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Abstract

Passings of heavy vehicles is a common cause of distress on thin and narrow cycle paths. The lack of lateral support at the edge
and increased moisture content in the unbound granular materials are two important factors that affect deterioration. Three full-
scale instrumented cycle path structures with different structural designs were constructed in a concrete pit at the Swedish National
Road and Transport Research Institute (VTI) test facility. Response measurements were conducted with a falling weight
deflectometer (FWD), a light weight deflectometer (LWD), and light, standard and heavy maintenance vehicles at three different
groundwater table scenarios. The results confirm reduced load-bearing capacity close to the cycle path edge, and at an increased
groundwater table. In general, larger transverse tensile strains can also be expected in the asphalt layer close to the edge.
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1. Introduction

For cyclists, a smooth cycle path surface is an important feature to promote safety and comfortable riding, due to
the small contact area between the bicycle tyre and the pavement surface (Dell’Orto et al., 2023) and the vibrations
transmitted to the cyclist by the road surface (Viellehner, 2024). Failure of the cycle path structure will inevitably
produce distress that may be manifested on the surface, e.g. as rutting, cracking, corrugations (Chen, 2009) and other
forms of unevenness.

Most cycle paths are narrow, thin, flexible pavements (Larsson et al., 2025a) which may affect their deterioration
compared to roads (Merkens et al., 2024). For example, the traffic loads on cycle paths differ considerably from that
of most roads, and a softer bitumen and smaller maximum nominal aggregate size are normally used for the hot-mix
asphalt (Sustrans, 2012). The heavy maintenance vehicle wheels will pass close to the pavement edge, and most likely
at low speeds. As the lateral distribution of the wheel loads diminishes with narrower width (Blab & Litzka, 1995) the
deterioration rate increases (Blab & Litzka, 1995; Sinamnis & Woods, 2023). Thus, edge cracks and deformations
occur more frequently on cycle paths than on roads (Larsson et al., 2022). However, there is a gap in the literature on
studies that have investigated this distress mechanism on cycle paths. Relevant previous studies rather include
empirical studies on low-volume roads. For example, Korkiala-Tanttu (2008) conducted full-scale Accelerated
Pavement Tests (APTs) on instrumented thin-surfaced asphalt pavements (TSAPs) where the effect of side slope
inclination (Korkiala-Tanttu & Dawson, 2008) and different moisture content scenarios (Korkiala-Tanttu &
Laaksonen, 2004) were assessed. Aksnes (2002) investigated the load responses from heavy vehicle wheel loads close
to the pavement edge for low-volume roads in Norway in full-scale trials. Saliko and Erlingsson (2021) instrumented
two in-situ road structures in the north of Sweden, which were consecutively loaded by three types of trucks with
different load and axle/wheel configurations. Salour and Erlingsson (2013) investigated the pavement response to the
influence of water when clogging the drainage system of an in-situ instrumented TSAP in the south of Sweden, by
conducting FWD measurements.

To improve the structural design approaches as well as the maintenance strategies for cycle paths, further
knowledge of the degradation related to heavy vehicle passages is needed, which may also provide guidance for
preventive measures to inhibit degradation. The aim of this study was to pinpoint stress and strain responses with
respect to ‘edge effect’, i.e. the geometrical effect of a side slope, and varied ground water table (GWT) levels within
the structures when exposed to heavy maintenance vehicle traffic loads.

2. Materials and methods

Three different full-scale instrumented cycle path super structures — hence denoted S1, S2 and S3 — were constructed
in a concrete pit (see Fig. 1) at the VTI testing site in Linkdping, Sweden. See Saevarsdottir et al. (2016) for a
description of the facility, and Larsson et al. (2025b) for a complete description of the materials and the applied
procedures for the construction and instrumentation of the structures. A slope with the inclination of 1:3 was excavated
along the right-hand side of the concrete basin to create a simulated run-off ditch.

