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FOREWORD 

Low volume roads in Ethiopia typically carry less than 300 vehicles per day, provide 
important links from homes, villages and farms to markets, and offer public access to health, 
education and other essential services.  These roads also provide important links between 
Wereda Centres and the Federal road network and are of significant importance to the 
economic development and advancement of rural communities. 

The cost of the materials used to build roads is a major component of the costs of road 
provision. Recently, a series of low volume roads manuals have been published by the 
Ethiopian Roads Authority.  These manuals advocate the use of locally available materials. 
Cinder gravel is an example of one such material type. Unfortunately, the materials available 
in many rural areas do not meet the strict specifications for their use in road construction 
projects.  Consequently, road provision in these areas is often constrained by the cost of 
sourcing more conventional road-building materials from long haul distances.   

Cinder gravels occur in abundance in Ethiopia but unlike other natural gravels, they behave 
differently in respect of many of their engineering and geological properties.  Whilst some 
variation can be expected in the properties of naturally occurring materials, the use of 
cinder gravels is further compounded by the unusually high variability, not just between 
different sources but also equally within the same source.  These characteristics present 
particular challenges in identifying cinder deposits that have sufficient quality and 
uniformity for potential use in road construction. 

This Guideline has been produced with the aim of promoting a better understanding of 
cinder gravels and extending their potential use in the provision of low volume roads for the 
benefit of rural communities.  This Guideline should be used in close conjunction with the 
Ethiopian Low Volume Roads Manual Part B 2017. 

I trust that both the Guideline and the Low Volume Roads manual will provide the essential 
information needed to guide our design engineers in the provision of appropriate and 
sustainable low volume roads. 

Araya Girmay 

Director General of the Ethiopian Roads Authority 
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Acronyms and Abbreviations 

% Percentage 

AADT Annual Average Daily Traffic 

AASHTO American Association of State Highway and Transportation Officials 
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 Mm Millimetre 
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LVR 

 

Low Volume Road 

Low Volume Sealed Road 
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OMC Optimum Moisture Content 

PI Plasticity Index 

PM Plasticity Modulus (P<0.425 x PI) 

RRC Road Research Centre 

TRL Transport Research Laboratory 

TRRL Transport and Road Research Laboratory 

UKAid United Kingdom of Great Britain and Northern Ireland - Aid 

XRD X-Ray Diffraction 
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Glossary of Terms 

Aggregate (for construction) 

A broad category of coarse particulate material including sand, gravel, crushed stone, slag and 
recycled material that forms a component of composite materials such as concrete and asphalt. 

Asphalt 

A mixture of inert mineral matter, such as aggregate, mineral filler (if required) and bituminous 
binder in predetermined proportions. 

Atterberg limits 

Basic measures of the nature of fine-grained soils which identify the boundaries between the solid, 
semi¬solid, plastic and liquid states. 

Base and Subbase 

Pavement courses between surfacing and subgrade. 

Binder, Bituminous 

Any bitumen based material used in road construction to bind together or to seal aggregate or soil 
particles. 

Binder, Modified 

Bitumen based material modified by the addition of compounds to enhance performance. Examples 
of modifiers are polymers, such as PVC, and natural or synthetic rubbers. 

Bitumen 

A non-crystalline solid or viscous mixture of complex hydrocarbons that possesses characteristic 
agglomerating properties, softens gradually when heated, is substantially soluble in trichlorethylene 
and is obtained from crude petroleum by refining processes. 

Camber 

The road surface is normally shaped to fall away from the centre line to either side. The camber is 
necessary to shed rain water and reduce the risk of passing vehicles colliding. The slope of the 
camber is called the crossfall. On sharp bends the road surface should fall directly from the outside 
of the bend to the inside (superelevation). 

Carriageway 

The road pavement or bridge deck surface on which vehicles travel. 

Cement (for construction) 

A dry powder which on the addition of water and other additives, hardens and sets independently to 
bind aggregates together to produce concrete. 

Compaction 

Reduction in bulk of fill or other material by rolling or tamping. 

Expansive soil 

Typically, a clayey soil that undergoes large volume changes in direct response to moisture changes. 

Formation 

The shaped surface of the earthworks, or subgrade, before constructing the pavement layers. 

Gravel 

In engineering, gravel is any rock fragment that is larger than 2mm in its largest dimension and not 
more than 63mm. 



 
 

 

Lapilli 

Name given to fragments ejected from a volcano, 2-64mm in diameter 

Lithic 

A volcanic rock, usually indurated (hardened by compression) and formed from fragments of other 
rock 

Low Volume Road 

The definition of a low volume road used in this Guideline is a road carrying up to about 300 vehicles 
per day and less than about 1 million equivalent standard axles over their design life. 

Magma 

Molten rock below the earth’s surface, i.e. prior to effusion or ejection as lava or pyroclastic material 

Maar 

Large diameter (wide) rim forming a low-amplitude crater, usually formed by a volcanic explosion 
involving large quantities of water 

Paved Road 

A road that has a bitumen seal or a concrete riding surface Pavement 

The constructed layers of the road on which the vehicles travel. 

Permeable Soils 

Soils through which water will drain easily e.g. sandy soils. Clays are generally impermeable except 
when cracked or fissured (e.g. 'Black Cotton' soil in dry weather). 

Phreatomagmatic 

Type of volcanic eruption in contact with water – highly explosive 

Pumice 

Very low density, highly vesicular, usually silica rich lapilli 

Pyroclastic 

General name given to all materials ejected from a volcanic vent 

Road 

For the purpose of this Manual an unpaved road is a road with an earth or gravel surface. 

Roadway 

US term for the portion within the road margins, including shoulders, for vehicular use. 

Rheology 

Flow mechanics of fluids and plastic solids (soils and rocks) 

Scoria 

Vesicular, solidified magma/lava fragments, ejected from a volcanic vent  

Selected Layers 

Pavement layers of selected gravel materials used to bring the subgrade support up to the required 
structural standard for placing the subbase or base course. 

Subgrade 

Upper layer of the natural or imported soil (free of unsuitable material) which supports the 
pavement. Also refers to the native material underneath a constructed road pavement. 



 
 

 

Surface Treatment 

Construction of a protective surface layer e.g. by spray application of a bituminous binder, blinded 
with coated or uncoated aggregate. 

Surfacing 

Top layer of the pavement. Consists of wearing course, and sometimes a base course or binder 
course.  

Template 

A thin board or timber pattern used to check the shape of an excavation (batter board). 

Tephra 

Same as pyroclastic material 

Vesicular gravel 

Solidified fragments of magma/lava containing air pockets derived from gas bubbles present at the 
time of hardening 

Viscosity 

In this case, fluidity of lava or lapilli 

Wearing Course 

The upper layer of a road pavement on which the traffic runs and is expected to wear under the 
action of traffic. 

Windrow 

A ridge of material formed by the spillage from the end of the machine blade or continuous heap of 
material formed by labour. 
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1 Introduction 

1.1 Definition of Key Terms 

Cinder is formally defined as: 

Cinder (sensu stricto): a small piece of partly burnt coal or wood that has stopped 
giving off flames but still has combustible matter in it, waste matter (Oxford 
Dictionary) 

Cinder gravel (in the context of this report): a piece of vesicular lapilli ejected from a 
volcanic vent during an eruption, with the appearance of cinder (Figure 1.1) 

Lapilli: gravel-sized pieces of solidified pyroclastic lava 

Vesicular (in the context of this report): condition of lava-derived hard material 
containing cavities, either isolated or as part of an interconnected network.  These 
cavities were derived from gaseous bubbles within the lava when it solidified. 
Vesicularity is the degree to which the material is vesicular (Figure 1-1).  More higher 
vesicular material (such as pumice) will have lower densities, and hence lower 
compressive strengths, than less vesicular material. 

  

Low-vesicularity cinder gravel Moderate-high vesicularity cinder gravel 

Figure 1-1: Cinder gravel of varying vesicularity 

The lapilli ejected during basaltic eruptions varies considerably in its vesicularity, but 
densities are much greater than those of pumice materials, and usually between 1.2 and 2 
gm/cc.  These fragments are black or dark grey in colour when initially ejected but oxidise to 
dark red and red-brown following contact with the atmosphere.  Geologically, this material 
is referred to as scoria, though it is also known as cinder due to it having a similar 
appearance to charcoal or slag. 

1.2 Low Volume Roads 

In this Guideline, low volume roads are defined as those roads carrying: 
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 Up to about 300 vehicles per day; and 

 Less than about 1 million equivalent standard axles (Mesa) over its design life. 

For roads carrying in excess of 300 vpd, but with a total traffic loading of less than 1 Mesa, 
the structural pavement design should be carried out in accordance with the standards in 
this document.  For roads carrying in excess of 1 Mesa, pavement design should be 
undertaken in accordance with the ERA (2013) Pavement Design Manual. 

1.3 Scope of the Guideline 

This Guideline has been prepared to provide guidance on the use of cinder gravels in the 
construction of low volume roads in Ethiopia.  It should be used in conjunction with the ERA 
(2017) Low Volume Roads Manual Part B (ERA (2017) LVRM Part B).  The recommendations 
in this Guideline differ from the LVR Manual in a few aspects.  Whenever such differences 
occur, they are discussed and the reasons for the differences are stated. 

It has been shown by the TRRL/ERA trial sections constructed in the 1970s (Newill et al 
1987) along the Awash Melkasa - Assela road that cinder gravels can be used successfully in 
Ethiopia in the sub-base and base layers of low volume roads.  These sections had carried up 
to 440,000 equivalent standard axles within the first 7 years after construction, and 
thereafter continued to perform satisfactorily up to an estimated 3 Mesa, i.e. under 
significantly higher loadings than those defined above for low volume roads. 

Along the Alemgena – Butajira road, a cinder gravel sub-base and a capping/subgrade 
replacement have been used over a black cotton soil subgrade.  The road has been in 
existence for over 14 years and has carried more than 2.7 Mesa in the heaviest loaded lane.  
This road continues to perform well without showing any structural defects. 

The above examples demonstrate the successful use of cinder gravel as material for 
subgrade replacement, capping, and in sub-base layers on both high volume and low 
volume roads.  However, there is clear research-based evidence (Newill et al 1987) to show 
that these materials can also be used successfully in the base course layer in low volume 
roads.  Cinder gravels thus have the potential for use in the construction of all the pavement 
layers of low volume roads. 

This Guideline aims to assist engineers in Ethiopia to make increased use of these materials 
where they are available, and in so doing to help reduce the cost and increase the potential 
for road provision in these areas. 

The current use of sources of cinder material appears to be relatively uncontrolled with the 
danger of leaving the landscape irretrievably scarred.  Practitioners in the road and other 
sectors should be sensitive to the need to practice sustainable use of cinder deposits and 
the potential environmental damage that can be caused through inappropriate and 
uncontrolled exploitation.  The opening up of new sources MUST only be undertaken 
following consultation with the Environmental Protection Agency and the Geological Survey 
of Ethiopia. 

It should be noted that results of the laboratory tests for materials from different sources 
reported here should not be used for design.  However, the results clearly indicate that 
these materials can be used in road projects and designers should carry out their own set of 
tests for their project purposes. 
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2 Pyroclastic Materials   

2.1 Origin 

Volcanic eruptions occur as a result of magma ascending to the Earth’s surface.  Magma is 
formed from molten or semi-molten rock at high temperatures several kilometres below the 
Earth’s surface that becomes stored in magma chambers.  It is a complex substance 
containing dissolved gases and minerals that melt at varying temperatures.  The 
geochemical properties of the magma vary significantly as a result of differences in source 
mineralogy and gas content, conditions of ascent towards the Earth’s surface and the 
degree to which other ‘country’ rocks are incorporated into the magma during its ascent. 

As the magma ascends its confining pressure reduces and its temperature drops, and 
important changes to the composition of the magma take place.  Dissolved gases begin to 
come out of the solution, and crystallisation occurs.  These processes determine the 
geochemistry and rheology of the lava that is ultimately extruded at the Earth’s surface.  

The viscosity of magma varies considerably.  Viscosity depends on the magma temperature 
and silica (SiO2) content.  Viscous magma (low fluidity) is high in SiO2 and behaves as a more 
brittle material.  Gas bubbles are less able to escape high viscosity magma during its ascent.  
In low viscosity (high fluidity) magmas the ascent rate of large bubbles may exceed that of 
the host magma, meaning the bubbles can escape more easily.  Gas-rich and high viscosity 
silicic magma is more likely to explode violently upon reaching the Earth’s surface.  The 
lower viscosity basaltic magmas tend to erupt much less violently, forming smaller 
volcanoes and cinder cones.  

Where ascending magma comes into contact with aquifers or high-water tables, highly 
explosive phreatomagmatic eruptions can occur.  These eruptions tend to ‘rip’ the 
surrounding rock apart during the expulsion of magma, so that the ‘rock’ content of the 
eruption can be well in excess of 50%. 

2.2 Erupted Materials 

As the magma nears the surface, either below ground or in the volcanic vent, it fragments as 
gas is released.  However, this release of gas is usually only partial, with most ejected 
fragments retaining gas bubbles within their mass.  These fragments cool and solidify, either 
in the atmosphere above the vent or upon falling to the ground.  Tephra is a general term 
used to describe all pyroclastic material ejected during a volcanic eruption.  Tephra is 
classified according to grain size: ash (<2mm); lapilli (2-64mm), bombs and blocks (>64mm).  
The coarser grained materials (lapilli, bombs (molten) and blocks (solid)) are usually highly 
vesicular (containing air pockets/bubbles).  Ash, bombs and blocks are typically unsuitable 
for use in low volume road construction (Figure 2-1).   
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Well-bedded layering of ash and cinder material – generally unsuitable for use as aggregate in LVRs 

  

Volcanic ‘bomb’ – unsuitable for use in LVRs Blocks of vesiculated basalt and mostly over-sized 
cinder gravel and cobbles – unsuitable for use in LVRs 

Figure 2-1: Examples of volcanic ash, bombs and blocks – generally unsuitable for use as aggregate in low volume road 
construction 

Upon eruption, high silica magmas tend to form ash and pumice, as well as light-coloured 
lavas, predominantly rhyolite and andesite.  Pumice is an extremely light pyroclastic 
material with a porosity of up to 90% and a density of between 0.25 and 0.7gm/cc.  Pumice 
is used as a lightweight substitute for sand in cement and concrete, for example, in the 
fabrication of hollow-blocks (breeze-blocks).  The lapilli ejected during basaltic eruptions 
varies considerably in its vesicularity, but densities are much greater than those of pumice 
materials, and usually between 1.2 and 2gm/cc.  These fragments are black or dark grey in 
colour when initially ejected but oxidise to dark red and red-brown following contact with 
the atmosphere.  Geologically, this material is referred to as scoria, though it is also known 
as cinder due to it having a similar appearance to charcoal or slag.  The material is also 
commonly used for hollow-block construction. 

