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Abstract
This study evaluates pavement distresses along the 39-km Mau Summit-Timboroa section of Kenya’s 
A8 highway in steep-to-rolling terrain to enhance infrastructure durability and safety. Objectives include 
assessing distress types, analysing contributions of traffic loading, speed, material properties, and road 
gradient to deterioration, and identifying cost-effective pavement designs. Using ASTM D6433 and Kenyan 
Road Design Manual standards, field surveys, laboratory testing, and layered elastic analysis identified 
fatigue cracking, rutting, and potholes, yielding a Pavement Condition Index (PCI = 73, Satisfactory). 
Traffic loading, measured as 37.5 million Equivalent Single Axle Loads (ESALs) over a 5-year projection 
and 18,581 ESALs per day in 2024, low vehicle speeds (19–23 km/h), weak asphalt concrete (AC, 
left-hand side (LHS): [τ]1 = 0.595–0.946 MPa; right-hand side (RHS): [τ]1 = 0.911–1.561 MPa), dense 
bituminous macadam (DBM, LHS: [τ]2 = 0.363–0.665 MPa; RHS: [τ]2 = 0.511–0.893 MPa), and steep 
gradients (4.5–9.7%) drove severe LHS rutting (27.66–38.04 mm) and moderate RHS rutting (2.17–9.94 
mm) after 5 years. High shear stresses (LHS AC: 0.439–0.480 MPa) and temperatures (40°C) exacerbate 
distress. The stable graded crushed stone (GCS) subbase ([τ]₃ = 0.284–0.55 MPa) contributes minimally. 
A cost-benefit analysis recommends rigid pavements for high-traffic, steep sections (e.g., Timboroa, 
9.7%), polymer-modified asphalt, increased layer thicknesses (AC ≥ 65 mm, DBM ≥ 200 mm), and 
drainage improvements. Applicable to global highways like Ethiopia’s Rift Valley, these findings optimize 
maintenance, safety, and durability.
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INTRODUCTION

Flexible pavements in steep-to-rolling terrains 
face accelerated deterioration due to heavy traffic 
loading, steep gradients, and environmental 
factors, posing challenges for infrastructure 
longevity and safety. The 39-km Mau Summit-
Timboroa section of the A8 highway (previously 
A104) in Kenya, a critical link connecting Nairobi 
to western Kenya and Uganda, exemplifies these 
challenges. Managed by the Kenya National 
Highways Authority (KeNHA), this segment 
experiences high traffic volumes, with 18,581 
Equivalent Single Axle Loads (ESALs) per day in 
2024 and 37.5 million ESALs over 5 years, and 
variable slopes (4.5–9.7%, Figure 1), contributing 
to severe pavement distress, including rutting, 
fatigue cracking, and potholes. Severe left-hand 
side (LHS) rutting (27.66–38.04 mm, Figure 2) 

and moderate right-hand side (RHS) rutting 
(2.17–9.94 mm, Figure 3) after 5 years are driven 
by weak asphalt concrete (AC, LHS: [τ]₁ = 0.595–
0.946 MPa; RHS: [τ]₁ = 0.911–1.561 MPa) and 
dense bituminous macadam (DBM, LHS: [τ]₂ = 
0.363–0.665 MPa; RHS: [τ]₂ = 0.511–0.893 MPa) 
layers under heavy traffic and high temperatures 
(40°C). The mean Pavement Condition Index 
(PCI = 73, Satisfactory, Table 1) masks localized 
deterioration on steep slopes (e.g., Timboroa, 9.7%, 
Figure 4), necessitating targeted interventions.

This study evaluates pavement distresses along 
the Mau Summit-Timboroa section, using 
ASTM D6433 (Table 1) for PCI assessment and 
the Kenyan Road Design Manual (Ministry 
of Transport and Communications, 1988) for 
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structural design. Field surveys, laboratory testing, 
and layered elastic analysis (LEA) quantify distress 
mechanisms, particularly LHS rutting (e.g., 38.04 
mm at Timboroa, Figure 5) driven by AC (58.7–
59.7%) and DBM (37.0–37.4%) under low truck 
speeds (19–23 km/h) and deceleration (2 m/s²). 
The stable graded crushed stone (GCS) subbase 
([τ]₃ = 0.284–0.55 MPa) contributes minimally 
(3.2–14.1%). A cost-benefit analysis compares 
flexible and rigid pavements, recommending 
polymer-modified asphalt, increased layer 

thicknesses (AC ≥ 65 mm, DBM ≥ 200 mm), and 
drainage improvements. Findings apply to global 
highways in regions like Ethiopia’s Rift Valley or 
the Andes, informing KeNHA’s infrastructure 
planning (Kenya Gazette, 2016).

THEORY

Pavement deterioration in steep terrains is 
driven by heavy traffic, steep gradients, and 
environmental factors, accelerating distress 

FIGURE 1
Smoothed slope variation graph
Source: Field survey, 2025

FIGURE 2
Rutting depth contributions by layer (LHS, uphill deceleration, 2 M/S²)
Source: LEA Analysis, 2025
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like rutting and fatigue cracking. This review 
synthesizes studies and standards, focusing 
on design, materials, traffic, and maintenance, 
aligned with ASTM D6433 (2020) and the Kenyan 
Road Design Manual (Ministry of Transport and 
Communications, 1988).

Pavement design standards emphasize robust 

structures for steep terrains. AASHTO (2014, 
2016) provides geometric and soil classification 
guidelines, while Huang (2004) advocates 
mechanistic-empirical designs for gradients 
(4.5–9.7%) and heavy axle loads. Traffic loading 
significantly impacts deterioration, with Liddle’s 
(1962) Equivalent Axle Load Factor (EALF) 
quantifying axle load effects, critical for the A8’s 

FIGURE 3
Rutting depth contributions by layer (RHS, uphill deceleration, 2 M/S²)
Source: LEA Analysis, 2025

FIGURE 4
PCI vs. IRI for ascending slopes >5.0%
Source: ASTM D6433 Analysis, 2025
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37.5 million ESALs. Overloading (15,000 kg) 
increases shear stress by ~55%, causing severe 
rutting (27.66–38.04 mm) at low speeds (19–23 
km/h) (Al-Qadi & Wang, 2011; Wang & Al-Qadi, 
2013; Kim & Lee, 2016).

