproduce the same critical pavement responses as model-
ling sixteen axles, representing the complete front or rear
trailer configuration. The influence of adjacent trailer loading
on the CTB and subgrade responses decreases significantly
beyond a trailer spacing of 2.0 m, indicating that the interac-
tion effect from adjoining trailers can be neglected. Further-
more, the two-wheel single-axle configuration produced the
most conservative pavement responses. However, when all
critical pavement responses are considered collectively, the
three-wheel single line-load configuration provides a more
balanced and conservative representation of the loading effect.
Overall, the findings demonstrate that the SHL nucleus seg-
ment can be effectively represented by a cluster consisting of
three axles with two tyres per axle, which generates the max-
imum combination of critical pavement responses. It is rec-
ommended that further research be undertaken to develop uni-
fied design guidelines and long-term field monitoring includ-
ing the development of a simplified design chart or nomo-
graph to evaluate the effects on semi-rigid flexible pavement
performance and to validate mechanistic design approaches
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subjected to SHL movements.
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AASHTO American Association of State Highway
and Transportation

AC Asphalt Concrete

ACl14M Asphalt Concrete Size 14 Mm Medium
Duty

AfPA Australian Flexible Pavement Association

APSDS Airport Pavement Structural System

ARRB Australian Road Research Board

BAA British Airports Authority

BPA British Ports Association

CBR California Bearing Ratio

CE Corps of Engineers

CIRCLY Circular Linear Elastic Analysis

CTB Cement-Treated Base

DIT Department of Infrastructure and
Transport

DoD Department of Defence

ESWL Equivalent Single Wheel Load

FAA Federal Aviation Administration

FAARFIELD FAA Rigid and Flexible Interactive
Elastic Layer Design

FCAA French Civil Aviation Authority

FEM Finite Element Model

FHWA Federal Highway Administration

HIPAVE Heavy Industrial Pavement

LET Layered Elastic Theory

MX Missile Experimental

NAASRA National Association of Australian State
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PCA Portland Cement Association

RISAT Road Infrastructure - Superload Analysis
Tool

SHL Super-heavy Load

SPMT Self-Propelled Modular Trailers

SuperPACK  Superheavy Load Pavement Analysis
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TRRL Transport and Road Research Laboratory

TxDOT Texas Department of Transportation
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