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ABSTRACT 

Landslides are major natural hazards that encountered by slope failure due to heavy rainfall, 
floods, earthquakes, less monitoring and poor control of slope stability. Slopes need to be 
regularly monitored to detect occurrence of any slope failure prior to any catastrophe. An early 
warning system saves this purpose preventing loss of human lives as well as property. In this 
paper, authors study and discuss current techniques for slope stability monitoring in detail. 
Dynamic probing test has recently been recognized as one of the feasible monitoring techniques 
for soil slope stability in an economical basis, availability and simplicity of operation compared 
to other techniques such as Global Positioning System (GPS), Total Station, Synthetic Aperture 
Radar (SAR), Displacement Sensor, Terrestrial Laser Scanning (TLS) and Acoustic Emission. 
This paper reviews the potential for using the Light Dynamic Probing (DPL) in monitoring the 
stability of untreated road side slopes.  

Key words: Light Dynamic Probing, Landslide, Slope Monitoring, Slope failure, Slope 
stability. 

 INTRODUCTION 

Slope failure is a phenomenon that can result in landslides. Landslide is considered as one of 
the major natural hazards that cause enormous social and economic losses globally (Lazzari 
and Ray, 2020). Landslides are responsible for at least 17% from all fatalities of natural hazards 
worldwide as indicated by the statistics from the Center for Research on Epidemiology of 
Disasters (CRED). The unpredicted movement of ground and landslides are unsafe for road 
users and endangers lives since large scale slope failures have the potential to cause loss of life, 
destroy properties, destruct the road and road infrastructures (Chae et al, 2017).  

Several causes can trigger a landslide, some include; geological factors due to rainfall and 
climatic change, physical factor such as the increased susceptibility of surface soil to failure, 
earthquakes factor and human factor which involves anthropogenic activities, growing 
urbanization, uncontrolled land use and increased vulnerability of population and infrastructure 
(Tatard et al, 2010). Most cases of landslides are due to human factor especially during 
construction of buildings, infrastructures as well as excavation of mine pits.  

Landslides are particularly common on new roads or railway lines on steep slopes. In 
developing countries like Tanzania, construction of infrastructures such as roads, railways and 
bridges takes up a significant role and these constructions are likely to cross landscape where 
slope cut must be controlled. Within the borders of a landslide, buildings and infrastructure 
such as transportation facilities and pipelines might be damaged or destroyed. Diligent 
monitoring of slopes for early warning are imperative for protecting lives and especially when 
the slope is near important infrastructure such as roads (Osasan and Afeni, 2010).   
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Communities in Tanzania have been facing the disaster of slope failure which has resulted in 
significant loss of lives and properties. According to the review of spatial and temporal 
distribution of landslides in Tanzania (Tegeje (2017), the report written shows direct that most 
cases of slope failure in Tanzania are due to un predication of landslides. Researchers have 
observed that imprecise design, flawed construction and non-maintenance of slopes are the 
major contributors to landslides (Kazmi, 2017). Table 1 shows a summary of some major 
recorded landslide events on road network in Tanzania since 1990’s that turned out as 
catastrophic events. 

Table 1: Impact of Landslides on the Road Network in Tanzania (Tegeje, 2017) 

No. Type Date Location Impacts No. of 
deaths 

1 Mudslide 26/4/2020 Arumeru District 
in Arusha Region 

50 homes have been destroyed 
and blocked Arusha-Moshi 
Road. 

- 

2 Mudslide 17/02/2014 Matumbatu 
between Kilosa 
and Gairo in 
Morogoro region 

Morogoro–Dodoma Road 
blocked, breakdown of 
communication for > 7 hours 

- 

3 Flash 
floods 

21/01/2014 Dumila/Dakawa 
area in Morogoro 
region  

10,000 people displaced, 
houses, roads, bridges, 
schools, churches, mosques 
and crops destroyed, villages’ 
boreholes contaminated with 
flood/muddy water) 

1 

4 Mudflow 03/12/2011 Chunya district in 
Mbeya region  

1 building, bridges and roads 
destroyed, 1776 persons 
homeless, hundreds of cows 
and goats killed 

9 

5 Mudflow 22/11/2011 Mto wa Mbu in 
Manyara region  

3 bridges, tarmac 
road  destroyed, 7 trucks 
swept away,  280 houses 
submerged in mud/ washed 
away, 3000 people homeless 

2 

6 Rotational 
Slump 

May/1999 Bugamba village 
in  Kigoma region  

devastated farmland and 
underground water pipes 

- 

7 Mudflow April/1995 Makonde Plateau 
in Mtwara region  

Farmlands, roads, other 
property  damaged 

- 

 

 SLOPE STABILITY 

Slope stability is based on the interaction between driving force and resisting force, where the 
driving force cause downslope movement of material while resisting forces prevent such 
movement. Consequently, when driving forces overcome resisting forces, the slope is unstable 
and movement occurs (Bromhead, 2019). Slope instability may occur at any slope surface that 
is not treated to prevent failure (Hearn et al., 2021). According to Mametja and Zvarivadza 
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(2017), there are four main failure mechanisms identified in natural and artificial slopes. These 
are translational, rotational, toppling and circular and are well documented in literature (Stead 
and Wolter, 2015). 