Material properties mitigate distress. High 
temperatures (40–45°C) reduce AC cohesion (0.4–
0.7 MPa), exacerbating rutting, while polymer-
modified asphalt enhances shear strength ([τ]₁ 
≥ 0.911 MPa) and reduces air voids (AC <4%) 
(Brown & Brunton, 1986; Sousa et al., 1991; 

Monismith, 1992; Ceylan et al., 2008; Zhang & Li, 
2002). Poor drainage (μ < 0.5%) worsens distress, 
with improved drainage (μ > 0.6%) protecting 
subbase layers (Paterson, 1987; Thom, 2014; 
Ahmed & Erlingsson, 2015).

Advanced evaluation techniques, such as ground-
penetrating radar (Loulizi & Al-Qadi, 2004) and 
machine learning (Gao & Li, 2019; Li et al., 2011), 
improve distress analysis. Maintenance strategies 
favor rigid pavements (25–30-year lifespan) for 
high-traffic, steep sections and increased layer 

FIGURE 5
Map of Mau Summit-Timboroa highway section 
Source: Google earth pro. 2025

TABLE 1
Pavement Condition Index (PCI) Scale, ASTM D6433-98

Source: ASTM D6433-98, 1998
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6c) Pothole cluster in the transition zone 
      between steep and rolling terrain    

6d) Rut formation along the climbing sections

6a) Longitudinal cracking observed on the road   6b) Ravelling long the road

Visual inspections per ASTM D6433-20 identified 
distress types (rutting, fatigue cracking, potholes) 
(Figures 6a, 6b, 6c,6d, 6e), supplemented by 
automated image processing (Li et al., 2011). 
Geological surveys used AASHTO M 145-91 and 
ASTM D3282-15 for soil classification and CBR 
tests (subgrade CBR 10–25, S3–S5). 

Traffic and Axle Load Surveys
Traffic was measured over seven days using 
pneumatic tube counters. Axle load surveys 
followed Overseas Road Note 40 (Transport 
Research Laboratory, 2004), calculating EALF per 
Liddle 

where LS is the axle load kilograms (Liddle, 
1962). Heavy goods vehicles (HGVs, VEF = 8.76) 
dominated, with overloading up to 15,000 kg 
noted.

thicknesses (AC ≥ 65 mm, DBM ≥ 200 mm) for 
durability (Hajek & Haas, 1997; Ullidtz, 1998).

RESEARCH METHODS

Study Area
The 39-km Mau Summit-Timboroa section of the 
A8 highway spans Baringo and Nakuru Counties, 
Kenya, forming part of the Northern Corridor 
linking Mombasa to Kigali. This segment features 
steep-to-rolling terrain with slopes ranging from 
4.5% to 9.7%. Key locations—Makutano (5.8%), 
Timboroa Bridge (9.7%), Mlango 4 (5.7%), Ekwen 
(4.5%), and Hill Tea (4.8%)—were selected for 
their variable gradients and distress patterns. The 
section experiences high traffic volumes (18,581 
ESALs/day in 2024, 37.5 million ESALs over 
5 years), contributing to significant pavement 
deterioration (Figure 5).

Data Collection
Field Surveys
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Pavement Performance
IRI was measured using a high-speed inertial 
profiler (mean: 2.3 m/km, range: 1.0–7.9 m/km) 
(Sayers & Karamihas, 1998). Rutting depths (RD) 
were assessed per ASTM E1703-17, with LHS RDs 
of 27.66–38.04 mm and RHS RDs of 2.17–9.94 
mm. Slope-specific RDs are detailed in Table 13.

Structural Surveys
Deflection measurements used a Falling Weight 
Deflectometer (FWD) per ASTM D4694-09. 
Ground-penetrating radar (GPR) assessed layer 
thickness (Loulizi & Al-Qadi, 2004). Trenching 
and coring sampled materials, following Kenyan 
Road Design Manual protocols (Ministry of 
Transport and Communications, 1988). The LHS 
pavement comprises 54 mm AC (E = 6385 MPa, 
[τ]₁ = 0.595–0.946 MPa), 155 mm DBM (E = 
5222 MPa, [τ]₂ = 0.363–0.665 MPa), and 270 mm 
GCS (E = 3867 MPa, [τ]₃ = 0.284–0.55 MPa). The 
RHS comprises 50 mm AC (E = 6385 MPa, [τ]₁ = 
0.911–1.561 MPa), 180 mm DBM (E = 5222 MPa, 
[τ]₂ = 0.511–0.893 MPa), and 270 mm GCS (E = 
3867 MPa, [τ]₃ = 0.284–0.55 MPa).

Road Gradient and Speed Surveys
GPS devices and total stations measured elevation 
changes to calculate slopes (4.5–9.7%). Traffic 
speed surveys focused on HGVs, using radar guns 
to determine average speeds (19–23 km/h) on 
steep ascents (Tables E1, Appendix E).

