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Mirko Karakašić, Naida Ademović,
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Abstract

This paper focuses on a section of the state road D28, Bjelovar northern bypass, Republic
of Croatia, which was opened to traffic in 2002. Following the expiration of the 20-year
design service life, it was determined that the section required reconstruction, as visual
inspections indicated a significant deterioration in ride comfort. To define the appropriate
reconstruction strategy, specifically the strengthening of the pavement structure, reliable
data on pavement bearing capacity were needed. Historical design thicknesses were
compared with current measurements, and deflection data obtained using a Falling Weight
Deflectometer (FWD) were analyzed for sections where visual assessments suggested
reduced structural capacity. Based on the calculated modulus of elasticity, a pavement
structure was designed and subsequently strengthened through the addition of an extra
load-bearing layer composed of a cold-recycled mixture with foamed bitumen.

Keywords: Bjelovar bypass; deflection; Falling Weight Deflectometer (FWD); recycled
mixture; visual inspection

1. Introduction
A pavement management system is a framework for identifying optimal maintenance

strategies at various management levels to keep pavements in appropriate condition [1].
Accurate detection of pavement distress and a thorough understanding of its causative fac-
tors are fundamental for the selection of effective maintenance strategies and interventions.
Pavement degradation is governed by a combination of factors, including traffic loading
patterns, climatic conditions, the material composition and thickness of pavement layers,
construction quality, and the efficacy of prior maintenance measures [2].

Functional condition assessment evaluates surface properties that directly affect user
safety, comfort, and usability, while structural assessment determines how well the pave-
ment behaves under traffic and environmental stresses. Pavement condition data can be
collected through visual inspection, non-destructive, or destructive testing. Visual inspec-
tions range from manual surveys to automated data collection methods [3], making it
crucial to use objective and repeatable classification procedures. Non-destructive testing,
preferred over destructive methods like coring and drilling, assesses pavement condition
without causing damage. Deflection measurement, commonly performed using the KUAB
120 Falling Weight Deflectometer (FWD; KUAB, Rättvik, Sweden), applies dynamic loads
simulating vehicle wheel impacts. Geophones measure vertical pavement deformation at
various distances from the load application point, capturing the pavement’s response [3].
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As noted by Čičković and Bald [4], this method can be used to predict the quality
of inter-layer bonding between asphalt layers. Qian et al. [5] compared dynamic moduli
obtained in the laboratory with those derived from deflection measurements on test sections
and found that the ratio of dynamic moduli for different asphalt pavements ranged from
0.7 to 0.9.

Marecos et al. [6] compared two non-destructive methods—the Falling Weight De-
flectometer (FWD) and Ground Penetrating Radar (GPR)—for assessing the bearing ca-
pacity of asphalt pavements. Elastic moduli were determined from FWD deflections
using a back-calculation procedure, with asphalt binder course thickness found to sig-
nificantly influence the results. The study emphasizes the importance of comprehensive
load-bearing capacity data for understanding pavement structure and selecting appropriate
reinforcement solutions.

This paper examines the pavement condition of the northern bypass Bjelovar, state
road D28, a key segment of the Zagreb–Osijek route in the Republic of Croatia. Opened in
2002, the pavement had reached the end of its 20-year design life at the time of inspection.
Field measurements and non-destructive deflection tests using an FWD were performed to
evaluate its condition and determine the need for strengthening or reconstruction.

2. Pavement Condition Assessment Data Collection
Structural pavement assessment evaluates the pavement’s capacity to carry traffic

loads based on layer thicknesses, material properties, subgrade condition, and traffic
data [7]. Structural pavement condition assessment is conducted to determine the required
load-bearing capacity of a pavement. This involves monitoring road surface characteristics
and analyzing results, whether theoretical or empirical, to evaluate structural performance
and predict service life under expected traffic conditions [8]. Pavement condition data
can be collected via visual inspection, measurement tools, or automated vehicles. Visual
assessments typically use pavement distresses catalogues to classify damage accurately
and ensure consistent evaluation [9]. The required data for pavement assessment include
traffic information, year of construction or major rehabilitation, lane characteristics, and
pavement layer types and thicknesses.

One of the most important elements in determining the traffic load is counting the
traffic on the roadway. From the data on the number of vehicles of certain categories in
a previous series, it is possible to determine the trend of their movement for the period
in which the road is expected to be used after its rehabilitation or construction (design
period) [10]. While data on the driving surface is relatively easily obtained, collecting data
on the composition, load-bearing capacity and thickness of the pavement layers is much
more difficult. They can be collected using destructive and non-destructive methods [11].

2.1. Visual Inspection

During visual road inspections, damages and deformations are identified, recorded in
the distresses catalogue, and repaired according to their severity [12]. Typical pavement
distresses include cracks, deformations, and surface deterioration, with cracks classified as
longitudinal, transverse, alligator, or block cracks [13].