The high variability in vesicularity controls the engineering properties of basaltic cinder 
(Figure 2-2).  Material of lower vesicularity will generally be denser and stronger, and 
therefore potentially of greater use in engineering.  
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Vesicular grey and red brown cinder gravels – marginally suitable to unsuitable for use in LVRs 

  

Low-vesicularity and strong cinder gravel – suitable for use in LVRs 

Figure 2-2: Typical range of unsuitable and suitable materials found in cinder cones 

2.3 Deposition 

Ash and low-density pumice can be deposited over significant distances from the source 
area, especially when carried by wind.  Upon compaction by the weight of overlying 
material, the ash becomes consolidated to form tuff.  Welded tuff is formed where the 
original ash deposits become fused together through heat.  At the climax of some eruptions, 
a sudden collapse of the column of ash, gas and lapilli, due to a higher density than the 
surrounding atmosphere, can result in high velocity pyroclastic flows that can deposit 
sizeable thicknesses of volcanic debris that eventually consolidate over time to form a rock 
referred to as ignimbrite.  These materials are generally of little value in low volume road 
construction, though ash and pumice are sometimes used in the construction of light-weight 
concrete and in soil stabilisation as pozzolans.  

Because basaltic cinder is generated during relatively low magnitude and only moderately 
explosive eruptions, the material tends to deposit around the volcanic vent, eventually 
forming a steep-sided cone.  Cinder cones are classed as monogenetic, i.e. they form during 
a single volcanic event, though these events can be multi-phased and can extend over 
periods of a few days to a number of years.  Phases of gaseous explosion during the event 
result in pulses of eruption, with the deposition of tephra of varying sizes, often leading to a 
distinct layering of cinder gravel and ash (Figure 2-3).  It is often the case that the well-
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bedded deposits contain some of the stronger cinder materials, while the coarse-bedded, 
poorly-sorted deposits contain some of the weaker materials. 

 

  

Well-bedded and size-sorted deposits often contain 
stronger materials 

Unsorted, ropy-textured, low-density, vesicular, low-
strength cinder – unsuitable for use in LVRs   

Figure 2-3: Ranges in bedding and material sorting often reflect strength 

Where the material retains sufficient heat, it can weld itself together to form very strong 
‘rock’ (Figure 2-4).  This welding can also occur in fallen material that is close to the vent or 
close to the base of the cone where temperatures are higher.  

 
Figure 2-4: Welded ‘cinder’ – unsuitable for use in LVRs 

Cones are frequently circular in plan, though they can be elongated due to the effects of 
wind direction or the presence of linear extrusion along a fissure, for example.  The angle of 
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repose of cinder gravel and larger cobble-sized material, is approximately 33o and this will 
be a limiting control on cone geometry.  The depositional environment will ultimately 
control the final geometry (Figure 2-5), and surface layers may be prone to chemical 
weathering, erosion and hillwash once cone formation is complete, thus reducing side slope 
angles. 

  

Typical ‘conical’ cinder cone Elongate cone with asymmetric side slopes 

  

Wide-cratered maar – heritage landform Partially excavated cinder cone – note distinct 
bedding 

Figure 2-5: Typical cone and crater morphology 

Phreatomagnetic eruptions tend to form low relief, large diameter craters, referred to as 
maars (Figure 2-5), that often contain circular lakes.  

2.4 Ethiopian Context 

The opening of the Main Ethiopian Rift (MER, Figure 2-6) commenced in the early-mid 
Miocene, approximately 20 million years ago.  The southern and central MER became 
dominated by silicic volcanic eruptions, giving rise to the creation of large-diameter 
calderas, such as at Hawassa (Figure 2-6) and extensive deposits of ash and pumice.  As 
rifting continued, eruptions of basaltic and silicic volcanic materials took place along the rift 
margins, depositing large quantities of lava and pyroclastic materials on the floor of the 
MER.  These eruptions were also associated with the formation of basaltic cinder cones. 

Quaternary (last 1.8 million years) basalt volcanism in the northern MER is concentrated 
along the axial zones of the Rift Valley floor, associated with the NNE-SSW Wonji Fault Belt 



Guideline for the Use of Cinder Gravels 
 

8 
 

(WFB, Figure 2-6).  Fissures associated with the ongoing tensional displacements (pulling 
apart) of the Rift Valley floor are the locations of phreatomagnetic explosions, silicic 
volcanism (Bosetti, Fentale, Kone) and the formation of basaltic cinder cones. 

 

 
Figure 2-6: Location of geological features and investigation/sample areas referred to in the text 

2.5 Distribution of Cinder Cones in Ethiopia 

Cinder cones have developed wherever basaltic magma has erupted explosively at the 
surface and they tend to be concentrated along the margins of the MER, within the WFB, 
along the margins of the Afar Depression (for example to the east of Mekele and Kobe) and 
in the Injibara and Bahir Dar areas.  Figure 2-6 shows the main clusters of cinder cones that 
were investigated as part of the study, but there will be many cinder cones outside of these 
areas.  The investigated clusters occur in the vicinity of: 

• Butajira 

• Alemgena-Tuludimptu 
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• Tulubolo 

• Hawassa 

• Asasa 

• Nazaret-Dera 

• Debre Zeit 

• Bahir Dar 

• Injibara 

• Nazaret-Metahara 

Cinder cones are readily identifiable on Google Earth imagery, and this was an important 
source of data for the current study. 

2.6 Current Extraction 

To varying degrees, all of the areas listed above contain cinder cones that are being (or have 
been) exploited for construction materials.  These materials are being used predominantly 
in the construction of hollow blocks for building works and in the construction and 
maintenance of urban roads.  Generally (there are exceptions) there appears to be no 
licensing control on material extraction, and extraction takes place unsupervised and with 
little apparent regard to the principles of borrow area management.  One of the outcomes 
of this has been the creation of a large number of part-worked cones that are not only 
visually unappealing, but also pose health, safety and environmental concerns. The need for 
future extraction of cinder gravel for various purposes is acknowledged, but the guidance 
given in Section 3.5 must be followed. 

3 Future Extraction 

3.1 Introduction 

The current study has investigated the geological characteristics of cinder cones and has 
removed samples for laboratory testing for characterisation and specification purposes as 
described in subsequent sections.  The purpose of the geological investigations was to 
provide some background context to the sampling and testing of cinder gravel for low 
volume road construction.  Sampling of the material ‘blind’ of the contextual geology and 
geomorphology would not facilitate the future prospecting for suitable quality materials.  

3.2 Desk Studies 

There is very little published work on the use of cinder gravels in road construction in 
Ethiopia, or world-wide for that matter.  Ground-breaking research was carried out by TRRL 
and ERA (Newill et al 1978; 1979; 1987), focusing on the testing and specification of cinder 
gravels for use in low volume road construction.  Other published studies, such as those of 
Sabtan & Shehata (2000) have focused on the petrological and engineering properties of 
sampled cinder gravel.  There are several academic publications (e.g. Rooney et al 2011) on 
the volcanology of cinder cones in Ethiopia, but there is no published guidance available on 
the variability and engineering properties of the materials that comprise cinder cones. 
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The present study has made broad comparisons between engineering geological 
descriptions of materials as they are exposed in the field with the outcome of laboratory 
test results (see Section 4).  

Generally, the cinder gravels described and sampled in the Butajira and Injibara areas 
proved to be among the better materials encountered, while those from Hawassa were the 
worst, in terms of field strength description, variability, vesicularity, AIV (Aggregate Impact 
Value) and density.  Although the area between Nazaret and Metahara, within the Wonji 
Fault Belt, was not sampled, engineering geological field descriptions generally found this 
material to be oversized, weak and vesicular.  A large number of cones and similar volcanic 
landforms were sampled in the Bishoftu area, and many of these yielded good material.  
Table 3-1 summarises the findings of these investigations and provides some guidance on 
which areas might yield better materials during future extraction.  

The majority of landforms investigated were cones, either approximately circular or ellipsoid 
in plan.  However, some of the locations were maars while others were rounded ridge-type 
extensions to cone structures.  With respect to the latter, it was not possible to determine 
whether these linear and crescentic ridges were the remnants of former, much large cones, 
or some other volcanic landform, such as those associated with lava and pyroclastic flows.  
A number of low-amplitude, rounded domes were also investigated. 

While cinder gravel and similar materials occur predominantly in cones, these cones vary in 
their degree of roundness (in plan).  Some cones also have distinct and wide craters while 
others have none.  Some cones are steep-sided, while others are more gently sloping.  
Furthermore, cinder-type material is also found in volcanic landforms that bear little 
resemblance to cones, such as low amplitude ridgelines and domes.  The morphology of the 
deposit was compared against the average strength of the materials recovered and the 
outcome is shown in Table 3-2. 

Strength was assessed in the field using the guidance contained in BS5930 (Table 3-3). 
Generally, the strongest material is found in maars (less vesicular and greater lithic (‘country 
rock’) content) and steep-sided, well-defined cones, with or without a summit crater.  The 
weakest materials appear to occur in pyroclastic ridges or flow features.  While there are 
many exceptions to this overall relationship, it is recommended that future prospecting 
primarily focuses on well-defined, steep-sided cones as a starting point for sourcing suitable 
materials. 

Before any field investigations are undertaken it is important to carry out the following: 

1. Examine the suitability of potential locations from Google Earth, taking full 
consideration of logistical, environmental and social factors 

2. Liaise with relevant statutory authorities in terms of permissions 

3. Seek advice from the Geological Survey of Ethiopia and the Environmental 
Protection Agency, as well as other relevant institutions, as to which areas should 
be protected (i.e. prospecting and extraction prohibited or limited/controlled) 

4. Carry out a reconnaissance assessment to confirm site suitability, including a 
qualified environmental assessment according to the statutory requirements. 
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3.3 Field Investigations 

One of the most striking observations made during the field investigations was the 
extremely high levels of material variability exposed in the borrow pit faces of cinder cones 
(Figure 3-1).  This variability was most marked in the layering of finer and coarse pyroclastic 
materials, with well-defined beds of coarse gravels and cobbles, for example, being 
interlayered with finer material, including ash and pea-sized cinder.  Some cinder gravel 
layers were relatively ‘clean’ in that they contained very little fine-grained material, while 
others formed a clast-supported deposit with a matrix of sand-sized ‘grit’.  In other cones 
the layering of individual beds was far less distinct.  In these cases, the deposit in general 
was fairly heterogeneous, comprising a mixture of cobbles, gravels and gritty matrix with 
occasional boulders.  Even within individual cones there was high variability in the bedding 
and size distribution of materials. 

 
Figure 3-1: Typical size variability between coarsely bedded cinder gravel (and cobbles) 
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Table 3-1: Summary of geological field strength versus Aggregate Impact Value and Bulk Specific Gravity 

Area No of 
Locations 

Field Strength (Geological Description) Aggregate Impact Value% Bulk Specific Gravity g/cm
3
 

Ave Variability Rank 
Average/ 
Variability 

Maximum Rank 
Max 

Range Ave Rank 
Ave 

Medi
an 

Rank 
Median 

Ave Rank Ave Median Rank 
Median 

Butajira 4 Mod Low 5 High 1 37-39 38 5 37-
38 

5 1.85 1 1.88 1 

Alemgena-
Tuludimptu 

5 Mod High 6 37-47 42 8 42 7 1.69 5 1.69 7 

Tulubolo 2 Mod
-High 

Mod 2 38-40 39 7 39 6 1.76 4 1.76 3 

Hawassa 3 Low-
Mod 

Mod 7 Low-Mod 9 44-62 51 9 48 9 1.50 9 1.50 9 

Asasa 4 Mod
-High 

Mod 3 High 1 25-54 37 4 33 2 1.60 8 1.70 6 

Adama-Dera 6 Low-
Mod 

High 8 Low-High 8 17-50 35 2 37 4 1.67 6 1.74 5 

Bishoftu 13 Mod
-High 

High 4 Low-High, 
mostly 
High 

6 9-71 38 5 43 8 1.77 3 1.81 2 

Bahir Dar 6 Mod High 6 23-47 32 1 29 1 1.63 7 1.6 8 

Injibara 8 Mod
-High 

Low-Mod 1 High 1 25-45 36 3 35 3 1.78 2 1.76 3 

Adama-
Metahara 

5 Low-
Mod 

Mod-High  Low-High  Not sampled – no lab test data available 

Note: Derived from a qualitative summary of the observed field strengths of the materials described in the borrow pits of each areal cluster Fig. 2-6. These borrow pits are located 
predominantly in cinder cones, but maars and other landforms were represented in some cases. No attempt has been made to differentiate between volcanic landform in the derivation of 
these cluster area averages. 
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Table 3-2: Average material strength according to feature type 

Pyroclastic landform Field strength based on BS5930 (Table 3-3) 

Low Moderate High 

Pyroclastic ridge or flow 
feature extending from 
cinder cone or volcano 

80% 20% 0% 

Dome – low-amplitude, 
mostly circular raised 
ground with shallow side 
slopes 

50% 25% 25% 

Well-defined, steep-
sided, cone, with or 
without crater 

11% 48% 41% 

Maar 28.5% 28.5% 43% 

 

There was also significant variability in the colour, angularity, vesicularity, and relative 
strength of the material.  For example, layers of dark grey-black cinder were found to be 
interlayered with more red-brown oxidised material and parts of some borrow areas were 
predominantly one colour while others were another.  Vesicularity also varied between 
deposits within the same cone, as did the apparent strength of individual clasts.  However, 
the greatest vesicularity was found to occur between cones, including cones within close 
proximity to one another. 