Data Analysis
Pavement distress data were analysed using 
statistical and mechanistic methods to evaluate 
traffic loading, road gradient, and material 
properties. Statistical methods included regression 
analysis to model relationships between distress 
types and variables like traffic volume, gradient, 
and layer properties. Pearson correlation analysis 
examined associations between gradient, speed, 
and distress, using:

where (x) and (y) represent paired variables (e.g., 
gradient and proportion of speeders), and  
and  are their means. Road gradient data were 
smoothed using the Savitzky-Golay filter (Python, 
scipy.signal.savgol_filter, 11-point window, 
second-order polynomial; Savitzky & Golay, 
1964). (Appendix G) 

Mechanistic analysis employed LEA to model 
shear stress under a 10,000 kg axle load (98,100 N, 
q = 0.8 MPa, tire radius a = 0.14 m). The rutting 
depth (RD) model integrated slope (Lp= 0.505), 
truck speed (19–23 km/h), shear stress (τ)₁, shear 
strength ([τ]₁), temperature (40°C), and axle loads 
(37.5M ESALs). Two scenarios were modelled: 
Case 1 (horizontal shear in AC only) and Case 2 
(scaled horizontal shear across all layers). The RD 
equation is:

FIGURE 6 a-e
Pavement distresses on Mau Summit-Timboroa Highway  
Source: Field survey, 2025

6e) Rutting along the climbing lane section 
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Source: ASTM E1703-17, 2024 2025

where RD is rutting depth (mm), Ti = 40°C, N = 
37.5M, V = 19–23 km/h, τi  and [τ]i  are layer-
specific (Table 11). Results were evaluated against 
ASTM D6433 (<6 mm: low, 6–15 mm: moderate, 
>15 mm: high) and Kenyan standards (<10 mm). 
A cost-benefit analysis compared flexible and 
rigid pavements, assessing construction costs, 
maintenance, and lifespan (Hajek & Haas, 1997).

RESULTS

Visual and Surface Condition
Visual and surface condition surveys of the 39-
km Mau Summit-Timboroa A8 highway were 
conducted using the Hawkeye 2000 system 
with four pavement and asset-logging cameras, 

following ASTM D6433-20 (Table 1) and the 
Kenyan Road Design Manual (Ministry of 
Transport and Communications, 1988). Major 
distresses included isolated potholes, rutting, 
longitudinal cracking, and patches, with minor 
distresses like asphalt bleeding and aggregate 
loss not indicating structural failure (Table A1, 
Appendix A). The International Roughness Index 
(IRI) averaged 2.3 m/km (range: 1.0–7.9 m/km) 
(Table 2) for both lanes, with rut depths averaging 
3.2 mm in 2024 (left-hand side [LHS]: 27.66–38.04 
mm, Figure 5; right-hand side RHS: 2.17–9.94 
mm after 5 years, projected from 2024; Figure 6). 
The Pavement Condition Index (PCI), calculated 
per ASTM D6433-20 (Table 1), averaged 73 
(Satisfactory, range: 35.2–98.7) (Table 3).

Roughness Measurements (IRI)
Mau Summit-Timboroa A8 Points Min. IRI M/Km Max of IRI M/Km Mean IRI, 

M/Km
Mean IRI

LHS 380 1.0 7.9 2.3 2.3

RHS 378 1.0 7.7 2.3

TABLE 2
Mean roughness measurements (IRI)

TABLE 3
Rut depth and PCI summary

Rut Depth and PCI Summary

Road section Average IRI Average Rut PCI Value Rating
Mau Summit-Timboroa A8 2.3 3.2 73 Satisfactory

Source: ASTM E1703-17, 2024 2025

surfacing and base layers are detailed in (Tables 
C1, C2, D1 (Appendices C, D)).

Subgrade Material Test Results: Subgrade testing 
at km 13+500 (LHS) and km 33+500 (RHS) 
showed California Bearing Ratio (CBR) values 
of 10–25 (S3–S5 classification), with plastic mass 
(PM) ranging from 630–972 kg/m³ and plasticity 
index (PI) from 14–18% (Table 7).

Deflection measurements (FWD) (Table F1) 
and GPR: The LHS pavement comprises 54 mm 
asphalt concrete (AC, E = 6385 MPa, [τ]₁ = 0.595–
0.946 MPa), 155 mm dense bituminous macadam 
(DBM, E = 5222 MPa, [τ]₂ = 0.363–0.665 MPa), 
and 270 mm graded crushed stone (GCS, E = 3867 

Traffic and Axle Load Surveys
Traffic surveys recorded an average daily traffic 
(ADT) of 4,053 equivalent standard axles (ESAs) 
in 2024, with heavy goods vehicles (HGVs, VEF = 
8.76) predominant and overloading up to 15,000 
kg (Table 4). At the Timboroa–Naibkoi Junction, 
2024 daily ESAs were 16,396 (RHS) and 18,581 
(LHS) (Table 4, Table B1, Appendix B). The 
cumulative ESA (CESA) for 2024 was 37.5 million 
ESALs for the LHS and 33.1 million ESALs for the 
RHS, used for rutting analysis, with projections 
indicating increased loading over time (Tables 5a, 
5b, and 6).

Structural Condition
Coring Test Results: Core and logging results for 
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TABLE 4
Vehicle equivalence factors and daily ESAs

Source: Axle Load Survey, 2025

TYPE Average 
Daily 
Traffic 

Vehicle 
Equivalence 
Factor (LHS)

Daily Equiva-
lent Standard 
Axles

Average 
Daily 
Traffic

Vehicle 
Equivalence 
Factor (RHS)

Daily Equivalent 
Standard Axles

OB 137.65 1.63 224 67.26 1.63 109

BUS 199.60 1.53 305 177.63 1.53 271

LGV 211.77 0.02 5 140.90 0.02 3

MGV 811.94 2.01 1631 623.66 2.01 1253

HGV-1 1345.79 3.44 4626 271.84 3.44 934

HGV-2 1345.79 8.76 11791 1577.95 8.76 13825

TOTAL 4052.54 18581 2859.24 16396

TABLE 5a
Traffic projections (LHS)

DESIGN 
PERIOD

ANNUAL TRAFFIC GROWTH RATE (LHS)

4.00% 5.00% 6.00% 7.00% 8.00% 9.00%

5 36,733,740.40 37,475,076.80 38,231,015.07 39,001,767.63 39,787,548.53 40,588,
573.43