Fig. 1. (a) Construction and instrumentation of the structures and (b) the final result of the instrumented cycle paths.
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Each structure was instrumented with Geokon soil pressure cells (SPC) to measure the vertical stress on top of the
SB and SG, in-house strain-measuring units (EMU) to measure vertical strains at different depth intervals of the
structures, and Dynatest PAST II-AC asphalt strain gauges (ASG) to measure the transverse horizontal strains in the
AC surface. The instrumentation (see Fig. 2) was installed as construction proceeded. The instrumentation was
conducted at two different lateral positions — denoted ‘edge’ and ‘centre line’ — located 330 mm and 1750 mm
respectively from the slope crest. The sensors were symmetrically instrumented in the longitudinal positions within
the white areas in Fig. 2a. To avoid heterogeneous conditions for the instrumentation there was 1 m non-instrumented
transition area, (marked as grey in the figure) between each structure.
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Fig. 2. (a) Top view of the test setup, (b) cross section presenting general overview of instrumentation and GWT scenarios, (c), (d) and (e) are
close ups of the structural layer thicknesses and specific instrumentation for each structure. In (c), (d) and (e) green bars indicate @50 mm EMU
coils, blue bars indicate @100 mm EMU coils, red bars indicate ASG and yellow bars SPC.
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After construction of each layer, including the SG, a laser measurement of its level was conducted. From the results
of these measurements, the actual layer thicknesses could be calculated. These are presented in Table 1, along with
the corresponding design values. Plate-loading tests were conducted on the SG and the BC, confirming that the material
complied with the relevant load-bearing capacity criteria for UGLs as stipulated by the standards of the Swedish Road
Administration (Hermelin, 2017).

Table 1. Structural layer thicknesses of the cycle path structures, with design values and actual values close to the edge and centre line positions.

Layer thickness (mm) Design and outcome Structure
S1 S2 S3
AC Design 60 30 45
Centre line® 52 23 44
Edge® 61 30 32
BC Design 240 120 80
Centre line® 240 152 104
Edge® 232 128 91
SB Design - 250 375
Centre line® - 223 335
Edge® - 235 358
Total thickness Design 300 400 500
Centre line® 292 395 485
Edge® 293 388 480

& The lateral position of ‘Centre line’, in this case 1800 mm from the slope crest, i.e. 50 mm from the centre line position
Y The lateral position of ‘Edge’, in this case 500 mm in from the slope crest, i.e. 170 mm from the edge position

For the first round of measurements (GWT 1) conducted between the 1% and 4™ of July 2024, no water was added
to the structures, thus simulating a well-drained scenario (see Fig. 2b). Before the next measurement round, between
the 6™ and 9" of August 2024, water was added from inlets in the bottom of the concrete pit. This was done in a slow
and steady manner to avoid moving finer particles which would otherwise risk altering the structural properties. The
moisture content sensors — denoted MCS1, MCS2, and MCS3 and located at a depth of 125, 275, and 575 mm below
the surface respectively — were checked to control the moisture condition before new measurements were conducted.
The second measurement round (GWT 2) was conducted between the 13" and 16t" of August 2024. The GWT level
was raised to 730 mm below the road surface, i.e. 430, 330 and 230 mm down in the SG for S1, S2 and S3 respectively.
This level was chosen to represent a medium-drained scenario. According to the Swedish Road Administration design
standards (TRV, 2023), the minimum depth of a run-off ditch or the minimum depth at which drainage should be
installed is 300 mm below the SG surface. In practice, S1 and S2 comply with this criterion but S3 does not fully
comply. For the third and final measurement round (GWT 3), which was conducted between the 26™ and 29" of August
2024, the GWT was raised to 300 mm below the surface. For S1, that is at the interface between the BC and the SG.
For S2 it means 150 mm down in the SB, and for S3 it corresponds to 175 mm down into the SB.