The engineering geological field description of strength also varied significantly.  Usually, the 
more vesicular material was the weakest, although strength varied considerably between 
beds and sometimes between individual clasts within beds.  Often materials judged to be 
weak to very weak could be found within metres of material considered to be moderately 
strong to strong.  In most cases, therefore, it was not possible to assign a strength class or 
even a narrow strength range as being representative of the cone as a whole. 

Table 3-3: Scale of rock strength, based on the uniaxial compressive test (from BS 5930:1999; BSI, 1999). 

Term Field definition 
Unconfined 
compressive 

strength (MN/m
2
) 

Very weak Gravel size lumps can be crushed between finger and thumb <1.25 

Weak Gravel size lumps can be broken in half by heavy hand pressure 1.25 to 5 

Moderately weak 
Only thin slabs, corners or edges can be broken off with heavy 
hand pressure 

5 to 12.5 

Moderately strong When held in hand, rock can be broken by hammer blows 12.5 to 50 

Strong 
When resting on a solid surface, rock can be broken by hammer 
blows 

50 to 100 

Very strong Rock chipped by heavy hammer blows 100 to 200 

Extremely strong Rock rings on hammer blows. Only broken by sledgehammer >200 

 



Guideline for the Use of Cinder Gravels 
 

14 
 

In a number of cases, beds of welded pyroclastic material were found.  This material was 
very strong to extremely strong, and usually occurred towards the base of the cone.  It is 
generally unsuitable for use in low volume road construction as it is very difficult and costly 
to excavate.  However, if the haul distance to the next available source of suitable material 
is long, or stronger material is needed for a road carrying higher levels of traffic, then 
excavation of this material presents a possible option, though it would need to be broken 
down to a suitable size range. Equipment is available to crush over-size materials dumped 
and graded into windrows on site but better control of material size can be achieved by the 
use of a mobile (portable) crushing and screening plant. 

This variability of material must be considered when prospecting for cinder gravels.  The 
current process of speculative excavation must be terminated and replaced by an approach 
that is based on site selection and investigation.  The current study has found that at certain 
sites, notably in the Injibara area, apparently strong and low vesicularity cinder gravels can 
be observed on the surface.  These materials may be indicative of equally strong or stronger 
deposits at depth.  However, before any site is opened up for extraction a trial pitting 
investigation must be carried out.  For safety reasons, this should be undertaken by 
excavator, following all relevant health, safety and environmental protection regulations.  
These trial pits can ordinarily be advanced to 3m or deeper allowing materials to be 
inspected and sampled.  A trial pitting campaign should be devised that allows the materials 
to be investigated at a number of sites around the cone in order to obtain a representative 
indication.  All trial pits should be backfilled after inspection and the ground surface 
returned to its original form and cover. 

Ordinarily, the upper layers of a cone would be more subjected to chemical weathering than 
the materials at depth, and thus these upper layers would consequently be weaker with a 
greater proportion of fines.  This was evident in some of the cinder cones investigated 
where the finer, upper layers might be used for blending as a binder with coarser aggregate.  
However, in other cases, stronger materials were also encountered close to the surface, 
demonstrating that the variation in material properties with depth is controlled more by 
formational and depositional processes than post-depositional modification.  Nevertheless, 
the potential effect of surface weathering should be considered when planning excavations.  
Generally, the steeper the cone side-slopes, the less likely it is that rainwater will a) 
penetrate and b) be retained within the surface layers due to the steepness of slope and the 
permeability of the pyroclastic materials.  These steeper surface materials are, therefore, 
less likely to be weathered. 

Options for surface geophysical investigations might be considered, but these are more 
likely to provide information on the relative density and structure of the layer bedding 
rather than the materials themselves.  This is a possible area for further research. 

3.4 Sampling and Laboratory Testing 

In the current study, 30 locations (Nos 1-30) were selected for field sampling and laboratory 
testing.  Each sample comprised two or three 50 kg bags of material, depending on average 
grain size.  At locations within short driveable distance from the ERA laboratory in Addis 
Ababa, two or three samples were taken (up to 9 bags per location) in an attempt to provide 
greater representation of the materials encountered.  However, this was not feasible for 



Guideline for the Use of Cinder Gravels 
 

15 
 

long travel distances from Addis Ababa, and only single (3 bag) samples were taken from 
most of the more distant locations.  

Generally, samples were taken of the stronger materials observed.  Given that only limited 
exposures were accessible in any one borrow pit, it is likely that these samples are not the 
strongest of materials present.  It will also be the case that the majority of the material 
comprising each cinder gravel source might be weaker than the materials sampled.  These 
considerations must be borne in mind when devising future sampling strategies. It is 
recognised that larger and therefore possibly more representative samples can and should 
be taken and tested, if the material is to be used on road projects.  

Many of the beds exposed in cinder cones are less than 1m in thickness.  This makes 
material selection extremely difficult.  Under these circumstances field descriptions should 
be able to indicate what proportion of a bulk excavation will be composed of weaker 
material and an assessment made on which materials could be excavated.  If the volume of 
apparent weaker materials is significant then this will ultimately control the performance of 
the larger mass when used in road construction.  If this is the case, the sampling and testing 
should be planned to ensure that these materials are accounted for in selection and design. 
The extraction of borrow-pit material of variable quality or in relatively shallow seams 
always requires extra close supervision to ensure that there is no contamination of the 
selected material by material of inferior quality.   

Laboratory testing of recovered samples is described in Sections 4, 5, 6, and 7.  However, 
the current study trialled the use of portable equipment in order to derive test results on 
site (Figure 3-2).  On site testing can provide valuable information for decision-making and 
can ease some of the problems experienced with the transportation of large quantities of 
bulk sample back to the laboratory.   
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Sieving the material Conducting the AIV test 

Figure 3-2: Sample preparation and the AIV test in action 

3.5 Recommendations 

In the case of existing borrow pits, the following recommendations are made: 

 Prepare a simple plan of the borrow pit 

 Engage an engineering geologist or materials engineer to delineate the broad 
range of material types in the borrow area, in terms of grading and strength 

 If there is significant vertical variability (i.e. interlayering of beds of different 
size/strength), then an assessment will be required of the significance of this 
in determining the range and average quality/suitability of the bulk material. 
If necessary each layer will need to be sampled. As a rule of thumb, layer 
thicknesses that are less than 10% of the bulk material thickness may not 
need to be sampled, but the final decision should be made by the field 
investigation team. Table D.4.2 in the ERA Low Volume Roads Manual 
provides general guidance on borrow pit material sampling, but the 
frequency of sampling in cinder cones will ordinarily need to be much 
greater, with sampling and testing undertaken on 1000m3 intervals or less, 
depending upon observed variability.    

 Use the portable AIV apparatus to carry out in situ testing to quantify this 
delineation of materials. This will probably yield four or five zones of material 
type within the borrow pit. It will also help to test the variability of materials 
with depth. If the field AIV results for a layer of apparently inferior quality 
material are marginal in terms of suitability, then layer thickness as a 
proportion of overall source thickness will need to be reviewed in terms of 
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significance – for example, a 1m layer of marginal or unsuitable material 
within a bulk exposure of 10m of suitable material would ordinarily be 
tolerated but this will depend on end use specification and the quality of the 
bulk material  

 Assess which of these material types are suitable for the proposed end use, 
either directly or blended  

 Collect 3 No 30 kg bag samples from those areas of the pit where the 
materials are considered suitable and transport to the laboratory for CBR and 
classification tests 

 As necessary, carry out additional sampling and testing to refine the 
delineation of material quality within the borrow pit. This will be controlled 
by the tolerability of material specification for the required end-use 

 The plan and schedule of extraction will need to be devised on the basis of 
the above. 
 

In the case of new borrow pits, the following recommendations are made: 

 Carry out a site walkover to identify materials exposed at the surface and 
use an assessment of visual strength to gain a preliminary assessment of 
material quality 

 Devise a programme of trial pitting to allow investigation and sampling of 
material types and variability 

 Engage an engineering geologist or materials engineer to log the trial pits 
and assess visual strength 

 Use the portable AIV apparatus to carry out in situ testing 

 If the above yields descriptions and test results that indicate the potential 
suitability of the material for the proposed end use, organise a campaign of 
deeper trial excavations to assess material quality and variability with depth 

 Collect 3 No 30 kg bag samples from these areas and transport to the 
laboratory for CBR and classification tests 

 Compare the results of the laboratory tests and field descriptions to identify 
any patterns in apparent material variability across the site 

 Ask yourself the following question – is the lowest quality material present 
suitable for the required end use, either directly or blended, or can I find an 
alternative suitable use for this material? 

 If the answer to the above is yes, develop a programme for extraction 

 If the answer to the above is no, reinstate the trial excavations and 
continue your search for alternative sources.  

3.6 Borrow Pit Operation and Reinstatement 

3.6.1 Using Existing Borrow Areas 

Reference should be made to Section 4, Part D of the ERA Low Volume Roads Manual for 
general practice good guidance. As mentioned above, there are many cinder gravel borrow 
pits that have been partially excavated and left open.  It is imperative that future extraction 
is programmed so as to make maximum use of the materials remaining in these borrow pits.  
It is often the case that good material can no longer be accessed for four main reasons: 
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 Excavation has been poorly managed and the source left in a dangerous condition 

 Extraction has been unplanned and has been undertaken in a speculative and ad-hoc 

way, leaving good material inaccessible because of other excavations 

 Excavation by hand obviously has major limitations in terms of access 

 Excavation has been terminated due to confrontation with the local population. 

All of these factors can be avoided by careful planning.  

Existing borrow pits should be utilised to the maximum extent possible, identifying material 
variability within the remainder of the cone and assigning its use to various end-products, 
according to specification.  Where possible, all material should be removed, i.e. the cone 
reduced to surrounding ground level, rather than partially and randomly excavating all 
neighbouring cones as is frequently the current case. The guidance provided in Section 4, 
Part D of the ERA Low Volume Roads manual that ‘it is better to identify a few well-located 
borrow pits with a large potential resource’, is especially relevant to cinder gravel sources, 
quality permitting. 

There are many cinder cones that have been partially exploited.  Many of them contain 
suitable material.  The cones have been excavated in such a way that it is now dangerous to 
try to excavate any more material without additional safety measures being undertaken.  It 
is proposed that some of these cones be control-blasted with dynamite to allow collapse of 
the material and permit further exploitation. All necessary health and safety safeguards 
would need to be put in place prior to proceeding with this course of action. 

3.6.2 Borrow Pit Operation 

Reference should be made to Section 4, Part D of the ERA Low Volume Roads Manual for 
general practice good guidance.  Access should first be made to the higher parts of the cone 
and the excavation should progress downwards through machine excavation, creating safe 
excavation benches in the process.  A benched excavation is more stable, provides easier 
and safer access about the site, and can be part of a larger plan for borrow pit management.  
The use of hand labour to excavate materials should be prohibited. 

At the commencement of operations, topsoil should be stockpiled for later use in 
reinstatement (Section 3.6.3).  Materials considered to be unsuitable for current use should 
be carefully stockpiled well away from rejected material, and clearly marked as suitable.  
Within some cinder deposits, large basalt boulders occur scattered about.  It is advised that 
whenever the deposit is being excavated, such basalt boulders be stockpiled in a separate 
section of the borrow pit.  The boulders could be useful to people who operate small-scale 
aggregate crushers. 

During screening in the borrow pit, other rejected material should also be stockpiled in a 
designated area of the borrow pit. 

Borrow pits should be fenced off to prevent unauthorised entry, and borrow pits should 
always be left in a safe condition.  Safeguards should be put in place for the prevention of 
runoff from the borrow pit into neighbouring watercourses and adjacent land uses. The 
management of cinder gravel borrow pits must be subject to local authority approval and 
routine inspection. It should be a necessary pre-condition in the granting of an extraction 
license that all materials that are unsuitable for the use under the extraction license are 
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stockpiled. The local authority should ensure that these stockpiled materials are utilised 
before granting licenses for new borrow pits to be opened to extract similar specification 
materials. If this is not feasible then the borrow pits and the stockpiled unsuitable materials 
should be properly reinstated (see below).   

3.6.3 Borrow Pit Reinstatement 

Reference should be made to Section 4, Part D of the ERA Low Volume Roads Manual for 
general practice good guidance. There are benefits that can accrue from appropriate 
management of the material extraction process from borrow pits (for example, less 
opportunity for ponding of stagnant water, mosquitoes and disease vectors to breed).  Not 
only can lasting environmental damage be reduced significantly but good management also 
accelerates recovery of the disturbed land to as near its previous state as possible, and in 
the case of agricultural land can enable a rapid return to beneficial grazing and crop 
production.  Some existing borrow pits are not only unsafe but future exploitation has 
clearly been inhibited by poor borrow pit management.  Any perceived additional costs of 
undertaking good borrow pit and quarry management can easily be offset by the benefits 
from improved safety, ease of access, opportunities for future exploitation, reduced scarring 
of the landscape and restoration to agricultural use. 

Therefore, once extraction is complete, any remaining unsuitable material should be 
reworked to reduce scarring of the landscape.  If it is a stockpile of unsuitable material, it 
should be formed into a bench, top-soiled and planted.  If the remaining unsuitable material 
forms part of the original cinder cone, its topography should be smoothed so as to return it 
to as natural a shape as possible.  It should be top-soiled and planted. 