7 53,566,584.31 55,219,463.31 56,927,380.12 58,691,955.79 60,514,849.08 62,397,
757.01

10 81,425,952.28 85,303,826.37 89,392,737.30 93,703,764.33 98,248,510.69 103039
124.8

15 135,800,861.57 146,346,777.60 157,858,662.57 170,426,144.47 184,146,843.79 199,127,
039.13

20 201,956,252.79 224,254,770.78 249,481,514.97 278,033,251.51 310,359,676.37 346,970,
205.91

Source: Axle Load Survey, 2025

DESIGN 
PERIOD

ANNUAL TRAFFIC GROWTH RATE (RHS)

4.00% 5.00% 6.00% 7.00% 8.00% 9.00%

5 32,413,590.03 33,067,739.97 33,734,774.50 34,414,881.05 35,108,248.50 35,815,067.
14

7 47,266,771.21 48,725,259.82 50,232,313.41 82,683,532.03 53,397,870.38 55,059,334.
88

10 71,849,678.41 75,271,486.80 78,879,512.58 150,382,812.00 86,693,783.74 90,920,987.
39

15 119,829,709.81 129,135,350.75 139,293,355.78 245,334,554.29 162,489,859.03 175,708,276.
35

20 178,204,754.26 197,880,807.19 220,140,705.99 245,334,554.29 273,859,160.57 306,164,
030.21

TABLE 5b
Traffic projections (RHS)

Source: Axle Load Survey, 2025
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TABLE 7
Subgrade test results

TABLE 8
Pavement layer moduli across four sections

Source: Ministry of Transport, Infrastructure, Housing, Urban Development & Public Works Materials 
Testing & Research Department.

Source: FWD Surveys, 2025

Traffic Station/Road 
Section

Base 
year

Base 
Year 
DESA

Design Period 
(Years)

Projected Traffic Loading
Traffic 
Class

Growth Rate/ CESA (Millions)

4.00% 5.00% 6.00%

Mau Summit- 
Timboroa

2024 18,581 5(2029) 36.7 37.5 38.2 T1

10(2034) 81.4 85.3 89.3 T0

15 (2039) 135.8 146.3 157.9 T0

20 (2044) 202.0 224.3 278.8 TX

TABLE 6
Projected traffic with traffic class

Source: Axle Load Survey, 2025

slopes from -8.1% to 9.7% (average uphill: 3.5%; 
downhill: -2.7%). Slopes are categorized as flat 
(<2%: 10%), rolling (2–5%: 72%), and steep (>5%: 
18%) (Table F2, Figure F1 and F2, Appendix F). 
Steep sections (e.g., Timboroa: 9.7%, Makutano: 
5.8%) and sharp transitions (e.g., Boito–
Timboroa) increase shear stress, correlating with 
severe LHS rutting (e.g., 38.04 mm at Timboroa) 
(Table F1, Appendix F).

MPa, [τ]₃ = 0.284–0.55 MPa). The RHS comprises 
50 mm AC (E = 6385 MPa, [τ]₁ = 0.911–1.561 
MPa), 180 mm DBM (E = 5222 MPa, [τ]₂ = 0.511–
0.893 MPa), and 270 mm GCS (E = 3867 MPa, [τ]₃ 
= 0.284–0.55 MPa). Mean elastic moduli are 6385 
MPa (AC), 5222 MPa (DBM), 3867 MPa (GCS), 
and 292 MPa (subgrade) (Table 8). Section-
specific overlay requirements are in Table 9.

Road Gradient and slope
Elevation ranges from 2457 m to 2842 m, with 

Road ID HS Elastic Modulus (Mpa)
Surfacing Base Subbase Subgrade

A8 (1) Km 0.0-3.0 5533 4664 6147 333

Km 3.0-10.0 7320 5663 3112 307

Km 10.0-14.0 6302 5338 2344 236

Km 14.0-39.0 6709 6085 6134 254

Mean 6385 5222 3867 292
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Source: FWD Surveys, 2025.

TABLE 9
Overlay requirements (mm)

Road ID HS Overlay Requirements (mm)
7-year Overlay 15-year Overlay

MAUSUMMIT - TIMBOROA

Km 0.0-3.0 33 62

Km 3.0-10.0 16 35

Km 10.0-14.0 21 39

Km 14.0-39.0 12 29

Mean 20 41

Gradient and Pavement Distress Analysis
Pavement condition was assessed using ASTM 
D6433-98 (Table 1), with a mean Pavement 
Condition Index (PCI) of 73 (Satisfactory), 
International Roughness Index (IRI) of 2.3 m/
km (range: 1.0–7.9 m/km).Rutting depth (RD) 
averaged 3.2 mm in 2024, with left-hand side (LHS) 
rutting ranging from 27.66–38.04 mm (Figure 5) 
and right-hand side (RHS) rutting from 2.17–
9.94 mm (Figure 6) after 5 years.  Slope-specific 
RD ranges include 4.51–27.66 mm (moderate 
ascending, 3.0–5.0%), 5.25–38.04 mm (steep 
ascending, >5.0%), 2.17–6.00 mm (moderate 
descending, -3.0% to -5.0%), and 2.22–6.42 mm 
(steep descending, <-5.0%, Figure 3). Severe LHS 
rutting occurs at Timboroa (38.04 mm), Ekwen 
(27.66 mm), and Mlango 4 (27.79 mm), driven by 
weak AC ([τ]₁ = 0.595–0.946 MPa, 58.7–59.7%) 
and DBM ([τ]₂ = 0.363–0.665 MPa, 37.0–37.4%). 
RHS rutting is moderate due to higher shear 
strengths (AC: [τ]₁ = 0.911–1.561 MPa; DBM: [τ]₂ 
= 0.511–0.893 MPa) and thicker DBM (180 mm) 
(Table 10-13, Table F1-7, Appendix F).