Slope failure significantly influenced by several soil conditions such as relative compaction, 
porosity, saturated permeability, in-situ water content, slope angle, and angle of the internal 
friction. Climate change is likely to alter slope and bedrock stability through changes in 
precipitation and/or temperature. Komolvilas et al (2021) presents a comprehensive failure 
analysis of local rainfall-induced landslides in Northern Thailand after a massive landslide 
occurred in a mountainous area in Northern Thailand on 28th July 2018. The researchers 
observed that the total monthly rainfalls in 2018 were significantly higher than the average 
monthly rainfalls over the past decade in Northern Thailand. 

In evaluation of slope stability, the most fundamental goal is to calculate the safety factor 
against a potential failure or landslide. The slope is considered stable if the factor of safety is 
proven to be large enough and it is not stable if found less than one. Factor of Safety is based 
on accurate geotechnical measurements, which provide information on the internal structure. 
Stability is determined by the balance of shear stress and shear strength (Salunkhe et al, 2017). 
Kalantari and Pourkhosravani (2011) discusses and categorizes the currently available methods 
for slope stability analysis in detail such as FEM and LEM where factor of safety can be 
determined for slope stability evaluation.  

 SLOPE MONITORING METHODS 

Several techniques have been introduced to monitor the stability of slopes, such as Global 
Positioning System (GPS), Total Station, Synthetic Aperture Radar (SAR), Displacement 
Sensor, Terrestrial Laser Scanning (TLS) and Acoustic Emission (McHugh and Girard, 2015). 
Each one of these slope monitoring methods offers advantages against others and also 
possesses different limitations as detailed in this section.  

3.1 Global Positioning System (GPS) method 

The Global Positioning System is a useful method for measuring displacements to evaluate 
slope stability in many countries including Tanzania (McHugh and Girard, 2015). The GPS is 
measured on the surface of slope and during the survey, monuments are placed on the ground 
covering a slope area as reference points. The coordinates of the monuments are periodically 
determined at certain intervals. The results of GPS surveys provide information on the 
magnitudes of the slope movements in the study area.  

The method usually produces highly accurate geodetic results and facilitates classification of 
slope area. Omar et al., (2004) and Ma et al. (2001) conducted a research on monitoring of 
slope stability by using GPS, the authors found that this approach is so expensive that it can 
only been used on a very limited scale. In addition, there have been few studies in consideration 
of the special conditions of slopes such as tall vegetation and high-rise buildings nearby since 
GPS satellite signals are often obstructed. This method does not limit the type of slope soil or 
geometry of slope but the slope surface can also cause GPS signal multipath errors. 

3.2 Terrestrial Laser Scanning (TLS) method 

The aim of TLS method is to record surface data under a wide range of environmental 
conditions by using TLS device. TLS has become a tool for assessing landslide hazards through 
monitoring the change of slope surface as several researches such as that conducted by Abella 
et al., (2010) and Akib et al., (2012) indicated. Since the scanning system of TLS can generate 
all of the point clouds from the area, any change on the surface can be differentiated by the 
point clouds coordinates. 
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Török et al. (2017) conducted a research based on Slope stability and rock fall hazard 
assessment using TLS, the authors found that TLS technique is adequate in site location 
consisting of hardly accessible steep slopes that are partly covered by vegetation where 
traditional surveying is not possible. The major drawback of this method is that there is no 
standard for describing precision and accuracy, thus, the influence of incidence angles, surface 
reflectivity, and ambient light conditions remain hard to understand (Syahmi et al., 2011). 
Nevertheless, TLS should not be treated as the only measurement method and should be 
supplemented with more accurate geodetic measurements, established by engineering practice 
to measure points on the slope (Bazarnik, 2018). 

3.3 Acoustic Emission (AE) method 

The Acoustic Emission method uses AE device which is often capable of detecting pre-disaster 
deformation (Dixon et al., 2003). An early warning can be given to allow for evacuation, which 
may also facilitate capturing of the slope derivation for detailed investigation and effective 
remedy (Dixon and Spriggs, 2007). Dixon et al. (2015) studied on the use of active waveguides 
as subsurface instrumentation to monitor AE generated in response to slope movements and 
found that this method is easy to assess the stability of soil cutting slopes failure by way of text 
messages.  

Chai et al. (2014) conducted a research to evaluate slope stability in Malaysia by using Acoustic 
Emission method and noted that AE technique is very effective method for monitoring and 
detecting fracture of materials, but this method lacks its practical use although exhibited 
promising application for monitoring and assessing stability of soil slopes. The researchers 
found that AE technique is not preferable in rocky soil and rock slopes since the inclinometer 
casing is installed to a depth below ground level.  This technique found to be rarely used since 
its expensive and hardly in operation processes. 

