

ASSESSMENT OF SOIL INDEX PROPERTIES, ASPHALT THICKNESS, AND DRAINAGE DESIGN AS FACTORS IN PAVEMENT DISTRESS: A CASE STUDY     OF AGBAJE–IJOKODO RESIDENTIAL ROAD, SOUTHWESTERN NIGERIA.


Abstract
Road infrastructure plays a crucial role in economic growth, mobility, and social development, yet premature failures remain a recurring challenge in many developing regions. This study investigates the geotechnical propert+ies of subgrade soils, pavement asphalt thickness, and drainage conditions along the Agbaje–Ijokodo residential road in Ibadan North Local Government Area, Oyo State, Nigeria, with the aim of identifying the underlying causes of early pavement deterioration. Fieldwork involved reconnaissance surveys, visual inspections, measurement of asphalt thickness at 26 failed locations, and collection of disturbed soil samples for laboratory analysis. Tests conducted included grain size distribution, Atterberg limits, compaction, California Bearing Ratio (CBR), and consolidation. Results revealed that the soils are predominantly fine-grained, with fines content (38.2–67.7%) exceeding the Federal Ministry of Works and Housing (FMWH) limit of 35%. Most samples exhibited high liquid limits (>35%), high plasticity indices, and linear shrinkage above the 8% threshold, indicating poor engineering quality. Natural moisture contents (17–40%) frequently surpassed the FMWH limit of 16%, while unsoaked CBR values (13–15%) fell short of the 30% requirement for sub-base materials, rendering the soils suitable only as subgrade support. Compaction tests yielded high optimum moisture contents (17.7–18.6%), and consolidation results confirmed medium to high compressibility, further suggesting settlement risk and moisture sensitivity. Asphalt pavement thicknesses were grossly inadequate, ranging from 0.8 to 1.7 in. (average 1.1 in.), below the FMWH/AASHTO minimum of 2.0–2.5 in. for residential roads. Additionally, drainage systems were poorly designed, undersized, or blocked, with some sections lacking drainage entirely. The findings attribute premature failure of the Agbaje–Ijokodo road to the combined effects of weak soil properties, insufficient asphalt thickness, and inadequate drainage infrastructure. Sustainable rehabilitation will require soil stabilization, improved drainage design, and reconstruction with pavement layers that meet established engineering standards.
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Nigeria.


Introduction
Roads are one of the most important infrastructures for economic growth, mobility and social development. Despite this, premature road failures continue to be a reoccurring issue in numerous part of the world, particularly in developing countries, where roads continually deteriorate before reaching their design life (Adesanya & Bello, 2021; Afrane et al., 2022; Mohseni & Ghassemali, 2023). These failures commonly result from geotechnical inadequacies in the subgrade, deficient pavement asphaltic thickness, and inappropriate drainage design (Zakaria et al., 2014). The subgrade is the foundation of the pavement structure, and its strength and stability influence to a large extent the overall performance of the road (Das & Sobhan, 2018). Similarly, asphaltic thickness plays a vital role in distributing traffic loads, while effective drainage systems prevent water infiltration that weakens both the pavement and subgrade (Huang, 2004; Ki et al., 2021; Von Quintus, & Hughes, 2019).  When these three factors are inadequately designed  and built, roads become very prone to distresses such as rutting, cracking, potholing, and eventual structural failure (Okigbo & Akpan, 2019). This study, therefore, focuses on understanding the interplay between geotechnical properties of the subgrade, pavement asphaltic thickness, and drainage design of residential Agbaje-Ijokodo road, southwest Nigeria, in order to identify their contributions to road failure and to propose measures for sustainable pavement performance. A sound understanding of the impact of geotechnical and structural factors on the overall service ability of asphaltic roads can help in making better decisions regarding road design and maintenance.   
Location and Accessibility
The study area covers the road linking the Ijokodo–Agbaje environs in Ibadan North Local Government Area of Oyo State, Southwestern Nigeria (Fig. 1). This section of the road lies around Latitude 7°25′30.68″N and Longitude 3°52′34.28″E. The Ijokodo–Agbaje axis is situated in the northeastern part of Oyo State, about 4 km from the major Eleyele–Sango road. The area is mainly residential, with only a few scattered trees providing vegetation cover. From a geological perspective, it forms part of the Southwestern Nigeria Basement Complex, a diverse terrain made up of migmatite, orthogneisses, paragneisses, and a variety of basic to ultrabasic metamorphosed rocks (Rahaman, 1976; Akinola & Obasi, 2020; Doro et al., 2023).
Methods of Research
To achieve the objectives of the study, detailed field investigations that involved reconnaissance surveys, visual inspections of the pavement surface, and measurements of asphalt layer thickness at failed sections were carried out. Drainage design and conditions were also assessed to understand their contribution to pavement performance. Trial pits were opened at selected failed sections, and their GPS coordinates were recorded. At 26 failed locations, asphalt pavement thickness was measured at four points using a digital caliper for accuracy. Eight number of disturbed soil samples (25kg) were collected at a depth of about 0.5 m below the surface from each trial pit at failed sections of the road and at a distance of 30m, bagged in sample sacks and carefully sealed, and labeled to preserve their natural moisture content before being transported to the laboratory within 24 hours. In addition to this, two number of control soil sample were equally collected from the stable sections of the road with no visible distress located about 20 meters of the failed sections to determine if inherent geological variation exist.