Ascending Slopes
Moderate Slopes (3.0%–5.0%): PCI ranges from 
43.41–92.02, IRI from 1.41–7.15 m/km, with 
RDs generally low (<6 mm, ASTM-compliant) 
except in high-traffic zones (e.g., Ekwen: LHS RD 
27.66 mm, Figure 5). Routine maintenance (e.g., 
sealing) suffices, but areas with IRI >4.5 m/km 
need targeted repairs. (Tables 10-11, Table F1-7, 
Appendix F).

Steep Slopes (>5.0%): PCI ranges from 43.69–
49.53, IRI from 6.97–7.27 m/km (Figure 4), 
with severe LHS RDs (e.g., Timboroa: 38.04 mm, 
Mlango 4: 27.79 mm, Figure 5) exceeding ASTM 
(>15 mm) and Kenyan (<10 mm) thresholds. 

High shear stresses (LHS AC: 0.439–0.480 MPa; 
DBM: 0.274–0.300 MPa) and low safety margins 
(AC: 0.115–0.507 MPa; DBM: 0.063–0.391 MPa) 
require rehabilitation with polymer-modified 
asphalt and increased layer thicknesses. (Tables 
10-13, Table F1-7, Appendix F).

Descending Slopes
Moderate Slopes (-3.0% to -5.0%): PCI ranges 
from 42.42–98.72, IRI from 1.27–7.48 m/km, with 
RDs typically low (<6 mm). Localized repairs are 
needed where IRI >4.5 m/km (e.g., Timboroa: 
RHS RD 9.94 mm, Figure 6). (Tables 10-13, Table 
F1-7, Appendix F).

Steep Slopes (< -5.0%): PCI ranges from 35.72–
76.84, IRI up to 8.3 m/km, with isolated severe RDs 
(e.g., 6.415 mm at -7.5%) requiring rehabilitation. 
LHS distress is less severe than on ascending slopes 
due to lower shear stresses during descent (Figure 
3). (Table 10-11, Table F1, F2, F3, Appendix F).

Observations and Trends
Steeper slopes correlate with higher IRI (r = 0.59) 
and lower PCI (r = -0.74). LHS RDs at Timboroa 
(38.04 mm), Ekwen (27.66 mm), and Mlango 4 
(27.79 mm) exceed ASTM (>15 mm) and Kenyan 
(<10 mm) thresholds, driven by high temperatures 
(45°C) reducing AC cohesion (LHS: 0.4–0.7 MPa; 
RHS: 0.6–1.9 MPa) and overloading (15,000 kg) 
increasing shear stress by ~55% (e.g., LHS AC: 
0.74 MPa). RHS RDs (e.g., Timboroa: 9.94 mm) 
are moderate due to thicker DBM (180 mm) and 
higher shear strengths. The GCS subbase ([τ]₃ = 
0.284–0.55 MPa) contributes minimally to rutting 
(LHS: 3.2–4.0%; RHS: 12.3–14.1%). (Table 10-13, 
Table F1-7, Appendix F).

Influence of Slope and Speed on Shear Stress 
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TABLE 10
Recommended maintenance actions by slope category

Notes: Interventions address severe LHS RDs (27.66–38.04 mm) and moderate RHS RDs (7.90–9.94 
mm) per Table 6. Rigid pavements reduce maintenance costs in steep sections [18]. 
Source: Cost-Benefit Analysis, 2025

TABLE 11
Pavement layer properties and shear strength

Notes: AC = Asphalt Concrete, DBM = Dense Bituminous Macadam, GCS = Graded Crushed Stone. 
Subgrade (CBR 10–25, S3–S5) excluded from rutting analysis. Shear strength ranges reflect variability 
across test locations. Air voids data explain LHS distress severity.
Source: FWD and GPR Surveys, 2025

and Rutting

Road gradients (4.5–9.7%, Figure 3) and low truck 
speeds (19–23 km/h) were analysed for a three-
layered pavement. LHS consists of 54 mm AC (E = 
6385 MPa, [τ]₁ = 0.595–0.946 MPa), 155 mm DBM 
(E = 5222 MPa, [τ]₂ = 0.363–0.665 MPa), and 270 
mm GCS (E = 3867 MPa, [τ]₃ = 0.284–0.55 MPa) 
(Table 11). RHS has 37 mm AC (E = 6385 MPa, 
[τ]₁ = 0.911–1.561 MPa), 180 mm DBM (E = 5222 
MPa, [τ]₂ = 0.511–0.893 MPa), and 270 mm GCS 
(Table 11). Shear stress peaks in LHS AC (0.439–

0.480 MPa) and DBM (0.274–0.300 MPa) (Table 
12, Table F3) under deceleration (3 m/s²) at steep 
slopes (e.g., Timboroa: 9.7%, Figure 3), with low 
safety margins (AC: 0.115–0.507 MPa; DBM: 
0.063–0.391 MPa). RHS shows robust margins 
(AC: 0.431–1.122 MPa; DBM: 0.231–0.619 MPa). 
High temperatures (45°C) and overloading 
(15,000 kg) amplify LHS distress (Figure 5, Table 
10-13, Table F1-7, Appendix F).