4 Engineering Properties of Cinder Gravels 

4.1 Particle Size Distribution 

Cinder gravels are generally coarse and lacking in finer particles (less than 4.75 mm).  Upon 
compaction, the larger particles breakdown to smaller particles thus contributing to the 
fines content (Figure 4-1).  Prior to the introduction of the ERA Low Volume Roads (LVR) 
Manual Part B of 2011, it was unusual for cinder gravels to meet the particle size 
distribution recommendations for base course.  The introduction of the 2017 edition of the 
LVR Manual provided for five grading envelopes for base course material for low volume 
roads in Table B.4.4 discussed further in Chapter 7 of this Guideline. 
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Figure 4-1: Comparison of the particle size distribution of a typical cinder gravel to Base Envelope B of ERA LVR Manual 

2017 

Part B of the LVR Manual (ERA 2017) recommends a particle size distribution for sub-base 
materials in Table B.4.7 discussed further in Chapter 6 of this Guideline.  After being 
subjected to compaction, cinder gravels easily meet the requirements for the particle size 
distribution for the base course Envelope B (Figure 4-1) and the recommended envelope for 
the sub-base (Figure 4-2). Because cinder gravels generally break down during compaction, 
particle size distribution tests should be done after compaction, even for blended cinder 
gravels. 
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Figure 4-2: Comparison of the particle size distribution of a typical cinder gravel to the sub-base envelope of ERA LVR 

Manual 2017 

4.2 Atterberg Limits 

Most cinder materials are non-plastic: however, occasionally the gravels can be found 
within a matrix of plastic fines (weathered material). This occurs where the sources are very 
old (more than 20 million years). Plasticity characteristics (using AASHTO T89 and T90 test 
methods) of four such materials taken from two locations are shown in Table 4-1.  

Table 4-1: Samples from cinder gravel borrow pits exhibiting plasticity 

LL (%) PI (%) 
% Passing 425µm 

Sieve 
Plasticity 
Modulus 

74  39 8 312 

66 41 14 574 

47 21 23 483 

47 26 36 936 

 

It is recommended that a deposit is checked for plasticity (the treatment and handling of 
such material is markedly different from non-plastic materials as described in Section 4.3). 

4.3 Maximum Dry Density 

By using the AASHTO T180-D test method, it is not always accurate or even possible to 
determine the maximum dry density (and OMC) of cinder gravels.  An example of such a 
graph where it is not entirely accurate to determine the maximum dry density of a cinder 
gravel sample using the standard test method is shown in Figure 4-3. 
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Figure 4-3: Difficulty in determining MDD and OMC of cinder gravel 

 

It is for this reason that the TRRL/ERA 1975 study recommended the method of re-using a 
single moulded specimen to obtain all five points of the compaction curve.  By re-using the 
specimens, a more definitive curve is obtained as shown in Figure 4-4. This method can be 
regarded as an adjusted AASHTO T180-D. 

 

 
Figure 4-4: Determination of MDD and OMC of cinder gravel by re-using the specimen 

 

By the adjusted method, the maximum dry density can be determined and specified with 
confidence for contracting purposes.  Typical values determined by this method ranged 
between 1.455 and 1.800 gm/cc. 

For cinder gravels that naturally occur with plastic fines, there is no need to use the method 
of re-using the specimen.  Figure 4-5 shows the DD/MC curve for such a gravel measured by 
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the method of not re-using the specimen.  The same applies for non-plastic cinder material 
blended with plastic fines. 

 

 
Figure 4-5: Determination of the MDD and OMC of cinder gravel containing plastic fines 

 

This means that before the determination of the maximum dry density of cinder gravels, the 
plasticity index should be determined so that it then becomes clear, which method should 
be used for determination of the MDD. 

In some cases, it is not possible to determine a MDD either by the method of not reusing 
the compaction specimen (due to the results having a scatter of points) or by the method of 
re-using the specimen (results with continually increasing densities and no maximum).  
Under such circumstances, the MDD at which the maximum CBR occurs is to be taken as the 
contractual MDD for project purposes.  Note that the MDD and OMC exist but at a very high 
value of moisture content.  An example is shown in Figure 4-6. At some point, with high 
permeability materials, water starts to drain from samples as they are compacted, and the 
actual moisture content measured is meaningless.  
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Figure 4-6: Cinder gravel with ‘indeterminate’ MDD and OMC by method of re-using the specimen 

4.4 California Bearing Ratio 

Neat cinder gravels exhibit a wide range of CBR values. Typical CBR values of neat cinder 
gravels from different borrow areas range from 18 – 148% for samples compacted to 100% 
density using AASHTO T180-D sample preparation method. However, since in most cases 
neat cinder gravels will be blended with other materials to improve the particle size 
distribution and to aid compaction, the CBR should be treated as a method of selecting 
suitable material for blending with other finer materials.  For example, if the CBR of a given 
neat cinder gravel is 60%, and the blending material is plastic in nature and has a CBR of say 
30%, one can expect the blend to have a CBR of say 50%.  In town sections where the 
material is laterally constrained between kerbstones, the neat CBR values may be applicable 
since compaction without loss of road cross-section shape is possible. 

4.5 Particle Strength 

Particles of cinder gravels are generally weaker than particles of many other types of natural 
gravel or crushed aggregates.  The AIV (BS 812-112:1990 test method) of cinder gravels is 
generally higher than 35% with a few exceptions.  Nevertheless, in the TRRL/ERA 1970s 
study sections, gravels with MAIV values between 59-140% were used successfully in both 
base and sub-base layers of sealed roads (Newill et al 1987).  These sections had carried up 
to 440,000 equivalent standard axles within the first 7 years after construction, and 
thereafter continued to perform satisfactorily up to an estimated 3 Mesa. 

Although there can be some reduction, the particle strength of cinder gravels is not 
significantly affected by soaking with water and sometimes remains unchanged, as has been 
shown in previous studies. In the current study, typical AIV values range from 9 to 71% and 
MAIV range from 14 to 130%. 

For an initial selection of cinder gravels for further suitability testing, the cut-off values 
proposed are:  
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 Base layer AIV<40 (MAIV<60);  

 Sub-base and capping layer AIV<55 (MAIV<90). 

4.6 Dealing with Variability 

Compared to other natural gravels (for example river gravels, lateritic gravels and calcretes 
that occur in well-defined seams), cinder gravels exhibit a high variability within the same 
location/borrow-pit.  Therefore, extra testing has to be carried out whenever material is 
being extracted for use.  An example of this variability is shown in Table 4-2. 

Table 4-2: Examples of variability in cinder gravels from the same location 

Location/Borrow-
Pit 

Site 
AIV-Dry 

(%) 
MAIV-Dry 

(%) 

Apparent 
Specific 
Gravity 
(gm/cc) 

Bulk Saturated 
Surface Dry 

Specific Gravity 
(gm/cc) 

Bulk 
Specific 
Gravity 
(gm/cc) 

Water 
Absorption 

(%) 

Location 1  
1 37 54 2.10 1.90 1.74 10 

2 44 68 1.90 1.75 1.57 12 

Location 26 
1 50 78 2.10 1.83 1.58 16 

2 36 54 1.60 1.49 1.27 18 

 

Once a source has been selected for a project, materials extracted from the source need to 
be checked for compliance with the design specification in batches.  Each batch should be 
mixed by use of a front-end loader and stockpiled.  To minimise wastage and to ensure that 
any rejected material does not affect significant lengths of road, each batch should be taken 
as 150 m3 of loosely stockpiled material.  A good and quick way of detecting unacceptable 
batches is to conduct 3 AIV tests on each batch.  If the average AIV result is significantly 
higher (by 10 percentage points) than that of the material used at the design stage, the 
batch becomes suspect.  From each batch 3 samples should be taken (blended if necessary) 
and tested for CBR, particle size distribution and Atterberg limits.  The properties should be 
checked for compliance with the design specifications.  Where the batch does not meet the 
specifications, it should be modified and re-tested.  If modification is not successful, then 
the batch should be rejected for the layer concerned but may be accepted for lower 
pavement layers, if it meets the required specifications for that layer.  If it does not meet 
the specifications for any layer in a particular project, the material should be stockpiled at a 
selected area of the borrow pit, well away from materials being utilised and marked as 
reject for that purpose.  The material may be useful for another project or another purpose.  
This promotes sustainable use. 

Other construction quality control should follow the specifications in the Standard Technical 
Specifications for Roads and Bridges for Ethiopia. 

4.7 Mineral Characteristics 

In the current study, 36 samples were analysed by X-ray Fluorescence and X-ray Diffraction 
methods.  The mineralogy and chemical analyses suggest that the materials were alkali 
olivine basalt with slight under-saturation being indicated by the occurrence of nepheline 
and leucite. If the nepheline occurs as discrete crystals of any size (> 1 mm), the potential 
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for this to hydrate to analcime with significant expansion is possible. However, nepheline 
was present in only very small quantities in two samples, which were in fact non-plastic. 

The samples were also analysed for the presence of the expansive clay mineral, smectite, in 
the parent rock.  Only one location (material that had weathered to produce fines) 
contained illite-smectite above the recommended maximum limit (20%) of secondary 
mineral content.  This is not a cause for concern since the smectite was only detected after 
the material had been ground to particles no larger than 2 micrometres.  This means that 
for normal engineering use, any such clay will not be exposed to the weathering processes 
sufficient to cause any expansion and the impact on the service life of the road will be 
minimal. Moreover, the material was non-plastic on particles passing the 75-µm sieve.  

On the basis of the tests and comparisons made, XRF major element geochemistry does not 
appear to control the strength of the cinder gravel. The XRD data, however, may provide 
some insight into the weathering state of cinder gravel, and therefore its likely strength 
characteristics. However, the variability and uncertainty are such that it is not 
recommended that these tests are routinely carried out in the assessment of material 
strength for future commercial prospecting. 

5 Cinder Gravels for Subgrade Replacement and Capping 

The general requirement for capping layers and subgrade replacement in the pavement 
structure charts in the ERA Low Volume Roads Manual Part B, 2017 is a minimum CBR of 
15% (@ 93%/95% AASHTO T180) or a maximum DCP-DN of 6-33 mm/blow.  Most cinder 
gravels easily meet this requirement.  In this regard, and given the fact that for subgrade 
replacement there is lateral support provided by the edges left over after excavation to 
spoil, it is tempting to place the cinder gravels neat, but doing so would lead to the “canal” 
type of construction where water could accumulate within the replacement material.  This 
traps water and leads to reduced subgrade strength under the replacement material and 
hence failures by rutting can occur.  The cinder gravel must therefore be blended with 
plastic fines before it is used as subgrade replacement.  For capping layer purposes, the 
cinder gravel should still be blended with plastic fines to enable the layer to retain its shape 
after compaction. It is suggested that the layer on which the cinder materials are placed is 
shaped with a cross-fall (usually 5 – 6%) to assist with flow of any water that does enter the 
layer, towards the edges of the structure. 

Blending most cinder gravels with material that contains plastic fines yields soaked CBRs 
well in excess of 15% at 95% AASHTO T180 (or DCP-DN values lower than 12 mm/blow). 

It is noted that along the Addis Ababa – Adama Expressway, cinder gravels blended with 
plastic fines have been used as subgrade replacement for significant lengths of the 
alignment.  The particle size distribution of the material used is similar to that for sub-base 
material for low volume roads.  The maximum particle size was 75 mm.  
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6 Cinder gravels for Sub-base Layer 

6.1 Particle Size Distribution 

The ERA Low Volume Roads Manual Part B, 2017 recommends the particle size distribution 
in Table B.4.7 and reproduced in Table 6-1. 

Since most cinder gravels lack fines, the recommended particle size distribution can be 
achieved in either of two ways; by repeated compaction and scarification or by blending the 
cinder gravel with finer materials (yellowish brown weathered material usually found at 
shallower depths on the cinder cones).  The blending proportions should be determined on 
a project-by-project basis. Where repeated compaction and scarification is used, there may 
still be a need to add a small quantity of plastic fine material to aid compaction. 

 

Table 6-1: Typical particle size distribution for sub-bases 

Sieve Size (mm) Per cent by mass of total aggregate 
passing test sieve 

50 100 

37.5 80-100 

20 60-100 

5 30-100 

1.18 17-75 

0.3 9-50 

0.075 5 - 2 5  

 

Figure 6-1 shows the particle size distribution of typical cinder gravels before compaction 
and Figure 6-2 shows the same gravels after repeated laboratory compaction.  The repeated 
compaction and re-use enables most of the gravels to fit within the grading envelope for 
sub-base material. 

 
Figure 6-1: The particle size distribution of typical cinder gravels before compaction compared to ERA LVR Manual Part B 

recommendation for sub-base 



Guideline for the Use of Cinder Gravels 
 

28 
 

 

 
Figure 6-2: The particle size distribution of typical cinder gravels after compaction compared to ERA LVR Manual Part B 

recommendation for sub-base 

Figure 6-3 shows typical comparisons of cinder gravels blended with fine materials and the 
recommended grading envelope.  It is evident that blending to appropriate ratios can 
achieve the recommended particle size distribution.  In some cases, a combination of 
reworking and blending may be necessary to achieve the required particle size distribution.  
This could result in higher strengths and a reduction in the quantity of blending fines 
(material) required. 

 

 
Figure 6-3: Particle size distribution of cinder gravels blended with plastic fines from the same cone 

Evidence from roads with cinder sub-bases that have performed well shows that the 
maximum particle size can be increased from 50mm to 75 mm (the sub-base layer thickness 
should be at least 150 mm).  It is therefore proposed that this change should be adopted 
and specified for the use of cinder gravels for the sub-base. 
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6.2 Atterberg Limits 

The ERA Low Volume Roads Manual Part B, 2017 recommends the Atterberg Limits in Table 
B.4.8 (reproduced here in Table 6-2).  For neat cinder gravels, this is not generally a concern 
since most cinder materials are non-plastic.  However, for cinder gravels blended with 
plastic fines, the recommendations may not be easily achieved as shown in Table 6-3. 