[image: ]
Fig. 1: Location map of the study area.
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Fig. 2: Geology of the study area showing sample locations.

Sample Preparation and Laboratory Tests
In the laboratory, a series of geotechnical tests were conducted to determine the physical and engineering properties of the soils. These results provided valuable insights into the underlying causes of pavement distress and failure in the study area. The bulk soil samples collected from the field were first air-dried at room temperature for about three weeks before laboratory testing commenced. To achieve uniform drying, the samples were spread out on a clean platform and carefully turned over at intervals throughout the period.
After preparation, a series of geotechnical tests were performed to evaluate the engineering properties of the lateritic soils. The objective of these tests was to assess the soils’ suitability for use as subgrade and sub-base materials in pavement construction, providing a basis for understanding their performance under traffic loading and environmental conditions.
Grain Size Distribution Analysis
Grain size distribution describes the relative proportions of gravel, sand, silt, and clay within a soil sample and it strongly influences engineering properties such as permeability, compaction, and shear strength (Olusola et al., 2022). In this study, the analysis was carried out in accordance with ASTM D422 using sieve and hydrometer methods. The sieve analysis involved wet sieving, where 500 g of soil was soaked in a dispersing solution and washed through a 0.075 mm sieve to separate fines, followed by oven-drying of the retained portion. Dry sieving was then performed using a stack of standard sieves (4.75 mm–0.075 mm) in a mechanical shaker, with the fraction retained on each sieve recorded to determine percentage passing and construct the grain size distribution curve. To capture finer fractions below 0.075 mm, hydrometer analysis was applied, based on Stokes’ law of sedimentation. A 50 g soil sample was dispersed in sodium hexametaphosphate, agitated, and placed in a 1000 ml sedimentation cylinder, where particle settlement was monitored using a hydrometer at timed intervals with temperature corrections. This provided the distribution of silt and clay particles. The combined results of sieve and hydrometer analyses produced a complete particle size distribution curve, which enables soil classification and offers insight into its likely performance in geotechnical applications.