Rutting Predictions after 5 years
Case 1 (Acceleration): LHS RDs: 4.51–6.96 mm 

Slope Category Intervention Materials Specifications Cost-Benefit Notes
Moderate 
(3.0–5.0%, -3.0 
to -5.0%)

Routine Main-
tenance

Sealing, Patching Maintain PCI >70, 
IRI <4.5 m/km

Cost-effective; ex-
tends lifespan by 5–7 
years

Steep (>5.0%, 
<-5.0%)

LHS Rehabili-
tation

Polymer-Modified 
Asphalt, Rigid 
Pavements

AC: E ≥7000 MPa, 
cohesion ≥1.0 MPa, 
≥65 mm; DBM: ≥200 
mm; Air voids: AC 
<4%, DBM <6%

Rigid pavements 
(20–30-year lifes-
pan) preferred for 
high-traffic zones 
(e.g., Timboroa)

Steep (>5.0%, 
<-5.0%)

RHS Targeted 
Maintenance

Polymer-Modified 
Asphalt

AC: E ≥7000 MPa, 
cohesion ≥1.0 MPa; 
Drainage: μ >0.6

Reduces RDs (7.90–
9.94 mm) cost-effec-
tively

General Axle Load 
Limits, Drain-
age, GCS 
Stabilization

Cement-Treated 
GCS

Axle load ≤10,000 
kg; Drainage: μ >0.6; 
GCS: [τ]₃=0.27–0.53 
MPa (wet)

Mitigates AC/DBM 
rutting, enhances 
durability

Side Layer Thickness (mm) Elastic Modulus (MPa) Shear Strength [τ]₁ (MPa) Air Voids (%)
LHS AC 54 6385 0.595–0.946 6.8

DBM 155 5222 0.363–0.665 7.0

GCS 270 3867 0.284–0.550 N/A

RHS AC 50 6385 0.911–1.561 3.0

DBM 180 5222 0.511–0.893 6.3

GCS 270 3867 0.284–0.550 N/A
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TABLE 12
Shear stress by layer and location uphill deceleration (2 m/s²)

Notes: Shear stress calculated using LEA (10,000 kg axle, q=0.8 MPa). Overloading (15,000 kg) increases 
stress by ~50% (e.g., LHS AC: 0.720 MPa). High temperatures (40°C) reduce LHS AC cohesion to 0.4–0.7 
MPa. GCS margins consistent across locations.
Source: LEA Analysis, 2025

2.90–7.94 mm (DBM: 37.6–39.9%; AC: 37.3–
37.9%) (Figure 6, Table F6-F7, Appendix F). LHS 
Case 2 RDs exceed ASTM (>15 mm) and Kenyan 
(<10 mm) thresholds.

Location-Specific Observations
Timboroa (9.7%) has the highest LHS RD (38.04 
mm, Case 2), driven by AC (59.7%) and DBM 

(AC: 38.6–49.2%; DBM: 37.3–37.5%) (Figure 5, 
Table 13, Table F4, Appendix F); RHS RDs: 2.17–
3.7 mm (DBM: 38.7–39.2%; AC: 37.6–37.4%) 
(Figure 6, Table F4, Appendix F).

Case 2 (Deceleration): LHS RDs: 37.66–88.04 mm 
(AC: 38–38.7%; DBM: 37.0–30.4%) (Figure 5, 
Table 13, Table F6-F7, Appendix F); RHS RDs: 
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TABLE 13
Location-specific rutting depths and layer contributions
Location/ 
Slope (%)

Side Total 
RD 
(mm)

AC 
Contribution

DBM Contribution GCS 
Contribution

Severity 
(ASTM 
D6433)

Timboroa 
Bridge
(9.7%)

LHS 38.04 59.7% (22.72 mm) 37.4% (14.09 mm) 3.2% (1.22 
mm)

High (>15 
mm)

RHS 9.94 37.9% (3.77 mm) 49.9% (4.96 mm) 12.3% (1.22 
mm)

Moderate 
(6–15 mm)

Makutano
(5.8%)

LHS 27.79 58.7% (16.31 mm) 37.4% (10.39 mm) 3.9% (1.09 
mm)

High (>15 
mm)

RHS 7.91 37.3% (2.95 mm) 48.6% (3.84 mm) 14.1% (1.12 
mm)

Moderate 
(6–15 mm)

Mlango 4 
(5.7%)

LHS 27.79 58.7% (16.31 mm) 37.4% (10.39 mm) 3.9% (1.09 
mm)

High (>15 
mm)

RHS 8.57 37.3% (3.20 mm) 49.0% (4.20 mm) 13.7% (1.17 
mm)

Moderate 
(6–15 mm)

Ekwen
(4.5%)

LHS 27.66 58.7% (16.23 mm) 37.0% (10.32 mm) 4.0% (1.11 
mm)

High (>15 
mm)

RHS 7.90 37.3% (2.95 mm) 48.6% (3.84 mm) 14.1% (1.11 
mm)

Moderate 
(6–15 mm)

Hill Tea 
(4.8%)

LHS 27.66 58.7% (16.23 mm) 37.0% (10.32 mm) 4.0% (1.11 
mm)

High (>15 
mm)

RHS 7.90 37.3% (2.95 mm) 48.6% (3.84 mm) 14.1% (1.11 
mm)

Moderate 
(6–15 mm)

Notes: ASTM D6433 thresholds: <6 mm (low), 6–15 mm (moderate), >15 mm (high). Kenyan standard: 
<10 mm. LHS RDs exceed both standards, indicating urgent rehabilitation needs. 
Source: ASTM D6433-20, 2025

(37.4%) (Figure 5). Ekwen (4.5%, 27.66 mm) and 
Mlango 4 (5.7%, 27.79 mm) show severe LHS 
RDs due to high shear stresses and low safety 
margins. RHS RDs are moderate (e.g., Timboroa: 
9.94 mm, Figure 6), reflecting better compaction 
(AC air voids: 3.0% vs. LHS 6.8%) and thicker 
DBM. Makutano (5.8%) and Hill Tea (4.8%) 
follow similar LHS trends, with GCS contributing 
minimally. (Table 13, Table F3, Appendix F).