Table 6-2: Plasticity characteristics for granular sub-bases 

Climate 
Liquid Limit (%) 

Plasticity Index 
(%)  

 Linear shrinkage 
(%) 

Moist tropical and wet 
tropical (N<4) 

<35 <6 <3 

Seasonally wet tropical (N<4) <45 <12 <6 

Arid and semi-arid (N>4) <55 <20 <10 

 

Evidence from Ethiopia shows that the Alemgena-Butajira road (N<4, seasonally wet 
tropical), which has performed well (2.7 Mesa), has a section with a weathered basalt sub-
base with liquid limit of 50%, plasticity index of 18%, and linear shrinkage of 6%.  The same 
road has a section with a blended gravel sub-base with liquid limit of 50%, plasticity index of 
26%, and linear shrinkage of 10%.  The influence of fine plastic materials on pavement 
performance depends on the quantity of fines (< 0.425 mm) as well as the plasticity index.  
This is known as the plasticity modulus (PM).  The plasticity modulus of the weathered 
basalt is 342 compared to 208 for the blended cinder gravel.  Based on this performance 
evidence, it is therefore recommended that the evaluation of the Atterberg characteristics 
of the blended cinder gravels be based on plasticity modulus not plasticity index.  The 
recommended maximum plasticity moduli (based on maximum plasticity index for sub-base 
and maximum percentage passing the 425µm sieve for the sub-base envelope) for sub-
bases are therefore 360 in wet tropical, 720 in seasonally wet tropical, 1200 in arid and 
semi-arid. 

Table 6-3: Plasticity characteristics of typical cinder gravels blended with fines from the same location 

Blend Ratio 
(%Cinder/%Blending 

Material) 
LL (%) 

PI of Blend 
(%) 

Plasticity 
Modulus 

PI of 
Blending 

Material (%) 

80/20 30 13 325 22 

75/25 53 23 414 29 

6.3 California Bearing Ratio 

The pavement design minimum strength requirements for granular materials are shown in 
Table B.10.4 of the Ethiopian Low Volume Roads Manual Part B, 2017.  The minimum 
recommended soaked CBR for the sub-base layer is 30% at 95%/97% AASHTO T180.  Many 
cinder gravels blended with locally available fine materials satisfy this requirement.  The 
strengths of typical blends (80% cinder gravel/20% fine material to 90% cinder gravel/10% 
fine material) range between soaked CBR of 16% to 50% at 97% AASHTO T180-Dor DCP-DN 
of 12.8 to 5.2 mm/blow which is suitable for capping or sub-base layers. The blending 
proportions should be determined on a project-by-project basis. 
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7 Cinder Gravels for Roadbase Layer 

7.1 Particle Size Distribution 

The ERA Low Volume Roads Manual Part B 2017 Table B.4.4 provides six grading envelopes 
that can be used for selecting base materials for low volume roads.  The table is reproduced 
in this guideline as Table 7-1.  Use of the grading envelopes depends on the traffic and 
subgrade classes as presented in Table B.4.5 in the ERA Low Volume Roads Manual Part B 
2017 (reproduced here in Table 7-2).  Similar to sub-base requirements, the particle size 
distribution for the various envelopes can be achieved by screening, followed by repeated 
reworking of neat cinder gravels (see Figure 7-1) or by blending with other suitable material.  
However, envelope A is mostly achieved through some form of mechanical stabilisation 
(blending) with fines.  It should be noted here that even though the required grading may be 
achieved, it does not necessarily mean that the strength requirements are met.  Further 
blending and compaction trials may be required to meet both grading and strength 
requirements.  

Figure 7-2 shows the particle size distribution of a blend required to meet Envelope B of the 
ERA Low Volume Roads Manual Part B 2017.  Crushed stone from a basalt quarry was 
introduced in the blend in order to improve the CBR. 

Table 7-1: Particle size distribution for natural gravel base 

Test Sieve size 

Percent by mass of total aggregate passing test sieve 

Envelope A 

Nominal maximum particle size 
Envelope B Envelope C 

 37.5mm 20mm 10mm   

50mm 100   100  

37.5mm 80-100 100  80-100  

20mm 55-95 80-100 100 55-100  

10mm 40-80 55-85 60-100 40-100  

5mm 30-65 30-65 45-80 30-80  

2.36mm 20-50 20-50 35-75 20-70 20-100 

1.18mm - - - - - 

425µm 8-30 12-30 12-45 8-45 8-80 

300µm - - - - - 

75µm 5-20 5-20 5-20 5-20 5-30 

Envelope D: 1.65 < GM < 2.65 
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Table 7-2: Plasticity requirements for natural gravel roadbase materials 

Subgrade 
CBR 

Property 
of Base 

TLC 0.01 
LV1 

TLC 0.1 
LV2 

TLC 0.3 
LV3 

TLC 0.5 
LV4 

TLC 1.0 
LV5 

<0.01 0.01-0.1 0.1-0.3 0.3-0.5 0.5-1.0 

S2 

Ip <12 <9 <6 <6 <6 

PM <400 <150 <120 <90 <90 

Grading B B A
(5)

 A
(5)

 A
(5)

 

S3 

Ip <15 <12 <9 <6 <6 

PM <550 <250 <180 <90 <90 

Grading C
(1)

 B B A
(5)

 A
(5)

 

S4 

Ip Note
(2)

 <12 <12 <9 <9 

PM <800 <320 <300 <200 <90 

Grading D
(3)

 B B B A
(5)

 

S5 

Ip Note
(2)

 <15 <12 <12 <9 

PM - <400 <350 <250 <150 

Grading D
(3)

 B B B A
(5)

 

S6 

Ip Note
(2)

 <15 <15 <12 <9 

PM - <550 <500 <300 <180 

Grading D
(3)

 C
(1)

 B B A
(5)

 

Notes: 

1. Grading 'C' is not permitted in wet environments or climates (N<4); grading 'B' is the minimum requirement 

2. Maximum Ip = 8 x GM (applies to LV1 and S4-S6 only) 

3. Grading 'D' is based on the grading modulus 1.65 < GM < 2.65 

4. All base materials are natural gravels; Subgrades are non-expansive 

5. Envelope A varies depending on whether the nominal maximum particle size is 37.5, 20 or 10mm 

6. TLC# = Traffic Loading Class # Million equivalent standard axles (Mesa) 

7. LV# = Low Volume class # 
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Figure 7-1: Comparison of the particle size distribution of typical cinder gravels after compaction to the Ethiopia LVR 

Manual  2017 Part B, Base Course Envelope B (20 mm) 

 
Figure 7-2: Particle size distribution of cinder gravels blended with 20% fines and 30% crushed stone compared to the 

Ethiopia LVR Manual  2017 Part B, Base Course Envelope B (20 mm) 

7.2 Atterberg Limits for Base Layers 

The ERA Low Volume Roads Manual Part B, 2017 recommends the Atterberg Limits in Table 
B.4.5 (reproduced here in Table 7-2).  For cinder gravels, this is not generally a concern since 
most cinder gravels are non-plastic.  Occasionally blended materials may exceed the 
plasticity index recommendations (see Table 6-3 in sub-base section) and yet have a very 
low fines content.  For this reason, it is recommended to use plasticity modulus instead of 
plasticity index in assessing suitability of blends (see section 6.2). 



Guideline for the Use of Cinder Gravels 
 

33 
 

7.3 The Pavement Design Catalogue 

The ERA Low Volume Roads Manual Part B, 2017 recommends the pavement layer 
thicknesses and strengths in Table B.10.4 (reproduced here in Table 7-3). 

In the TRRL/ERA Awash Melkasa – Assela trial section constructed in 1975, the subgrade 
soaked CBR was 7%, the sub-base soaked CBR was 30% and the thickness was 150 mm.  The 
base layer had a soaked CBR between 50 and 60% and the thickness was 150 mm.  All CBRs 
were measured on samples compacted at 56 blows (4.5 kg rammer) per layer in 5 layers and 
soaked for 4 days.  The design traffic was 0.3 Mesa.  If the design had been based on the 
Ethiopian Low Volume Roads Manual Part B, 2017 Table B.10.4, for the same subgrade and 
traffic class, it would have required 150 mm of G65 base material, 150 mm of G30 sub-base 
material, and 125 mm of G15 capping material. 

Newill et al. (1987) reported that the sections on the Awash Melkasa – Assela road had 
carried up to 0.44 Mesa in 7.5 years, had performed well and were projected to carry up to 
0.64 Mesa by the end of the 15-year design life.  For this reason, it is recommended that 
Table 7-4 should be used for the design of pavements constructed with cinder gravel instead 
of Table B.10.4 of the ERA Low Volume Roads Manual Part B, 2017. 
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Table 7-3: Bituminous pavement design chart for wet areas 

Subgrade 
CBR 

TLC 0.01 
LV1 

TLC 0.1 
LV2 

TLC 0.3 
LV3 

TLC 0.5 
LV4 

TLC 1.0 
LV5 

<0.01 0.01-0.1 0.1-0.3 0.3-0.5 0.5-1.0 

S1 (<3%) Special subgrade treatment required 

S2 (3-4%) 

150 G45 150 G65 150 G80 175 G80 200 G80 

150 G15 125 G30 150 G30 150 G30 175 G30 

 150 G15 175 G15 175 G15 175 G15 

S3 (5-7%) 

125 G45 150 G65 150 G65 175 G65 200 G80 

150 G15 100 G30 150 G30 150 G30 150 G30 

 100 G15 125 G15 125 G15 150 G15 

S4 (8-14%) 
200 G45 150 G65 150 G65 175 G65 200 G80 

 125 G30 200 G30 200 G30 200 G30 

S5 (15-29%) 
175 G45 125 G65 150 G65 150 G65 175 G80 

 100 G30 125 G30 150 G30 150 G30 

S6 (>30%) 150 G45 150 G65 175 G65 200 G65 200 G80 

 

Table 7-4: Recommended pavement design chart for cinder gravels 

Subgrade 
CBR 

TLC 0.01 
LV1 

TLC 0.1 
LV2 

TLC 0.3 
LV3 

TLC 0.5 
LV4 

TLC 1.0 
LV5 

<0.01 0.01-0.1 0.1-0.3 0.3-0.5 0.5-1.0 

S1 (<3%) Special subgrade treatment required 

S2 (3-4%) 

150 G45 150 G55 150 G80 175 G80 200 G80 

150 G15 125 G30 150 G30 150 G30 175 G30 

 150 G15 175 G15 175 G15 175 G15 

S3 (5-7%) 

125 G45 150 G55 150 G55 175 G55 200 G80 

150 G15 100 G30 150 G30 150 G30 150 G30 

 100 G15 125 G15 125 G15 150 G15 

S4 (8-14%) 
200 G45 150 G55 150 G55 175 G55 200 G80 

 125 G30 200 G30 200 G30 200 G30 

S5 (15-29%) 
175 G45 125 G55 150 G55 150 G55 175 G80 

 100 G30 125 G30 150 G30 150 G30 

S6 (>30%) 150 G45 150 G55 175 G55 200 G55 200 G80 

Note: For G45, G55, G65 and G80, all CBRs are measured on samples compacted at 56 blows (4.5 kg rammer) per 
layer in 5 layers and soaked for 4 day – that is compacted to 100%  AASHTO T180-D. For G30, the CBR should be 
determined at 97% AASHTO T180-D. For G15, the CBR should be determined at 95% AASHTO T180-D. This chart is 
supported by evidence of good performance from Awash Melkasa-Assela experimental sections and Alemgena-
Butajira road. 

TLC# = Traffic Loading Class # Million equivalent standard axles (Mesa) 

LV# = Low Volume class # 

In drier environments (N>4) and where the design has included measures such as sealed 
shoulders and crown heights greater than 0.75 m, there is opportunity for further relaxation 
and in these circumstances the CBR values in Table 7-4 determined at OMC are 
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recommended for design purposes. The design may also be carried out by the DCP-DN 
method as described in Section 10.4 of the ERA Low Volume Roads Manual Part B, 2017. 

7.4 Mechanical Stabilisation (Blending) 

Mechanical stabilisation has a vital role to play in the use of cinder gravels in all pavement 
layers.  This is because cinder gravels often lack fine particles, and where present they are, 
in general, non-plastic. 

For base course layers, the addition of fine particles may result in a decrease of the required 
CBR.  The CBR would then have to be increased by the addition of stronger material such as 
crushed rock.  It is also possible in certain circumstances to use crushed stone to improve 
both the particle size distribution and the CBR.  This may require much more crushed rock 
than the alternative of using the combination of cinder gravel, fine gravel/clay and crushed 
rock. 

In Durbate town near Bahir Dar, a base course of 50% cinder gravel and 50% crushed rock 
(basalt) was constructed and is continuing to perform well.  The resultant blended material 
had a PI of 5.4, soaked CBR of 105% @97%MDD AASHTO T180-D and a particle size 
distribution within the roadbase grading Envelope A.  The surfacing material is a double 
bituminous surface treatment (DBST). 

Newill et al. 1987 reported using only 10% fines in the construction of the Awash Melkasa – 
Assela trial sections; albeit an unspecified quantity of quarry dust was vibrated into the base 
after laying.  

The characteristics of a blend of 50% neat cinder gravel, 20 % plastic fines from the same 
cinder cone, and 30% crushed rock are presented in Table 7-5. Note that instead of the CBR 
design approach, the testing and design may also be carried out by the DCP-DN method as 
described in Section 10.4 of the ERA Low Volume Roads Manual Part B, 2017. 

Thus, the appropriate blending ratios should be determined on a project-by-project basis. 

Table 7-5: Characteristics of a typical blend of cinder gravel, plastic fines and crushed rock 

Characteristic Neat Cinder 
50%/20%/30% 

Blend 

Plasticity Index None Plastic None Plastic 

Soaked CBR @ 56 blows (%) 46 55 – 60 

CBR at OMC @ 56 blows (%) 55 80 – 85 

Base Grading Envelope B (after reprocessing) B 

AIV/MAIV 40/55 NA 

 

It is therefore possible to achieve base quality materials incorporating cinder gravels by 
blending and without the need for chemical stabilisation. 