2.2. Pavement Evaluation Methods

Many effective approaches involve measuring deflections in conjunction with extract-
ing small cores (Ø 100 mm) to determine layer thicknesses and collect material samples for
fundamental laboratory testing [8].
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2.2.1. Destructive Methods for Pavement Condition Assessment

Destructive methods are testing techniques that disturb the pavement structure. These
methods are commonly used for pavements with surface irregularities and typically in-
clude cutting pavement layers and extracting samples for laboratory analysis. Common
techniques involve coring or drilling test pits to determine layer composition and thick-
ness [8,11].

2.2.2. Non-Destructive Methods of Pavement Condition Assessment–Falling Weight
Deflectometer (FWD)

Deflection data are used to calculate the structural load-bearing index, aiding pave-
ment management by predicting remaining service life and identifying rehabilitation
needs [14]. Deflection measurements provide a reliable, cost-effective way to evaluate
load-bearing capacity; lower deflections indicate stronger pavements with near-elastic be-
havior [15]. FWD is a widely used device for this purpose. However, deflection data must
be carefully interpreted to derive meaningful insights into pavement performance [16]. Cal-
culating the modulus of elasticity from FWD results is essential to determine the stiffness
of existing pavement layers [17].

3. Evaluation of the Structural Condition of State Road D28 Pavement
The 8.6 km section of state road D28 (Predavac–Letičani) analyzed in this paper serves

as the northern bypass of Bjelovar, Croatia, and is part of the Zagreb–Osijek corridor. To
assess pavement conditions and determine appropriate reinforcement measures, visual
inspections, non-destructive deflection testing using an FWD, and field excavations were
conducted. Figure 1 presents an overview map indicating the location of the D28 section
and the extent of the intervention.

 

Figure 1. Overview map of the narrow area of D28 Bjelovar bypass, Republic of Croatia, with the
locations of traffic counters Reprinted with permission from Ref. [18]. Copyright 2020, Hrvatske
ceste d.o.o.

3.1. Traffic Load

Traffic counters installed on the section provide detailed data on vehicle volume and
classification by vehicle groups. Axle counters are positioned near the planned intervention
zone (see Figure 1). Analysis of traffic composition, particularly heavy goods vehicles,
articulated trucks, and tractors, indicates that transit traffic predominates along the route
from the D10 (Gradec junction) to the D2 Ðurd̄evac intersection.
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3.2. Visual Inspection of the Road Sections

Visual inspection of the D28 state road and its sub-sections revealed typical pavement
distresses, including structural cracks, rutting, thermal cracks, and localized surface repairs.
In Figure 2a, structural cracks in the pavement can be observed. Figure 2b shows the
same structural cracks on the cement-stabilized layer following asphalt milling. These
cracks were subsequently reflected onto the asphalt layer, indicating that the pavement’s
structural capacity is compromised. Routine maintenance involved applying a new thin
asphalt overlay to replace the deteriorated pavement layer, which had been compromised
by temperature-induced microcracks, reduced skid resistance, and severe rutting. How-
ever, in areas where the existing pavement exhibited structural cracks, poor longitudinal
evenness, and pronounced rutting, the newly applied thin asphalt layer rapidly developed
deformations similar to those in the underlying layers (see Figure 2c).

(a)  (b)  (c) 

Figure 2. (a) Cracking (km 0+800–2+100); (b) cement-stabilized layer exhibiting cracks after asphalt
removal (km 0+800–2+100); (c) Local Pavement Repairs (km 5+000–km 5+500).

3.3. Field Sampling and Laboratory Tests

The diagram in Figure 3 illustrates the variability in the thickness of the mechanically
compacted base layer and the stone-material subgrade. These findings indicate that both
the embankment and subgrade are composed of the same gravel material, while the
unbound base course (UBC) is also made of gravel. Variations in layer thickness can affect
the pavement’s structural performance, as thinner sections of the base or subgrade may
lead to localized weaknesses, reduced load-bearing capacity, and accelerated pavement
deterioration under traffic loading.

 

Figure 3. Graph of layer thickness and composition of pavement structure Adapted with permission
from Ref. [19]. Copyright 2020, Hrvatske ceste d.o.o.
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Granular stone material samples extracted from exploration pits were compacted using
the Modified Proctor method to determine the optimal moisture content and maximum dry
bulk density. The optimal moisture content was determined using the Modified Proctor
test, representing the water content that allows the material to reach maximum dry density
under standard compaction energy. Proper placement of the base layer material at this
moisture content is essential to achieve adequate compaction. The bearing capacity of the
UBC was evaluated using the California Bearing Ratio (CBR) on specimens compacted at
optimal moisture, following the HRN EN 13286-47:2012 standard [20].