Implications for Pavement Design
Steep slopes (>5.0%) and low speeds (19–23 
km/h) exacerbate LHS rutting due to weak AC/
DBM and high air voids (AC: 6.8%). RHS benefits 
from thicker DBM and higher shear strengths, 
reducing RDs by 25–40%. Recommendations 
include polymer-modified asphalt (E ≥ 7 MPa, 
cohesion ≥ 2 MPa), increased thicknesses (AC ≥ 
65 mm, DBM ≥ 200 mm), drainage improvements 
(μ > 0.55%), and rigid pavements for high-
traffic sections. Findings apply globally to steep 

terrains (e.g., Ethiopia’s Rift Valley) (Monismith, 
1992). This pavement distress evaluation enables 
agencies to prioritize interventions, optimizing 
resource allocation and resilience.

DISCUSSION

This study evaluates pavement distress along the 
39-km Mau Summit-Timboroa section of Kenya’s 
A8 highway, focusing on rutting after 5 years. 
Severe LHS rutting (27.66–38.04 mm; Figure 5) 
and moderate RHS rutting (2.17–9.94 mm; Figure 
6) driven by steep gradients (4.5–9.7%, Figure 3), 
heavy traffic (37.5 million ESALs), weak materials, 
and high temperatures (40–45°C). These findings 
align with ASTM D6433 (Table 1) and the Kenyan 
Road Design Manual (Ministry of Transport and 
Communications, 1988). Severe LHS rutting, 
particularly at Timboroa (38.04 mm, 9.7% slope), 
Ekwen (27.66 mm, 4.5%), and Mlango 4 (27.79 
mm, 5.7%) (Figure 5), results from weak asphalt 
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concrete (AC: [τ]₁ = 0.595–0.946 MPa, 58.7–
59.7%) and dense bituminous macadam (DBM: 
[τ]₂ = 0.363–0.665 MPa, 37.0–37.4%) under 
high shear stresses (AC: 0.439–0.480 MPa; DBM: 
0.274–0.300 MPa). RHS rutting is moderate (e.g., 
Timboroa: 9.94 mm, Figure 6) due to higher shear 
strengths (AC: [τ]₁ = 0.911–1.561 MPa; DBM: 
[τ]₂ = 0.511–0.893 MPa) and thicker DBM (180 
mm). Steep slopes (>5.0%) correlate with lower 
PCI (35.7–49.5) and higher IRI (6.97–8.3 m/km) 
(Figure 4), consistent with Huang (2004).

Primary Findings and Literature Comparison
Severe LHS rutting, particularly at Timboroa 
(38.04 mm, 9.7% slope), Ekwen (27.66 mm, 
4.5%), and Mlango 4 (27.79 mm, 5.7%), results 
from weak asphalt concrete (AC: [τ]₁ = 0.595–
0.946 MPa, 58.7–59.7%) and dense bituminous 
macadam (DBM: [τ]₂ = 0.363–0.665 MPa, 37.0–
37.4%) under high shear stresses (AC: 0.439–0.480 
MPa; DBM: 0.274–0.300 MPa). This aligns with 
Al-Qadi and Wang (2011) and Wang and Al-
Qadi (2013), who report that overloading (15,000 
kg) increases shear stress by ~55%, exacerbating 
rutting at low speeds (19–23 km/h). RHS rutting is 
moderate (e.g., Timboroa: 9.94 mm) due to higher 
shear strengths (AC: [τ]₁ = 0.911–1.561 MPa; 
DBM: [τ]₂ = 0.511–0.893 MPa) and thicker DBM 
(180 mm), consistent with Brown and Brunton 
(1986) and Monismith (1992), who emphasize the 
role of material properties in mitigating distress. 
The stable graded crushed stone (GCS) subbase 
([τ]₃ = 0.284–0.55 MPa) contributes minimally 
(LHS: 3.2–4.0%; RHS: 12.3–14.1%), supporting 
Paterson’s (1987) findings on subbase stability. 
High temperatures (45°C) reduce AC cohesion 
(0.4–0.7 MPa), amplifying LHS rutting, as noted 
by Sousa et al. (1991) and Zhang and Li (2002). 
Poor drainage (μ < 0.5%) exacerbates distress, 
aligning with Ahmed and Erlingsson (2015), while 
improved drainage (μ > 0.6%) could mitigate 
subgrade softening.

Steep slopes (>5.0%) correlate with lower PCI 
(35.7–49.5) and higher IRI (6.97–8.3 m/km), 
consistent with Huang (2004) and Kim and 
Lee (2016), who highlight gradient impacts 
on pavement performance. The Case 2 model 
(deceleration) accurately predicts severe LHS RDs 
exceeding ASTM (>15 mm) and Kenyan (<10 mm) 
thresholds, supporting mechanistic-empirical 
approaches (Huang, 2004). RHS’s moderate 
RDs align with Kenyan standards in most cases, 

reflecting better compaction (AC air voids: 3.0% 
vs. LHS 6.8%), as per Brown and Brunton (1986).

Deviations from Literature
The study’s finding of severe LHS rutting (e.g., 
38.04 mm at Timboroa) exceeds typical values in 
flatter terrains (6–15 mm) reported by Sousa et al. 
(1991), likely due to the A8’s steep gradients (9.7%) 
and sharp transitions (e.g., Boito–Timboroa). The 
minimal GCS contribution (3.2–14.1%) deviates 
from Thom (2014), who suggests higher subbase 
influence in wet conditions, possibly due to the 
A8’s relatively stable subgrade (CBR 10–25).

Cost-Benefit Implications
Rigid pavements are cost-effective for steep, high-
traffic sections (e.g., Timboroa), aligning with 
Hajek and Haas (1997). Polymer-modified asphalt 
and increased layer thicknesses (AC ≥ 65 mm, 
DBM ≥ 200 mm) are viable for LHS rehabilitation, 
supported by Monismith (1992) and Zhang and 
Li (2002). Drainage improvements (μ > 0.6%) and 
axle load limits (≤10,000 kg) reduce maintenance 
costs, as per Paterson (1987) and Kenya Gazette 
(2016).