7.5 Cement and Lime Stabilisation 

In the design and construction of low volume roads, the use of chemical stabilisation (lime, 
pozzolans, cement and others) may present a prohibitive initial cost.  However, there may 
be circumstances where it is not possible to find materials available in their natural state or 
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by modifying them by mechanical stabilisation, and meet the required specifications.  Under 
such circumstances and especially for the design of roads carrying higher traffic levels, lime 
or cement stabilisation should be considered. 

Studies have demonstrated that it is possible to achieve CBRs in excess of 80% and UCS 
values well in excess of 1.5MPa by the addition of 3% cement.  Ayele et al (2002) conducted 
laboratory-based studies in which stabilising cinder gravels with 3% cement yielded a CBR of 
111% at 14 days, and a UCS of 1.33 MPa.  Stabilising cinder gravels with 5% cement yielded 
a CBR of 134% at 14 days, and a UCS of 1.88 MPa.  When the cinder gravel was blended with 
12% clayey material and 3% cement, the material yielded a CBR of 74% at 14 days, and a 
UCS of 2.21 MPa.  The study used cinder gravel from the Alemgena – Butajira road of AIV 
44%, Apparent Specific Gravity 2.26 gm/cc, and Water Absorption 6%.  The AIV at this 
location tested in the current study was 44% and the MAIV was 57%.  Cinder gravels of 
similar strength or stronger when treated in this way will fulfil the requirements for base 
course at traffic levels of up to 1.5 Mesa as specified in the ERA 2013 Flexible Pavement 
Design Manual. 

Hadera and Teferra (2015) also carried out studies on a cinder gravel of AIV 48.3%, Apparent 
Specific Gravity 2.3 gm/cc, and Water Absorption 12.4%.  The neat cinder gravel had a 4-day 
soaked CBR of 72% at 98% MDD AASHTO T180-D.  After blending with 22% volcanic ash, the 
soaked CBR increased to 145%.  When the cinder gravel was blended with 20% volcanic ash 
and 2% lime, the 4-day soaked CBR increased to 184%. This is probably indicative of the 
cinder material acting as a pozzolan, which is quite common in many areas where recent 
(Quaternary and Tertiary) volcanism. Tests using low quantities of lime should be carried out 
to determine any potential pozzolanic activity. 

These studies show that cinder gravels can be improved by chemical stabilisation and meet 
the requirements of the ERA 2013 Flexible Pavement Design Manual.  However, mechanical 
stabilisation of cinder gravels with other natural materials should be tried before the use of 
chemical stabilisation to reduce construction costs.  The ERA 2013 Flexible Pavement Design 
Manual strength requirements for stabilised bases for traffic category 0.7-1.5 Mesa are 
fulfilled by material category CB2 in Table 7-6 (reproduced from Table 7-1 of the Ethiopian 
Roads Authority Pavement Design Manual Volume I 2013).  The layer thicknesses required 
at these traffic levels are shown in Chart A3 page 10-10 of the Ethiopian Roads Authority 
Pavement Design Manual Volume I 2013 reproduced here in Table 7-7. 

 

Table 7-6: Strength classification of stabilised pavement materials 

Code Description 

Cement-stabilised Lime-stabilised 

Unconfined  
compressive strength*  

(MPa) 
Minimum CBR value (%) 

CB1 Stabilised roadbase 3.0 - 6.0 100 

CB2 Stabilised roadbase  1.5 - 3.0 80 

CS Stabilised sub-base 0.75 - 1.5 40 

* Strength tests on 150 mm cubes 
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The UCS is measured on 150 mm cube specimens cured for 7 days and then soaked for 7 
days.  The CBR specimens undergo the same curing and soaking conditions but are prepared 
and tested in a CBR mould. 
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Table 7-7: Pavement design chart for stabilised pavement materials 

Subgrade 
class 

T1 T2 T3 

< 0.3 0.3 – 0.7 0.7 – 1.5 

S1 

 150 

 150 

 
325 

 

   150 

 175 

 
325 

 

   175 

 175 

 
325 

 

S2 
 150 

 150 

 
225 

 

   150 

 175 

 
225 

 

   175 

 175 

 
225 

 

S3 
 150 

 150 

 150 
 

   150 

 150 

 150 
 

   175 

 150 

 150 
 

S4 
 150 

 150 
 

   150 

 175 
 

   175 

 175 
 

S5 
 150 

 100 
 

   150 

 100 
 

   175 

 100 
 

S6 

 150 
 

   150 
 

   175 
 

 

 

 

 

  Double surface treatment or Otta seal 
    
    
   Granular capping layer GC 

    
    
   Cement or lime-stabilised roadbase CB 2 

    
   Cement or lime-stabilised sub-base CS 
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The particle size distributions of the materials to be stabilised are shown in Table 7-8 
(reproduced from Table 7-3 of the ERA Roads Authority Pavement Design Manual Volume I 
2013).  Most neat cinder gravels can be screened, compacted and blended to meet these 
requirements as shown by Hadera and Teferra (2015). 

Table 7-8: Particle size distribution for materials suitable for stabilisation 

Test sieve 
(mm) 

Percentage by mass of total aggregate passing sieve (mm) 

CB1 CB2 CS 

53 100 100 - 

37.5 85 – 100 80 – 100 - 

20 60 – 90 55 – 90 - 

5 30 – 65 25 – 65 - 

2 20 – 50 15 – 50 - 

0.425 10 – 30 10 – 30 - 

0.075 5 – 15 5 – 15 - 

 Maximum allowable value 

LL 25 30 - 

PI 6 10 20 

LS 3 5 - 

 

7.6 Mitigating Breakdown in Service 

Roadbase materials constructed under thin bituminous surfacings carry large stresses 
caused by vehicle wheels.  If the base material is of insufficient strength, it could fail under 
shear stresses.  The base material used in the TRRL/ERA Awash Melkasa - Assela trials in 
1975 had a soaked CBR of 50-60% at 56 blows (Newill et al 1978) and a MAIV of 59-140 
(Newill et al 1987).  After six years in service, no appreciable change occurred in the particle 
size distribution and in the density of the base layer.  This means that the particles were not 
breaking down in service despite the high AIV values of the materials used in the base.  The 
maximum rut depth recorded after the road had carried 0.44 Mesa was 4mm in the surface-
dressed sections.  The cinder material had been blended with fines and the resultant 
material was well-graded.  It is known that a good grading improves the bearing capacity of 
pavement layers.  The sub-base was also well-graded with a MAIV of 59. 

It is therefore recommended that any blended materials to be used in the pavement layers 
should be well-graded and the neat cinder material should have a MAIV of not more than 
90. 

Additionally, the following cut-off of values, from materials known to have performed well 
in service, are proposed for initial selection of cinder gravels for further suitability testing: 
base layer AIV<40 (MAIV<60); sub-base and capping layer AIV<55 (MAIV<90).  This should 
adequately mitigate any risk of breakdown in service. 
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8 Cinder Gravels for use in Bituminous Surfacings 

Cinder gravels are graded, have a low Ten Percent Fines Aggregate Crushing Test (10% FACT) 
value, and most of them have high water absorption. Therefore, they do not conform to the 
requirements for Double Bituminous Surface Treatment. Despite this, they may be 
acceptable for use in an Otta seal. 

According to Overby (1999), aggregates for the graded aggregate (Otta-type) seal surfacing 
have to meet the minimum Ten Percent Fines Aggregate Crushing Test value (10% FACT) of 
90 kN and a recommended water absorption of less than 2%.  Cinder gravels do not, in 
general, meet this requirement.  Nevertheless, cinder gravel from Location 3 (Alemgena-
Butajira) (10% FACT 45-77kN, water absorption 6.5%) was used in a trial section at Combel 
village on Tulubolo – Kela road.  This, however, required a very high bitumen spray rate 
because of the high absorption by the cinder material.  The section currently carries an 
estimated 75-100 vpd and continues to perform well four years after construction. The 
particle size distribution of the cinder gravel used fitted in the “Open Grading” envelope of 
the “NPRA Publication No.93 A guide to the use of Otta seals”. Table 8-1 shows the particle 
size distribution of the cinder gravel used in Combel village. 

 

Table 8-1: Particle size distribution of the cinder gravel used for Otta seal in Combel village 

Sieve (mm) % passing 

37.5 100 

20 100 

10 69.73 

5 30.59 

2.36 14.27 

0.425 5.87 

0.075 0.96 

 

Other road sections have had similar seals. Continued monitoring of these sections will 
improve understanding of the performance of seals and provide information necessary in 
revising the specifications for surfacing aggregates used on low volume roads in Ethiopia. 

9 Cinder Gravels as Gravel Wearing Courses 

The ERA Low Volume Roads Manual Part B, 2017 in Table B.4.10 recommends the materials 
specifications shown in Table 9-1 for unsealed roads.  Given the fact that cinder materials 
are generally non-plastic, mechanical stabilisation with a plastic material is necessary to 
achieve the specified shrinkage product (see formula in Table 9-1).  The required values for 
maximum particle size, oversize index, grading coefficient, and soaked CBR can be achieved 
easily for mechanically-stabilised cinder gravels.  Treton impact value has not been 
considered.  

Material for blending (mechanical stabilisation) is usually located at the same cinder cones 
as the material requiring mechanical stabilisation.  These materials often possess plastic 
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properties although their availability cannot be guaranteed.  The Atterberg Limits of this 
material should always be tested before further blending tests.  Where both materials are 
available at the same location, they can be blended in the borrow area before being 
transported to the construction site. 

 

Table 9-1: Recommended material specifications for unsealed low volume roads 

Maximum size (mm)  37.5 

Oversize index (Io)
a
 ≤ 5 % 

Shrinkage product (Sp)
b 

 100 - 365 (max. of 240 preferable) 

Grading coefficient (Gc)
c 
 16 – 34 

Soaked CBR (at 95% Mod AASHTO density) ≥ 15 % 

Treton Impact Value (%) 20 – 65 

a. Io = Oversize index (percent retained on 37.5 mm sieve 

b. Sp = Linear shrinkage x percent passing 0.425 mm sieve 

c. Gc = (Percentage passing 26.5 mm - percentage passing 2.0 mm) x percentage passing 4.75 mm)/100 

 

In the current study, materials (blended with plastic fines) intended for use as sub-bases 
were evaluated for suitability as gravel wearing courses. The range of their properties is 
shown in Table 9-2..  The blended materials plot in Zone A of Figure 9-1. 

 

Table 9-2: Grading coefficient and shrinkage product of typical cinder gravels (blended with plastic fines) 

Parameter Range of Values 

Grading Coefficient (Gc) 4 – 13 

Shrinkage Product (Sp) 150 – 360 

Soaked CBR at 56 blows 
(%) 

18 – 60 

Material Quality Zone A 
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Figure 9-1: Material quality zones for gravel wearing courses 

 

Table 9-3: Typical standardised gravel loss 

Material Quality Zone Material Quality 
Typical Gravel Loss 
(mm/yr/100vpd) 

Zone A Satisfactory 20 

Zone B Poor 45 

Zone C Poor 45 

Zone D Marginal 30 

Zone E Good 10 

 

It is not always possible to achieve the specified shrinkage product as shown in Table 9-2.  
This should not be viewed as failure since the blend will most probably plot in Zone A of 
Figure 9-1 rather the Zone B (where all neat cinder gravels plot).  Zone A is simply erodible, 
whereas Zone B materials corrugate and ravel leading to very high roughness values, high 
vehicle operating costs and the potential for costly vehicle damage.  Furthermore, Table 9-3 
(reproduced from Table B.4.11 of the LVR Manual Part B, 2017) shows that the estimated 
gravel loss for a Zone A material is only 20 mm/yr/100vpd compared to 45 mm/yr/100vpd 
for Zone B where most neat cinder gravels plot.  It is therefore cheaper to maintain blended 
cinder material that plot in Zone A than to maintain neat cinder material that plots in Zone 
B. For gravel wearing courses, it is not advisable to use neat cinder gravels (that plot in Zone 
B) without blending with plastic fines.  

It should be noted that it is possible to achieve Zone E material through repeated blending 
trials, testing, and the control of oversize material. 
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10 Processing of Cinder Gravels 

10.1 Controlling Maximum Particle Size 

Within each deposit, cinder gravels can occur in varying particle sizes from gravels up to 
boulders.  However, breakdown will occur in handling, blending in situ, and during 
compaction. 

Screening must therefore be carried out in the borrow pit in order to comply with specified 
maximum particle size.  This means large screening meshes should be installed in the 
borrow pit.  The excavator or front-end loader passes the excavated material through the 
mesh before it is loaded on trucks and transported to site.  In selecting the mesh opening 
size, the breakdown of particles during compaction should be taken into account.  

For example, if through laboratory testing the maximum particle size to achieve a particular 
grading has been established as 37.5 mm, then a screening mesh of square openings 50 mm 
x 50 mm should be tried.  If upon compaction the maximum particle size still exceeds 37.5 
mm, then a screening mesh of square openings 40 mm x 40 mm should be used. 

To promote sustainable use, any large materials rejected by the screening process, should 
be stockpiled in a designated area of the borrow pit. 

10.2 Priming the Base Course 

Cinder gravel particles have high porosity (as indicated by the high water absorption values).  
For this reason, it is recommended that the water absorption (on particles larger than 4.75 
mm) of cinder gravels intended for use in the base course should not be more than 12%.  
Cinder gravels of this nature usually have a MAIV of less than 60.  The Ethiopian Road 
Authority Best Practice Manual for Thin Bituminous Surfacings recommends the use of MC-
70 bituminous prime for use on porous bases.  No application rate is presented in the 
Manual.  For porous materials such as cinder gravels, an average application rate of about 
1.0 litre per square metre is recommended (Austroads Ltd, 2011) if heavy grade prime such 
as MC-70 is used or 1.5 litres per square metre if MC-30 (light grade prime) is used. 