4. FWD Deflection Results for Pavement Layers of the D28
Bjelovar Bypass

The modulus of elasticity was determined via non-destructive deflection testing us-
ing a KUAB-brand FWD. Measurements were taken along the right wheel track in both
directions at 100 m intervals in one direction and offset by 50 m in the opposite direction.
Deflection sensors were positioned at 20 cm (d1), 30 cm (d2), 45 cm (d3), 60 cm (d4), 90 cm
(d5), and 120 cm (d6) from the load center (see Figure 4).

Figure 4. KUAB Falling Weight Deflectometer (FWD)–schematic of operation (left) and field testing
equipment (right) [21].

On the D28 Bjelovar bypass, four representative sub-sections exhibiting pronounced
rutting and structural or thermal cracking, along with one sub-section with extremely low
deflections, were analyzed (see Table 1).

Table 1. Analyzed subsections A, B, C and D [22]. Adapted from Ref. [22] under CC BY-SA license.

Subsection Name Station Visual Inspection Deflection

A 0+800-2+100 transverse cracks high

B 2+300-2+900 transverse cracks low

C 2+900-3+300 ruts high

D 7+000-7+500 temperature cracks high

Figure 5 shows sections with high deflection values at km 0+900, 2+050, 3+050, and
3+300, indicating potential pavement weakness. Low deflection levels between km 2+300
and 2+900 suggest areas with intact structural capacity. These deflection variations help
guide maintenance prioritization.
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Figure 5. Deflection results, left driving lane, direction Zagreb [23]. Adapted with permission from
Ref. [23]. Copyright 2020, Hrvatske ceste d.o.o.

5. Modulus of Elasticity
Deflection results from FWD testing were used with the cumulative difference method

to determine the elastic modulus of homogeneous sections [23]. Figure 6 shows the modulus
of elasticity for asphalt layers, the cement-bound course (CBC), unbound base course (UBC),
and subgrade along the D28 Bjelovar bypass. Subgrade moduli range from 150 to 270 MPa.
The CBC was identified as the critical layer, requiring strengthening, as indicated by
fluctuations in its modulus of elasticity.

 

Figure 6. Modulus of elasticity for asphalt, CBC, UBC and subgrade [19]. Reprinted with permission
from Ref. [19]. Copyright 2020, Hrvatske ceste d.o.o.

6. Structural Strengthening of the Pavement
In May 2020, field investigations on the Bjelovar bypass determined pavement layer

types and thicknesses, and tested samples of unbound mixtures. Pavement bearing capacity
was evaluated using FWD deflection measurements and elastic modulus calculations,
forming the basis for a rehabilitation proposal to strengthen the D28 state road. Laboratory
tests confirmed that the gravel base course meets the specified requirements, as supported
by FWD deflection measures. Visual inspections reveal deformations and cracks, with
structural cracks corresponding to higher deflections than temperature-induced cracks.
Elastic moduli for all pavement layers were calculated from deflection data and material
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properties, and stress–strain analyses determined the required reinforcement thickness. A
12 cm cold-recycled base course with foamed bitumen will be placed over the prepared
CBC layer, using milled asphalt from the existing pavement as aggregate [23].

As part of the detailed design [18], pavement axis, vertical alignment, and edges
were calculated at 5 m intervals, and the reinforcement of the pavement structure was
dimensioned (Figure 7). A 20-year design period was assumed, with a 4% traffic growth
rate used to determine the total equivalent heavy traffic load.

Figure 7. Cross-section of the strengthened pavement layers on the D28 Bjelovar bypass [23]. Adapted
with permission from Ref. [23]. Copyright 2020, Hrvatske ceste d.o.o.

7. Conclusions
Field surveys, sampling, and laboratory tests were conducted in 2020 on the state

road D28 section constructed in 2001/2002 to evaluate pavement bearing capacity and
guide rehabilitation planning. The pavement exhibited extensive cracking and rutting,
compromising ride comfort and traffic safety. Sounding excavations determined layer
composition and thickness, while deflection tests served as the primary means to assess
structural capacity. Results identified the cement-bound base course (CBC) layer as critical,
with bearing capacity loss indicated by deflections (d2 below 105 µm) and elastic moduli
ranging from 600 to 4600 MPa. Damaged CBC areas will be rehabilitated through overlay
placement or geogrid reinforcement.

The studied section of state road D28 exemplifies a proactive pavement management
approach, as rehabilitation design began before the end of its 20-year design life. Despite
prior investigations, laboratory tests, and project preparation, reinforcement works began
only one month ago. Over the five years since testing, pavement conditions have dete-
riorated significantly, highlighting a delay in timely rehabilitation within modern road
management frameworks. The proposed strengthening solution aligns with current sus-
tainability goals by incorporating up to 60% milled asphalt in the cold-recycled bearing
layer, promoting material conservation and recycling.
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