Specific Gravity Test
The specific gravity of soil solids (Gs) is the ratio of the weight of a given volume of soil particles to the weight of an equal volume of water at 4°C. In this test, a known weight of air-dried, sieved soil was placed in a pycnometer, gradually filled with water, and shaken thoroughly to remove air bubbles before weighing. The bottle was then emptied, cleaned, refilled with water, and weighed again. The procedure was repeated, and the average values obtained were used to calculate the specific gravity of the soil.
Consistency Limit Test
The consistency limit of soil is the moisture content at which it changes from one physical state to another. These limits, measured through the Atterberg limits test (Atterberg, 1911), include the liquid limit, plastic limit, and shrinkage limit. They are widely used to classify and identify fine-grained soils (Gana et al., 2020).
The liquid limit is the moisture content at which soil begins to flow under its own weight, determined when a groove in a soil paste closes at about 25 blows of the Casagrande apparatus. The plastic limit is the lowest moisture content at which soil can be rolled into 3 mm threads without crumbling, with the difference between liquid and plastic limits giving the plasticity index (Coe & Johnson, 1961; ASTM International. 2017). A low plasticity index makes soil suitable for road construction, while higher plasticity favors workability, such as in brick production (Gidigasu, 1972).
The shrinkage limit is the moisture content below which further drying does not reduce the soil’s volume. It is measured using a linear shrinkage test, where changes in sample length after drying indicate the degree of shrinkage (Atterberg, 1911). These limits are essential for understanding soil behavior in construction and geotechnical engineering (Abouzaripour & Vafaei, 2020).
Compaction Tests
Compaction tests were carried out to establish the Maximum Dry Density (MDD) and Optimum Moisture Content (OMC) of the soils using both the Modified AASHTO and West African compaction levels. Soil samples were air-dried, weighed (6 kg), and mixed with water (about 5% by weight) before being compacted in five layers in a CBR mould using a 4.4 kg rammer falling from 0.45 m. The West African level involved 25 blows per layer, while the Modified AASHTO used 55 blows per layer. Moisture contents were determined from the top, middle, and bottom of the mould, and the procedure was repeated with increasing water until the dry density began to fall. A density–moisture curve was then used to obtain MDD and OMC. Over-compaction was noted as a limitation, as it may cause particle breakdown and reduce soil stability (Gidigasu, 1976).
Grain size distribution analysis was also carried out on compacted soil to assess the effect of compaction on particle degradation. Sieve analysis was used to detect increases in the fine fraction. A marked increase in fines indicates particle breakdown, which can compromise mechanical stability and render the soil unsuitable for road construction under field conditions (De Graft-Johnson et al., 1969).
California Bearing Ratio (CBR) Tests
California Bearing Ratio (CBR) tests were conducted on both soaked and unsoaked samples to evaluate soil strength, expansion, and water absorption. The unsoaked CBR test was performed immediately after compaction, while the soaked test involved immersing compacted samples for 48 hours under a surcharge load of at least 4.5 kg, with swell readings recorded at regular intervals. After soaking, samples were drained, weighed, and tested in a CBR machine, and load–penetration curves were plotted. The absorbed water was calculated as the difference between soaked water content and OMC. Although CBR is not a direct measure of shear strength, it has been shown to correlate strongly with unconfined compressive strength (Sandoval-Vallejo, & Rivera-Mena, 2019; Adeyemi 1995). The test remains one of the most practical and cost-effective methods of assessing subgrade and subbase performance in highway construction (Bashdar 2025; Eze, et al. 2025).
The consolidation test was conducted to determine the magnitude and rate of volume decrease of a laterally confined soil specimen subjected to different vertical pressures. The data obtained were used to evaluate the coefficient of consolidation, which reflects the rate of both primary and secondary settlement, and the coefficient of compressibility, which provides the magnitude of settlement.
The experiment utilized a consolidation device (oedometer), sample trimming tools; dial gauge, filter papers, porous stones, glass plates, weighing scale, moisture cans, and other standard accessories. The empty consolidation ring with its glass plate was first weighed, and the ring’s dimensions were measured. The soil specimen was then extruded, trimmed carefully to fit the ring, and its initial moisture content and specific gravity were determined. Excess soil was removed to make the specimen flush with the ring, after which the assembly was weighed.
Saturated porous stones and filter papers were placed on the top and bottom surfaces of the specimen, and the sample was submerged in water to ensure saturation. The loading device was set up with the dial gauge adjusted to zero, and vertical loads of increasing magnitude (14 kg, 23 kg, 56 kg, and 224 kg) were applied sequentially. At each load, dial readings were recorded at selected time intervals to monitor compression. After completion, the sample was removed, weighed again, oven-dried for 12–18 hours, and reweighed to obtain its final moisture content. Results were processed by plotting reduction in thickness against the square root of time to determine the coefficient of consolidation (Cv). The coefficient of compressibility (Mv) was obtained from the compression curve, which related specimen thickness to applied pressure.
Result and Discussion
The summary of the geotechnical properties of the study soils is presented in Table 1, while the grading curve was obtained by plotting the percentage passing against particle size on a semi-logarithmic graph. The particle size distribution analysis provides insight into both the range of particle sizes present in a soil and the distribution of particles within that range (Apanpa et al., 2019).
Table 1: Summary of Index and Engineering Properties of Tested Soil Samples
Sample Number
% Passing No.200 
Liquid Limit
Plastic Limit
Plasticity Index
Linear Shrinkage
MDD (kg/ms3)
OMC (%)
CBR (Soaked)
CBR (Unsoaked)
Coefficient of vol. compressibility
Coefficient of consolidation
L1
67.7
57.10
23.00
34.10
12.10
1866.00
18.30
14.00
10.00
0.28312
0.01424
L2
54.3
43.30
26.00
17.30
10.00
1859.00
18.60
13.00
9.00