10.3 Blending of Cinder Gravels 

In the laboratory, trial blends should be checked for compliance with specifications for 
shrinkage product, California Bearing Ratio, and particle size distribution.  Since breakdown 
occurs during compaction, the particle size distribution should be checked after the CBR 
test.  The influence on the CBR of re-using the blended specimen during determination of 
the maximum dry density should be checked.  This should be compared with the CBR 
achieved if the specimens are not re-used in determination of the maximum dry density 
(normal practice).  If a significantly higher CBR value is achieved by re-using the specimen 
during compaction/preparation, then this should be emulated during construction.  This is 
carried out by repeated cycles of scarifying, shaping and re-compaction.  The corresponding 
maximum dry density should be used for quality control purposes on site.  

It should be noted that the blending ratio determined in the laboratory is for guidance 
purposes only.  It may have to be adjusted on site depending on the result of blending and 
compaction trials. It will usually be affected by the size of the compaction plant. 
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It therefore means that for each project a blending and compaction trial section of 120 m 
should be used before full scale works begin.  This section is then subdivided into four 
subsections. Within each subsection, varying compaction sequence and repetitions are tried 
using plant similar to that which will be used for final construction.  The sequence and 
repetitions that produce the desired particle size distribution and the specified dry density 
should be determined.  At least six density and particle size distribution measurements 
should be carried out on each subsection.  The material used in the trial section should be 
excavated and removed after completion of the trials. The section and the project should 
then be constructed by the selected compaction sequence and repetitions.  Normal quality 
control as per the Standard Technical Specifications for Roads and Bridges for Ethiopia 
should be applied throughout the project. 

11 Other Uses of Cinder Gravels 

11.1 Sub-base Materials for Gravel Roads 

Sections 11.3 and 11.4 of the Ethiopian Low Volume Roads Manual Part B 2017 describe the 
design of pavement layers of major and minor gravel roads respectively.  Thicknesses of the 
pavement layers are provided for G15 (CBR 15%), G30 (CBR 30%), and G45 (CBR 45%) 
materials. The Manual provides alternative densities at which these CBR values can be 
specified (see Manual for details). Factors for calculating the appropriate thickness, 
depending on which of the three (G15, G30, and G45) materials is available, are also 
provided. 

Cinder gravels, whether neat or blended, achieve these strength requirements, and are 
widely available.  They can therefore be used for construction of the sub-base or wearing 
course layers of gravel roads. 

The use of natural gravels as wearing courses for roads carrying traffic in excess of 75vpd is 
unsustainable, and should be avoided due to the potentially high levels of gravel loss. This is 
more so  in many parts of Ethiopia where good quality gravels are scarce.  

11.2 Shoulders (Drainage of Pavement Layers) 

Section 9.7 of the ERA Low Volume Roads Manual Part B 2017 describes measures to 
facilitate proper internal drainage of pavement layers of sealed roads. 

Because of the lack of fines in cinder gravels and their high water absorption, cinder gravels 
can play a critical role in the internal drainage of permeable roadbases and sub-bases.  For 
good internal drainage, the Manual (ERA (2017) LVRM Part B), recommends that permeable 
roadbases and sub-bases should be extended to the drainage ditches.  Since roadbases are 
usually expensive, the shoulders could be constructed with neat cinder gravels or cinder 
gravels blended with very little fines (to aid compaction only).  It is highly recommended 
that shoulders constructed with these materials should be sealed to avoid erosion and also 
prevent infiltration of water where expansive soil subgrades occur. 

Where the roadbase material is impermeable (for example natural gravels rich in plastic 
fines), cinder gravels should not be used in the shoulders if the shoulders will not be sealed.  
In this situation, the permeability of the cinder gravel material is likely to allow moisture to 
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be absorbed by suction into the roadbase material and this may result in reduced material 
strength under the outer wheel tracks.  

 

12 Recommendations 

The study has demonstrated that most deposits of cinder gravels can be used in the 
construction of low volume roads.  However, the nature of the cinder material is such that 
successful exploitation of the material requires changes to be made in site investigation 
activities, sampling and laboratory testing procedures.  This Guideline also recommends 
changes to some specifications for the use of cinder gravels.  These are based on the results 
of previous research and from experience in their use in current projects in the road sector 
in Ethiopia. 

The recommendations for additional testing and blending of these gravels may be more 
onerous than the usual testing routine but the benefits from using this material resource, 
which is abundant in parts of Ethiopia, have the potential to offer a major contribution to 
road provision and aiding the development of rural areas.  

Locating cinder gravel deposits 

The surface indicators for locating cinder deposits appear to make it easier to locate this 
type of materials than other types of natural gravels.  Most deposits are to be found within 
volcanic cones, which give the clearest surface evidence of the location of these materials.  
However, predicting the type (quality) of material that lies within them either from their 
location or shape is difficult due to the extreme variability of the material contained within 
the cones.  General guidance for locating the most likely useable deposits is included in this 
document, but the variable nature of cinder material makes it very difficult to predict 
material quality and consistency from the surface. 

Site investigation 

The variability of cinder gravels is due to their mode of formation as described in this 
Guideline.  Both weak and relatively strong materials can be found within the same cone.  
Multiple trial pitting is recommended to locate the best materials, especially for cones from 
which materials have not yet been excavated.  The accurate estimation of particle strength 
in trial pit profiles is an essential part of their evaluation. Reinstatement of trial pits is 
mandatory. 

On-site tests for evaluating materials sources 

Engineering geological field assessment is required to characterise and assess the quality of 
cinder gravel materials. This should be undertaken for the exploitation of existing borrow 
pits and the development of new sources of material AIV testing should also be used in 
conjunction with engineering geological assessment. This will allow the quality of materials 
to be tested prior to the development of a sampling strategy for laboratory analysis. 
Adopting this field-based approach, should help reduce the need for the transportation and 
laboratory testing of samples that are unlikely to be suitable for the desired purpose.   

Laboratory testing 

Some cinder gravels display unusual results from the standard laboratory tests.  The 
Guideline makes recommendations on the best way of dealing with cinder gravels that 
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behave differently in these tests if, for example, the maximum dry density value is difficult 
to determine or, as in some cases, continues to increase within the normal testing limits. 

Application of the results 

Tests on many of the deposits investigated indicated that cinder gravels can be used in road 
construction projects in their natural or blended state.  Procedures that can be used both on 
site and during laboratory testing, which are designed to assess and enable their use, are 
described in the Guideline.  These include effecting changes to the particle size distribution, 
Atterberg Limits and CBR.  As a result of these procedures some of the materials 
investigated can be used in each of the structural layers of the pavements of low volume 
roads.  

Cinder materials have also been used in surfacing trials as a graded-aggregate bituminous 
seal.  The recommended spray rates for the use of the porous materials in graded aggregate 
surfacing are given. 

In circumstances where materials of greater strength are required but unavailable locally, an 
alternative option is to stabilise (with lime or cement) the cinder gravel, although this option 
should be considered only as a last resort as the costs are considerably greater than using 
neat or blended material. 

Trial sections 

At the beginning of any project utilising cinder gravels, a trial section of at least 100 m 
should be used to determine blending proportions on site, compaction regimes that 
produce the required dry density and particle size distribution, and the amount of 
compaction water required.  This trial section should be removed and reconstructed with 
the correct proportions and procedures determined through the trials. 

Borrow area management  

It is evident that the extraction of cinder material from many borrow areas has not been 
well managed.  This is partly due to extraction by local contractors and villagers for housing 
and other projects, but it is also evident that excavation of larger quantities of material has 
also not been well managed in some cases.  The result is that many parts of the countryside 
are left scarred with numerous borrow areas not re-instated and quarries in cones left 
unworkable, and in some areas, potentially dangerous.  It is recommended that stricter 
supervision of the extraction of these materials needs to be implemented to minimise  
environmental impact, enable safe and sustainable use of the material for future projects 
and facilitate restoration of the land for productive use.  

It is reported that changes governing the protection of some of the cones for the extraction 
of material is under consideration by the Ethiopian Government.  This must be undertaken 
in full liaison with the Environmental Protection Agency and the Geological Survey of 
Ethiopia.  No new borrow pits in virgin cones should be investigated or opened up without 
official approval. 

Methods of use in brief 

1. For initial selection of cinder gravels for further suitability testing, the cut-off values 
proposed are: base layer AIV<40 (MAIV<60), sub-base and capping layer AIV<55 
(MAIV<90).  Water absorption (on particles larger than 4.75 mm) of cinder gravels 
intended for use in the base course should not be more than 12%. 
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2. Before carrying out any laboratory determination of maximum dry density and 
optimum moisture content on cinder gravels, conduct Atterberg Limit tests. 

3. For neat non-plastic cinder gravels determination of the Maximum Dry Density and 
Optimum Moisture Content should be carried out by the method of re-using the 
specimen (see Appendix C). 

4. For neat cinder gravels that contain plastic fines, or for cinder gravels that are 
blended with fines (whether plastic or non-plastic), carry out determination of 
maximum dry density and optimum moisture content by using separate specimens 
(usual method). 

5. Because of the low quantity of fines in cinder gravels (including blended materials), 
plasticity index alone is not a good measure of the potential influence of plasticity; it 
is recommended to use plasticity modulus.  The recommended maximum plasticity 
moduli (based on maximum plasticity index for sub-base and maximum percentage 
passing the 425µm sieve for the sub-base envelope) for sub-bases are therefore 360 
in wet tropical, 720 in seasonally wet tropical, 1200 in arid and semi-arid. 

6. Reworking of cinder gravels sometimes improves both the particle size distribution 
and the CBR.  In some cases however, it can lead to a marked reduction in CBR.  This 
should be assessed in the laboratory before application in the field. 

7. For most pavement layers, the required properties can be achieved by blending with 
plastic fines, or crushed stone, or both.  Cement and lime stabilisation should only be 
considered in the case of design traffic levels 0.5-1.0 million equivalent standard 
axles. The potential for natural pozzolanic activity of the cinder gravel should be 
investigated prior to use of lime or cement stabilisation.  

8. The minimum 4-day soaked CBR of the base layer for traffic classes LV2, LV3 and LV4 
is recommended to be reduced from 65% to 55%.  For dry areas (Weinert Number 
less than 4) and where appropriate drainage measures (sealed shoulders and crown 
height greater than 0.75 m) have been employed, it is recommended that the design 
roadbase CBR be based on values measured at optimum moisture content. 

9. For capping and sub-base layers the maximum allowable particle size is 
recommended as 75 mm (the layer thickness should be at least 150 mm for this to 
be acceptable). 

10. For base course layers, cinder gravels with low water absorption should be used.  
The bituminous prime application rates recommended are: MC70 at 1.0 litre per 
square metre and for MC30 at 1.5 litres per square metre.  MC70 is the preferred 
prime. 

11. For use in gravel roads, gravel loss is reduced if the cinder gravel is blended with 
plastic fines to target materials specifications in the Ethiopian Low Volume Roads 
Manual Part B 2017.  Even if the grading coefficient is not achieved, but the 
shrinkage product is achieved, the potential reduction in gravel loss is still beneficial. 
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APPENDIX A: Determination of blending (mechanical 
stabilisation) proportions 

Mechanical stabilisation (also known as blending) refers to the process of combining two or 
more granular materials with the aim of obtaining a material of better engineering 
properties (usually bearing strength, and sometimes, improved plasticity index). Blending of 
natural gravels is usually done either to improve the bearing strength of the natural gravel 
through improving its particle size distribution or improving its plasticity index. It is very rare 
that natural gravels require improvement of the two properties at the same time. 

However, for cinder gravels blending serves two main purposes: 

 Improve the particle size distribution – particularly the fines content (less than 5 
mm) that is lacking in many cinder gravels. Improving the particle size distribution 
enhances the ability of the materials in the pavement layers to spread traffic induced 
stresses. 

 Improve the cohesion between otherwise discreet gravel particles 

From the same cinder gravel source (cone) fine material can be found at shallow depth of 
less than 2 m. This material is usually yellow in colour and can be plastic or non-plastic 
depending on its nature. The plasticity index determined on the proportion of this material 
passing the 425 µm and the 75 µm should both be checked.  Some materials that are non-
plastic on particles passing the 425 µm sieve, can show plasticity on particles passing the 75 
µm sieve. The plasticity on the particles passing the 75 µm sieve is usually enough to provide 
cohesion between larger particles. Generally, suitable blending material should show 
plasticity on particles passing either of the two sieve sizes. 

Fines can usually be generated by repeated compaction. The fines produced in these 
circumstances have been shown to provide the required cohesion between the larger 
particles in some cases.  If this is the case, then the addition of plastic fine material to the 
cinder gravels is not necessary, or is required to only a limited degree. In order to meet the 
requirements for the particle size distribution of the LVR Manual, it may sometimes be 
necessary to apply a combination of adding plastic fines as well as repeated compaction. 
Repeated compaction has been shown to be beneficial in increasing the CBR of the blend as 
well.  

Since cinder gravels breakdown during compaction, thus generating fine particles, the 
plasticity index of the specimens after CBR testing should be measured. This should be 
accompanied by determination of the particle size distribution of the sample using the 
method of wash gradation as specified in AASHTO T11-05 and T27-06 Due to breakdown of 
cinder gravel particles during compaction, the particle size distribution of the initial blend 
before determination of the MDD is very different from that after the CBR test. This means 
several trials of blends have to be made, the MDD and CBR measured, and finally the 
particle size distribution and the Atterberg limits checked. It is therefore both an art and a 
science to determine an appropriate blending ratio. The plasticity index and the proportion 
of particles passing the 425 µm sieve are used to compute the plasticity modulus. It should 
be noted that the DCP-DN method of measurement specified in section 10.4 of the 
Ethiopian Low Volume Roads Manual Part B 2017 may be used instead of the CBR method if 
preferred. 
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Blending affects the CBR value of the cinder gravels significantly. The effect can either be an 
increase but more often a decrease. It is therefore important to measure the CBR of any 
proposed blend.  The effects of multiple or re-used specimens on the MDD, CBR, Atterberg 
limits and particle size distribution of the blend should be investigated.  