CONCLUSION 

This study confirms that steep-to-rolling terrains 
along the 39-km Mau Summit–Timboroa 
segment of A8 highway significantly exacerbate 
deterioration, driven by weak LHS AC ([τ]₁ = 
0.595–0.946 MPa, 54 mm) and DBM ([τ]₂ = 
0.363–0.665 MPa, 155 mm) under heavy traffic 
loads (37.5 million ESALs) and steep gradients 
(4.5–9.7%, Figure 3). The LHS exhibits severe 
rutting depths (37.66–88.04 mm, Figure 5), 
particularly at Timboroa (9.7%, 38.04 mm), 
Ekwen (4.5%, 27.66 mm), and Mlango 4 (5.7%, 
27.79 mm), with AC (58.7–59.7%) and DBM 
contributing significantly (37.0–37.4%). The 
RHS pavement (50 mm AC, [τ]₁ = 0.911–1.561 
MPa; 180 mm DBM, [τ]₂ = 0.511–0.893 MPa) 
shows moderate rutting (2.7–9.9 mm, Figure 6), 
with DBM (48.6–49.9%) and AC (37.3–37.9%) 
remaining ASTM D6433-compliant (Table 1) in 
most cases. Steeper grades (e.g., 9.7% at Timboroa, 
Figure 3) and low truck speeds (19–23 km/h) 
during deceleration increase shear stress in LHS 
AC (0.439–0.480 MPa) and DBM (0.274–0.300 
MPa), with low safety margins (AC: 0.115–0.507 
MPa; DBM: 0.063–0.391 MPa). The cost-benefit 
analysis favours rigid pavements for high-traffic 
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rigid pavements (25–30-year lifespan) at 
slopes >5.0% (e.g., Timboroa, 9.7%) to reduce 
maintenance costs (Hajek & Haas, 1997).

ii) LHS Rehabilitation: Use polymer-modified 
asphalt (E ≥ 7 MPa) and increase AC (≥65 
mm) and DBM (≥200 mm) thicknesses at 
Timboroa, Ekwen, and Mlango 4 (Monismith, 
1992).

iii) RHS Maintenance: Apply routine maintenance 
(e.g., sealing) for moderate RHS rutting (e.g., 
Timboroa: 9.94 mm).

iv) Improve Drainage: Upgrade drainage to 
achieve μ ≥ 0.6% to protect the GCS subbase 
and prevent subgrade softening, reducing 
distress risks.

v) Axle Load Limits: Enforce ≤10,000 kg axle 
loads to reduce shear stress (Kenya Gazette, 
2016).

vi) Stabilize GCS Subbase: Cement-stabilize the 
GCS subbase to maintain shear strength in 
wet conditions, ensuring structural integrity.

These recommendations address LHS distress, 
optimize RHS maintenance, and align with cost-
effective rigid pavements and polymer-modified 
asphalt solutions. Applicable globally to regions 
like Ethiopia’s Rift Valley, they ensure resilient 
infrastructure for KeNHA.
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APPENDIXES

Appendix A: Visual and surface condition 
surveys, including a pavement condition 
summary detailing distress types and 
PCI ratings (Table A1). Additional 
details are available in the supplementary 
material at: https://drive.google.com/
f i le /d/19ceADfgeUs62xiv ikaUGm7S_
dwSKOOwu/view?usp=sharing.

Appendix F: Pavement Condition Metrics 
showing Road Slope, Mean Rut, Mean IRI and 
PCI Values in (Table F1), the slope categories 
along the case study sections, total distance by 
slope category in (Table F2), Terrain analysis 
visualizations, including a bar chart (Figure 
F1) and pie chart (Figure F2) of terrain 
distribution by slope category (flat, rolling, 
steep). Table F3: Shear Stress, Strength, and 
Safety Margins for LHS and RHS, Table 
F4: Rutting Depths (mm) and Compliance 
Uphill Acceleration (1 m/s²): LHS, Table 
F5: Rutting Depths (mm) and Compliance 
Uphill Acceleration (1 m/s²): RHS, Table F6: 
Rutting Depths (mm) and Compliance Uphill 
Deceleration (2 m/s²): LHS, and Table F7: 
Rutting Depths (mm) and Compliance Uphill 
Deceleration (2 m/s²): RHS. Additional 
details are available in the supplementary 
material at: https://drive.google.com/
f i le/d/19ceADfgeUs62xiv ikaUGm7S_
dwSKOOwu/view?usp=sharing.

For Figures: F1, F2 Tables: 
A1,F1,F2,F3,F4,F5,F6 and F7 Additional 
details are available in the supplementary 
material at: https://drive.google.com/
f i le/d/19ceADfgeUs62xiv ikaUGm7S_
dwSKOOwu/view?usp=sharing.



HABITAT

AFRICA

33873387

REVIEW 20(2) 2025

Gasaya, Osano & Gichaga / Africa Habitat Review 20(2) (2025) 3370-3394

APPENDIX A
Table A1: Pavement condition summary, including distress types and PCI ratings

Source: ASTM D6433-20, 2025
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APPENDIX B: Traffic volume survey report
Table B1: Traffic count data for Mau Summit-Timboroa A8

Source: Field survey, 2025

APPENDIX C: Coring test results
Table C1: Asphalt concrete core samples

Source: Field survey, 2025
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Table C2: DBM Core samples

Source: Field survey, 2025

APPENDIX D
Table D1: Trenching Results
                      Chainage: KM 13+500 LHS TP1 Coordinates: S 003’57.34.331” & E 35038’34.26358”

Source: Field survey, 2025
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APPENDIX E
Table E1: Traffic speed survey summary

Source: Field survey, 2025

APPENDIX F
Table F1: Slope and distress correlation for Mau Summit-Timboroa A8
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Table F2: Slope category

Source: Field survey, 2025

Source: Field survey, 2025

Table F1: Bar Chart of distance by slope
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Table F2: Pie Chart of the Road by slope

Source: Field survey, 2025

APPENDIX G
Python Code Snippet
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