L3
38.2
23.00
11.00
12.00
6.40
1873.00
18.10
15.00
10.00
0.62712
0.01173
L4
45.9
47.00
24.00
23.00
10.70
1868.00
18.30
14.00
10.00


L5
52.6
44.90
26.00
18.90
9.30
1880.00
17.90
16.00
11.00
o.53597
0.01281
L6
41.8
51.40
28.00
23.40
10.00
1868.00
18.30
14.00
10.00


L7
48.7
55.70
30.00
25.70
11.40
1887.00
17.70
16.00
11.00


L8
59.4
58.90
28.00
30.90
12.90
1873.00
18.10
15.00
10.00
0.30110
0.01389
L9 control
24.8
25.00
18.00
7.00
4.30
2025.00
15.30
30.00
20.00


L10 control
28.9
29.80
21.00
8.80
2.90
2052.00
14.30
32.00
22.00
0.27765
0.01650







Grain Size Distribution Analysis
According to Clause 6201 of the Federal Ministry of Works and Housing (FMWH) specifications, soils intended for sub-grade or base use must contain no more than 35% by weight passing the No. 200 sieve (75 μm). If the percentage passing exceeds this limit in a lateritic base course, the material is automatically rejected (FMWH, 1997). Results from the study indicate that the soil samples collected along the failed road section contain fines ranging from 38.2% to 67.7% (Location 3), all exceeding the FMWH specification limit. Consequently, these samples are  fair to good as subgrade but unsuitable for use as sub-base, or base materials. The high fines content is likely a major factor contributing to the instability of the road pavement along the studied section. In contrast, the control samples (Locations 9 and 10) contained fines within acceptable limits, ranging from 24.8% to 28.9%. These values conform to FMWH standards and indicate suitability for use as sub-grade material. Based on AASHTO classification, the soils fall within Groups A-4 to A-6, which are generally considered fair to poor sub-grade materials for road construction.
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Figure 3: Grain size distribution curve depicting high amount of fines– Location 1
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Figure4: Grain size distribution curve depicting low amount of fines– Location 10 (control)
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Figure 5: Fines Content Distribution by Location Relative to FMWH Specification

Consistency Limit Test
The plastic limit (PL) values ranged from 11% (Location 3) to 30% (Location 7), while the plasticity index (PI) ranged from 12% (Location 3) to 30.9% (Location 8). Except for Location 3, all the samples exhibited PI values greater than 30%, exceeding the FMWH (1997) specification. Soils with high PI typically exhibit fair to poor engineering properties, as lower PI values are associated with better soil competence as foundation material (Akintorinwa and Adeusi, 2009). Based on Casagrande’s plasticity chart, the soils fall within the medium to high plasticity range, further confirming their limited suitability for pavement applications. For the control soils (Locations 9 and 10), PL values of 18% and 21% were recorded, both within acceptable limits and indicative of better engineering behavior. The linear shrinkage (LS) values varied between 6.4% (Location 3) and 12.9% (Location 8). The control samples recorded LS values of 4.3% (Location 9) and 2.9% (Location 10).
FMWH (1997) recommends maximum LS of 8% for soils used in highway construction. Only Location 3 and the two control samples fell within this limit, while 87.5% of the samples exceeded it. High LS values typically imply swelling and shrinkage potential, which adversely affect pavement stability. The situation is further aggravated by poor drainage along the investigated roadway, which likely contributed to premature pavement failure.
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Figure 6: Casagrande plasticity chart showing classification of tested soil as CH – High Plasticity Clay – Location 1)
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Figure 7: Casagrande plasticity chart showing classification of tested soil as CH – Low Plasticity Clay – Location 10 (control)