After construction, instrumentation and testing of the UGLs load-bearing capacity, response measurements were
conducted with a FWD, an LWD, and three different vehicles: a light maintenance vehicle (LMV), a standard
maintenance vehicle (SMV) and a heavy maintenance vehicle (HMV). The vehicles included were chosen to represent
the variety used for different maintenance activities on cycle paths. Images, properties and procedures of the FWD,
LWD and the maintenance vehicles are presented in Larsson et al., 2025b. Statistical analysis, by the means of
student’s t-tests, have been conducted to determine the statistical significance of the FWD and LWD measurement
results. The lateral position of the passing vehicles was measured by a laser-based reflectometer located at S2.
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3. Results

There were clear visible ruts in the wheel paths of the maintenance vehicles after the trials. Rut depths were
measured with a 1.5 m straight edge, and the maximum rut depth (28 mm) was observed at the edge position on S3.
The maximum rut depth (14 mm) for the inner wheel path of the HMV occurred in the same longitudinal position. The
maximum rut depth for the centre line position (2 mm) also occurred on S3. Due to the large difference in rut depth
between the inner wheel path of the HMV and the centre line position, virtually all the formed ruts are attributable to
the HMV. The surface of the structures was also measured with a laser crack measurement system, set at a sampling
distance of 100 mm in the longitudinal direction and 1 mm in the transverse direction. The results indicated mean rut
depths of 11.5 mm for S1, 12.4 mm for S2 and 9.9 mm for S3. The difference between S2 and S3 is statistically
significant (p =.013).

3.1. FWD and LWD measurements

The centre deflections (Do) for edge and centre line positions of each structure from the FWD measurements are
presented in Fig. 3. The general pattern of these measurements indicates larger deflections close to the edge than at
the centre line and an increase in deflections as the GWT is raised, which confirms that the load-bearing capacity is
lower close to the edge than at the centre line and that it is dependent on the moisture content of the UGMs. The results
for lateral positions are statistically significant (p <.05), except for GWT 1 at S1 (p =.89) and GWT 3 at S2 (p =.12).
The differences between the same lateral positions and structures for different moisture contents are all statistically
significant (p < .014).
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Fig. 3. Deflections (Dg) measured with the 50 kN FWD load impulse at the different GWT scenarios for (a) S1, (b) S2 and (c) S3.
3.2. Response measurements

Examples of typical responses from the passing of the maintenance vehicles at the edge position are presented in
Fig. 4. The graphs are based on S2 at GWT 3. The transverse horizontal tensile strains in the AC surface for the LMV
(Fig. 4a) and the SMV (Fig. 4b) show similar sudden increases when the front axle passes, whereupon the strain
decreases slowly and peaks again when the rear axle passes. For the HMV, typically both tensile and compressive
strains from the different axles occur but due to this accumulative effect the maximum strain case occurs when all
axles produce tensile strains. Thus, Fig. 4c rather presents this scenario.

The transverse horizontal strains in the AC surface for a passing of the LMV at the edge position for the different
GWT scenarios are presented in Fig. 5. There is an increase in the maximum strain peaks for each rise of GWT level
for all structures. The maximum strain peaks occur for S3 even though for GWT 3 the difference between the structures
seems to have diminished when compared to GWT 1 and 2. A plausible explanation is the thinner BC (80 mm) for S3
in comparison to S1 (240 mm) and S2 (120 mm), in combination with the total thickness of the structures, S3 being
the thickest (500 mm). The thin BC may result in less support close to the applied wheel load. S1 and S2 are probably
also less affected by the first rise in water table level than S3, due to their greater distances (430 and 330 mm
respectively) from the GWT than that of S1 (230 mm). For the second rise to GWT 3, all the structures are affected,
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not only with an increase in moisture content for the SG but also with increased moisture content of the SB and BC,
thus providing less structural support for the AC and creating an increase in transverse horizontal strains at the surface.
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Fig. 4. (a-c) Transverse horizontal tensile strains in the AC surface, (d-f) vertical stress on the SG and (g-i) vertical strain in the upper part of the
SG. Blue lines indicate LMV, orange lines indicate SMV and green lines indicate HMV.
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Fig. 5. The maximum transverse horizontal strain in the AC surface at the edge position for each GWT scenario when transited by the LMV with
respect to (a) S1, (b) S2 and (c) S3.
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4. Discussion