The blending proportion determination procedure described below addresses the issues 
discussed above: 

1. Before commencing any tests, each sample should be appropriately mixed and 
riffled to ensure representivity.  

2. Each time a specimen is prepared for MDD and OMC determination, it should be 
covered in a plastic foil and allowed to rest for 3 hours to allow water to distribute 
evenly through the specimen. It should be mixed again before compaction is carried 
out. 

3. All the specimens obtained for the tests in the steps below (3-22) should be obtained 
from one large sample of neat cinder gravel, thoroughly mixed and riffled several 
times; and a large sample of blending material should be thoroughly mixed and 
riffled several times. 

4. Choose the maximum particle size of the material to be used (for example 50 mm for 
sub-base) 

5. Based on the selected maximum particle size, prepare the sample of the cinder 
gravel obtained by screening on one sieve size higher than the maximum particle size 
(for example 63 mm sieve for a 50 mm maximum size). This is done because cinder 
gravel particles break down on compaction. Accept all material that passes the 
selected sieve size and reject all material that is retained on the sieve. 

6. Carry out a dry sieve analysis on the sample 

7. Check the fines for plasticity (on both the 425 µm and 75 µm sieves). If the fines 
show plasticity on either sieve, then there is no need to blend the material, the extra 
fines required to achieve the required grading can be obtained through a number of 
compaction cycles. 

8. If the fines of the cinder gravel are non-plastic, then plastic fines are required to 
blend with the neat cinder gravels to aid cohesion and produce a material that is 
within the required grading envelope. 

9.  For the blending material, conduct the Atterberg limit tests on particles passing the 
425 µm and 75 µm sieves. Suitable blending material should show plasticity on 
preferably the 425 µm or at least the on 75 µm. 

10. For easy of handling, it is advisable to work with manageable sizes of specimens. A 
working mass of 7500 g should be used for preparing each test specimen. 

11. Twenty specimens (5 for each of four blending ratios) should be prepared at 
different blending ratios. An example of the ratios of the trial blends for cinder 
gravel: blending material to be used is 90:10, 85:15, 80:20, and 75:25. 

12. For each blending ratio, use the five specimens to determine the MDD (AASHTO 
T180-D) and OMC. Do not re-use the specimens. Measure the CBR on the bottom 
surface of each specimen. 
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13. For the blend ratio that yields particle size distribution, plasticity modulus, and CBR 
within or close to the specification requirements for the layer that it is intended for, 
prepare three additional specimens (this is not 3 point CBR) compacted at the MDD 
and OMC determined in 10 above. Soak the specimens for 4 days or until no further 
swell is observed then conduct CBR tests on the specimens. The CBR should be 
measured first at the bottom and then at the top of each specimen. Determine the 
average CBR taken at the bottom of the specimens. If the individual CBR readings at 
the bottom of the specimen are within 10% of the average then, the average value 
should be taken as the CBR of the specimen at 56 blows at AASHTO T180-D level of 
compaction. Otherwise, the test should be repeated.  

14. After the CBR test, conduct sieve analysis by wash gradation on each specimen used 
in 11 above, and use the fines from these specimens to determine the Atterberg 
limits (plasticity modulus) of the blend on the 425 µm and 75 µm sieves for each 
specimen in 11 above. 

15. Compare the results (particle size distribution, plasticity modulus and CBR) obtained 
from each specimen with the specification requirements for the pavement layer 
under consideration. The individual results give the variability expected in the field 
under similar conditions. 

Checking the effect of re-using the blended specimen 

For some cinder gravels, the strength (as represented by CBR) increases as the particles 
breakdown during compaction to smaller fractions. This breakdown is achieved through 
repeated cycles of moulding-compaction. It is important to investigate the effect of re-
using the specimen in this manner. For some cinder gravels, the strength keeps 
increasing with further compaction, for others the strength increases to a maximum 
value then decreases sharply. If the cinder gravel shows this tendency then additional 
benefit is obtained by re-using the specimen during compaction on the project site. If 
the cinder gravel shows this tendency, then it is important to determine the number of 
moulding-compaction cycles that are necessary to reach this maximum. It is likewise 
important not to exceed this number of cycles since it will lead to reduced strength. 

In addition to the procedure above, the following additional procedure should be 
conducted: 

16. Prepare five specimens at the OMC and MDD determined in 12 above. Remember to 
cover each specimen in a plastic foil, and allow the specimens to rest for 3 hours 
before determining the MDD. 

17. For the first specimen, conduct a CBR test. Follow the CBR test by conducting wash 
gradation and Atterberg limit tests on the specimen. This represents one mould-
compact cycle. 

18. For the second specimen, extract from the mould, mix thoroughly and re-compact 
(without addition of water) the specimen in a CBR mould. Determine the dry density 
and measure the CBR of the specimen. Follow the CBR test by conducting wash 
gradation and Atterberg limit tests on the specimen. This represents two mould-
compact cycles.  
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19. Repeat step 18 on the third specimen for 3 mould-compact cycles, on the fourth 
specimen for 4 mould-compact cycles, and on specimen 5 for 5 mould-compact 
cycles. 

20. Compare the highest CBR obtained in step 19 with the CBR value obtained in step 12 
or step 17 (the values in step 12 and 17 should be very similar). If the value obtained 
in step 19 is significantly higher, then re-using the specimen is beneficial and 
therefore repeated scarification and compaction will be beneficial on site. If it is 
lower, then re-using the specimen is detrimental to strength and the technique 
should not be used on site.  

21. Select the number of mould-compact cycles that gives the highest CBR. Check that 
the particle size distribution and the plasticity modulus are within the design 
requirements. If they are within, then the soaked CBR at the selected number of 
mould-compact cycles should be determined and used as the design value. If particle 
size distribution and the plasticity modulus are outside the requirements, then the 
number of cycles that best meets the requirements should be selected, the soaked 
CBR at those number of mould-compact cycles should then be used as design value. 
For design CBRs at lower densities, the number of mould-compact cycles that 
achieves the design CBR should be used provided that density, particle size 
distribution, and the plasticity modulus are within limits at that compaction level. 

22. Using the results obtained in steps 17 to 19; plot a graph of CBR vs dry density. The 
trend of the plot will indicate if “compaction-to-refusal” is beneficial on site or not. If 
the graph is convex upwards with a well-defined maximum, then care should be 
taken on site not to over-compact to the dry density and particle size distribution 
values that represents a decrease in strength. The compaction technique and effort 
should be limited to the amount that produces a dry density and particle size 
distribution similar to the values obtained for the number of cycles selected in step 
21.  
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APPENDIX B: Construction of Project Trial Sections 

The purpose of the trial section is to enable determination of the field compaction sequence 
required to attain the design particle size distribution and dry density for the material. 

Blending proportions determined in the laboratory may also vary to a limited extent on site. 
This occurs due to the difficulty in achieving the homogeneity in mechanical mixing on site. 
Often more of the finer material is required on site than the proportion determined in the 
laboratory.  

For cinder gravels, it is important that no over-compaction occurs for the gravels that have 
been shown in the laboratory to lose strength when over compacted. At the same time, the 
right level of compaction must be applied to achieve the required particle size distribution. 

As a first trial, the blending ratio determined in the lab should be used. A section of at least 
200 m should be used for the compaction trial. Loose material should be placed in a layer 
about 50 mm thicker than the required finished pavement thickness, as first trial. Thicker 
finished pavement layers of 200 mm or more should be constructed in two layers. The 
cinder gravel and blending material should be thoroughly mixed in the correct proportions 
determined in the laboratory. A grader should be used for mixing and spreading.  
Compaction water should be applied and checked by a rapid moisture test. Thorough mixing 
in of the water should then be done by grader before the material is spread out evenly 
again. Compaction should then start from the edge of the carriageway towards the centre. It 
is recommended to use a 12 tonne vibratory roller or heavier so as to achieve particle 
breakdown to improve the gradation. The section could be compacted in a sequence of say 
5 non-vibratory passes followed by 5 vibrated passes per roller path, and finished with say 5 
non-vibratory passes. If a compaction sequence is not successful, other sequences can be 
tried. For vibration passes, typically the first two passes should be carried out at high 
amplitude/low frequency and the following ones at higher frequencies/low amplitude. High 
amplitude vibration will cause more initial material breakdown than high frequency 
vibration, which will allow better particle interlock and filling of voids. 

If in the laboratory the material was shown to benefit in strength gain from several mould-
compact cycles, then the compaction sequence in the field should use fewer passes. For 
example 2 non-vibratory passes followed by 2 vibrated passes per roller path, the 
compacted layer scarified by grader, and the sequence repeated. As a first round of trial, 
this could be repeated 3 times and then the dry density, thickness, and particle size 
distribution checked against the design values obtained in the laboratory tests. Note that 
the number of cycles determined in the laboratory does not necessarily correspond to the 
number of cycles required to achieve the design properties in situ. For example, in the 
laboratory, the optimum strength may have been achieved after 3 cycles but in situ this 
could require 5 cycles. This method should also be adopted for cinder gravels that have 
been shown in the laboratory to benefit in strength from “compaction to refusal” (see 
Section 4.3). 

The density of the compacted layer should be checked by sand replacement or nuclear 
methods in at least 10 random locations. A length of 50 m at the beginning and end of the 
trial sections should not be used for testing. This is because the end portions serve as 
turning areas for the construction equipment during the trial. It is the middle 100 m that 
should be used for testing. The thickness of the layer should also be measured in the density 
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measurement holes.  The averages of the density tests and the layer thickness should be 
used for comparison with the design values. The material extracted for the determination of 
the density should be used to determine the moisture content and to conduct a sieve 
analysis. The moisture content of the field sample should be compared with the OMC 
determined in the laboratory, the density should be compared with the specified laboratory 
density, and the particle size distribution plotted and compared with the design envelope 
that was determined in the laboratory at the design stage. The particle size distribution 
should not be averaged but the values from each individual hole plotted separately. It is 
important to get the desired water content and the blend proportions correct first, so that 
further trials focus on getting only particle size distribution and density correct. 

The following adjustments should be made in situ during the compaction trials: 

1. Thickness of the finished pavement layer is controlled by adjusting the quantity 
of loose material prior to compaction 

2. If the design dry density is achieved but the thickness of the finished layer is low, 
then increase the thickness of loose material and increase compaction effort. If 
the thickness is higher than the design requirement, then reduce the thickness of 
loose material and decrease the compaction effort. This should be combined 
with rolling and trimming using a grader during the final cutting and finishing of 
the layer. 

3. If the design dry density is achieved but the grading curve is below or above the 
envelope, then the blending proportions should be checked and adjusted 
accordingly  

4. If the design dry density is not achieved and the grading curve is below the 
envelope, then compaction effort should be increased. If the design dry density is 
not achieved and the grading curve is above the envelope, then the blending 
proportions should be checked and adjusted accordingly 

5. If the design particle size distribution is achieved but the dry density is low, then 
increase the amount of non-vibratory compaction effort. If the particle size 
distribution is achieved but the dry density is higher than required, then decrease 
the amount of non-vibratory compaction effort 

6. If the design particle size distribution is not achieved and the dry density is low, 
then increase the amount of vibratory compaction effort. If the design particle 
size distribution is not achieved but the dry density is higher than required, then 
adjust the blending proportions. 

If a trial round has been found not to give required results then the material should be 
scarified and discarded. Fresh material should then be used for subsequent trial rounds. 

After the compaction sequence that gives the design requirements has been determined, 
then the sequence established should be used to complete the project with the necessary 
quality controls as stated in the Standard Specifications for Roads and Bridges. Good 
supervision and control of the rolling process by an experienced foreman is essential so as 
to achieve the necessary particle size distribution and required compaction dry densities 
and thicknesses This requires rigour in supervision. 
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APPENDIX C: Method of re-using the specimen to determine 
the maximum dry density and optimum moisture content 

The steps below demonstrate how to determine the maximum dry density of a material by 
the method of re-using the same specimen for all the compaction cycles. The procedure is 
slight variation of AASHTO T180-D. The variation lies in the fact that the same specimen is 
re-used in all the five compaction cycles necessary to determine the material maximum dry 
density. Therefore, all other aspects of AASHTO T180-D remain unchanged. It should be 
noted that the DCP-DN method of measurement specified in section 10.4 of the Ethiopian 
Low Volume Roads Manual Part B 2017 may be used instead of the CBR method if 
preferred. 

1. From the bulk material, prepare a sample of material passing 19.0 mm sieve, enough to 
fill at least 3 CBR moulds. 

2. Add some water to sample and cover with a plastic foil, and allow the specimens to rest 
for 3 hours before starting the compaction test. 

3. Place a quantity of the moist material in the mould such that when compacted it occupies 
a little over one-fifth of the height of the mould body. 

4. Apply 56 blows of the rammer to the material, distributing the blows uniformly over the 
surface.  

5. Repeat four more times, so that the amount of material used is sufficient to fill the 
mould.  

6. Weigh the mould and specimen and determine the mass of the specimen. 

7. Measure the CBR at the top and bottom of the specimen (usually the CBR at the bottom 
of the specimen is used in the AASHTO T193 method).  

8. Remove the compacted material from the mould and place it on the large metal tray. 
Take a representative portion of the soil for determination of its moisture content. 

9. Add a small portion (to replace the portion taken for moisture content determination) of 
the material prepared in Step 1, then add a suitable increment of water to the specimen and 
mix thoroughly into the soil. 

10. Repeat steps 3 to 8, to give a total of at least five determinations. To re-start Step 3 in 
the second to fifth compaction cycle, the material compacted in the mould should be used. 

11. Plot the density-moisture curve and determine the maximum dry density and optimum 
moisture content. It should be note that the highest CBR value may not occur at the 
maximum dry density. If this is the case, then the number of cycles that produces the 
highest CBR or the design CBR value should be used. The dry density at the selected number 
of cycles should be used in the specification for construction. 

 