Natural Moisture Content and California Bearing Ratio (CBR) Tests
The natural moisture content of the soils varied from 17% to 40%, with most locations falling above the 16% threshold specified by the Federal Ministry of Works and Housing (FMWH, 1997). Soils with moisture content greater than this limit are generally considered unsuitable for road construction because of their tendency to retain water and lose strength. Only a few locations approached the acceptable range, suggesting that much of the studied material is prone to instability if left untreated.
The California Bearing Ratio (CBR) test results further support this limitation. Natural soil samples recorded unsoaked CBR values between 13% and 15%, which fall short of the 30% requirement for sub-base layers and are well below the 80% required for base courses (FMWH, 1997). The unsoaked and soaked CBR indicate fair to good general and strength rating (Figure 8).  These values indicate that the soils can only function fairly as sub-grade support. In contrast, the control samples achieved higher CBR values (30–32%) at lower moisture contents (about 14%). The unsoaked and soaked CBR indicate excellent rating as subgrade and good subgrade strength respectively (Figure 9). 
[image: ]
Figure 8: Soaked and Unsoaked CBR General Rating – Location 1
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Figure 9: Soaked and Unsoaked CBR General Rating – Location 10(Control Sample)

Compaction and Consolidation Tests
Compaction results showed maximum dry densities ranging from 1859 to 1887 kg/m³ and optimum moisture contents between 17.7% and 18.6%. These OMC values are considerably higher than the 8–10% range typically associated with lateritic soils of good engineering quality (Layade and Ogunkoya, 2018). This means the studied soils are relatively moisture-sensitive and will require stabilization to achieve satisfactory performance in road construction.
The consolidation results reveal medium to high compressibility, with volume compressibility values ranging between 0.28 m²/MN and 0.62 m²/MN. While soils with lower compressibility can withstand loads with minimal deformation, the studied samples are more prone to settlement under sustained traffic and structural loads. This poses a risk of differential settlement and eventual pavement failure if such soils are used without improvement.
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Figure 10: Optimum Moisture Content (OMC) and Maximum Dry Density  – Location 1
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Figure 11: Optimum Moisture Content (OMC) and Maximum Dry Density  – Location 10

Asphaltic Pavement Thicknesses
Pavement thickness across the 26 test points varied between 0.8 and 1.7 in., averaging 1.1 in. The thickest layer was recorded at Location 15 (1.7 in.), while the thinnest occurred at Locations 6, 8, and 25 (0.8 in.). This variation reflects inconsistent construction quality and lack of uniform control during placement. When compared with standards, the pavement is clearly below specification. Both FMWH (1997) and AASHTO guidelines recommend a minimum of 2.0–2.5 in. for residential roads, yet none of the sections met this threshold. Even the thickest layer (1.7 in.) was insufficient. Such under-design limits the pavement’s ability to carry loads and protect the base and subgrade, making it vulnerable to cracking, raveling, potholes, and rapid deterioration. This deficiency alone significantly reduced structural capacity and protection of underlying layers, accelerating deterioration. 

Drainage Designs
The preliminary investigation revealed drainage inadequacy as the primary cause of road deterioration. Undersized structures failed to convey peak storm water, causing ponding, infiltration, and pavement distress. Widespread blockages from silt, debris, and vegetation, aggravated by poor maintenance, further restricted flow and induced flooding. Structural failures, including cracked, eroded, or collapsed culverts, were observed, while some sections lacked drainage entirely, leading to uncontrolled runoff, erosion, and edge failures. Collectively, these deficiencies reduced pavement performance and road safety, underscoring the need for hydraulic redesign, routine desilting, and timely rehabilitation of drainage systems to ensure long-term road sustainability.


Conclusion
The geotechnical investigation of soils along the failed roadway reveals that the majority of the studied materials are unsuitable for use as sub-base or base course layers without prior stabilization. The predominance of medium to high plasticity clays and silts implies high shrink, swell potential, a condition further corroborated by linear shrinkage values above the acceptable 8% threshold for most samples. Control samples, by contrast, consistently satisfied specification limits, reinforcing the conclusion that material quality plays a decisive role in pavement performance. The premature failure of the road is attributable to a combination of poor soil properties, inadequate pavement thickness, and deficient drainage infrastructure. The soils in their natural state are unsuitable beyond sub-grade application and require stabilization for improved performance. To achieve sustainable rehabilitation, corrective measures should include: (i) redesign and upgrading of drainage facilities, (ii) replacement or stabilization of weak soils, and (iii) reconstruction or overlay of the pavement with asphalt thickness meeting FMWH/AASHTO standards. Only through such integrated geotechnical and structural improvements can long-term pavement serviceability and road safety be assured.
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