The study setup is based on the hypothesis that top-down cracking may be initiated by excess tensile strains in the
AC from just a few passings of heavy loads close to the pavement edge at unfavorable conditions, e.g. softening of the
UGMs due to excess moisture content. The ASGs are thus placed at the surface level of the AC. Because edge cracks
are manifested as longitudinal cracks along the edge (Ahmad & Khawaja, 2018), the transverse tensile strains are of
chief interest. However, the measured transversal strains are very sensitive to the lateral position of the passing wheel
(Saliko & Erlingsson, 2021). The maximum horizontal transversal tensile stress occurs just outside the tyre edge and
is related to a corresponding state of compression towards the tyre centre (de Beer et al., 1997). This may explain the
somewhat higher measured tensile strains for the LMV than for the SMV (Fig. 3a and b), as the LMV presented the
most centred lateral positions over the sensors when passing, deviating 25 mm on average as compared to 50 mm for
the SMV. The maximum strain peak (685 pe) was detected for the HMV at GWT 3.

There was considerable rutting at the edge position after measurements at the GWT 3 scenario, with 28 mm
maximum rut depth versus 2 mm at the centre line position. For the inner wheel path of the HMV, located 745 mm
further away from the edge than the centre line position, the maximum rut depth was 14 mm, confirming that the
heaviest vehicle was the main reason for the rutting.

The maximum rut depths for these three lateral positions occurred on S3, which is likely due to insufficient support
from the BC, S3 being the structure with the thinnest BC. The maximum vertical strains occurred in the BC for all
structures and all GWT scenarios, contrary to the findings of Korkiala-Tanttu (2008) which indicated that the depth of
the maximum vertical strain varied according to the investigated scenario with respect to geometry, material stiffness
and stress state. However, the UGLs thicknesses and material in the SG were not identical to those used by Korkiala-
Tanttu, which may explain this divergence. The results are more in line with previous studies which found maximum
vertical strains at depths of 190-350 mm (Saliko & Erlingsson, 2021) below the surface and the top 300 mm of the
BC (Leischner et al., 2016). Nevertheless, the results indicate that the proportion of total vertical strains in the SG does
increase as the moisture content increases.

FWD measurements (Fig. 3) confirm that deflections were larger at the edge position than at the centre line position.
FWD measurement deflections for S1 are greater, for each groundwater table scenario, when compared to S2, which
in turn presents greater deflections than S3. This indicates that even though the design with thicker AC and BC has
the strongest structural layers, it is not enough to compensate for the thinner overall thickness of the structure for the
range of thicknesses included in this study.

The LMYV produces the least vertical stress and strain responses, not only in absolute numbers but also in relative
numbers. For example, the difference between the vertical strains at the edge position and the centre line position, as
well as the difference in vertical strains between the GWT scenarios, is smaller for the LMV than for the SMV. If only
the remaining design life is considered, the use of lighter maintenance vehicles is thereby proved to be preferable, both
because they contribute to less distress on the UGMs at higher moisture contents and because their pavement responses
are less sensitive to the edge slope effect.

5. Conclusions and recommendations
The following conclusions can be drawn from this study:

Higher deflections (5% on average) were measured close to the edge compared to the centre line.
The measured deflections were also increased (14% and 33% respectively) as the moisture content increased in
the subgrade (123% and 309% respectively) and unbound granular layers (7% and 54% respectively).

e In general, there seem to be larger transverse tensile strains in the asphalt surface close to the pavement edge than
at the centre line. However, as both tensile and compressive strains are produced from the passing wheels, no
statistically significant conclusions could be drawn.

e As expected, the heaviest maintenance vehicle (HMV) produced the maximum transverse tensile strain peaks in
the asphalt surface (686 pe), the maximum vertical compressive strains in the unbound granular layers and
subgrade (14338 and 6007 pe respectively), and considerable rutting close to the edge (11 mm on average).
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e Maximum vertical compressive strains occurred in the base course for all structures and moisture content
scenarios.

e From these limited results it seems like the structural design in the Swedish structural design manual (S3)
performed somewhat better than the thinner structure with thicker asphalt and base courses (S1), but more
research is needed to validate these findings.
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