3.4 Total Station  

Recently the type of total station developed for slope stability monitoring is known as Robotic 
total station. These are known as automated total stations which are installed on a wide range 
on the slope. Installation is done looking upon the weather conditions, clarity, optical design, 
and resolution power of the camera which is a charged coupled device. These automated 
stations are positioned on the top surface of the slope so that it can visualize as much number 
of targets as possible. A network of total stations is formed connected to a common prism so 
that this prism forms a stable point to monitor the rotation orientation (Afeni and Cawood, 
2013). Some of these prisms are placed at even spacing on the slope surface to detect the 
movements. 

This method is applicable in any slope geometry and the location of monitoring points must be 
determined in consultation with the geotechnical engineer (Yadav et al, 2019). Monitoring 
points are usually located on the crest and the bench faces where must be inter visible from the 
transfer pillar beacon. According to the research conducted by Yadav et al (2019), they declared 
that the cons of this system are it should be able to monitor in clear sky condition and the 
machinery present adjacent to this total station hinders its functionality. 

3.5 Displacement Sensor 

This method involves documenting landslide information by installing surface field monitoring 
tapes that can be sequentially measured for landslide movement. Indicator of potential for slope 
movement can be assessed by observing the continuing movement of sensors which can aid in 
the characterization of the type of event. A spring coil as an actuator for displacement sensor 
to evaluate the conditions of potential hazards and landslide (Prihtiadi and Djamal, 2016). 
Furthermore, a displacement sensor designed was upgraded by the researchers to predict the 
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slope movement during a landslide, and slope failure behavior was investigated by a field 
cutting model tests.   

Kim et al. (2019) studied a displacement sensor and an Internet of Things (IoT) monitoring 
system by combining them together to monitor slope failure through cutting experiments of a 
real-scale model slope. The conclusions obtained from this method depending on the 
equipment is: When the length of the displacement sensor is less than 800mm, characteristics 
like the precursor phenomena and slope failure will not clearly observed and difficult to be used 
as data for predicting slope failures. This method requires high professional while using and 
set up the sensors on the slope that found to be expensive as well as difficulty in data processing 
and interpretation.  

3.6 Synthetic Aperture Radar (SAR) method 

An advanced version of the Synthetic Aperture Radar method uses active sensor that transmit 
microwave signals and then backscattered them from the earth’s surface, the distances between 
the sensor and the point on the earth’s surface are measured by the instrument. This method is 
able to operate for both short- and long-term slope monitoring by using SAR device in almost 
any weather condition and any type of slope geometry (Pieraccini, 2013). Despite its capability, 
SAR also presents considerable data processing and interpretation difficulties, hindering its 
popularity to a certain extent (Colesanti and Wasowski, 2006). 

Pieraccini et al, (2006) conducted a research to monitor slope stability by using SAR device 
that remotely carried out without a direct installation of sensors on the slope, thus, it provided 
an effective alternative solution for satellite survey as an advantage of SAR. The use of this 
method for long term monitoring of slopes may result in an early detection of slow movements 
of data that interferes the operations and become too expensive to be managed (Leoni et al., 
2015). 

 DYNAMIC PROBING METHODS 

Dynamic Probing Test (DPT) is an insitu soil testing method which can be applied for 
monitoring slope stability based on shear strength parameters. Most cases of geospatial tests, 
DPT is normally performed by using Dynamic probing equipment which can penetrate into the 
ground to a depth 10 m or more by adding some extension rods. This type of penetrometer is 
more accurate in monitoring slope stability hence easy determination of slope failure 
mechanism. The geometry of the slope in performance of DPT must be considered to avoid 
hammer errors since the penetrometer device should be maintain its verticality even if the slope 
is steep (Springman, et al., 2009).  

According to Stefanoff, (1990) and Avanzi et al. (2013), there are four different methods of 
using dynamic probing equipment. The authors proposed a classification of dynamic probing 
equipment based on the hammer mass, which is commonly used worldwide. Dynamic Probing 
Penetrometers are subdivided into Light (DPL), Medium (DPM), Heavy (DPH), and Super 
Heavy Dynamic Probing (DPSH) Penetrometers (Table 2).  

Table 2: Classification of dynamic probing equipment (Stefanoff et al. 1990) 

Type of probe Acronym Hammer mass, M (kg) 
Light  DPL M ≤ 10 
Medium DPM 10 < M < 40 
Heavy DPH 40 ≤ M < 60 
Super heavy DPSH M ≥ 60 
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 LIGHT DYNAMIC PROBING METHOD 

Light Dynamic Probing Test is a method that involves the use of an equipment known as DPL 
(Figure 1), this test used for various aims in geotechnical engineering such as identifying and 
estimating thickness values of weak spots, bases, subbases, and subgrades within an existing 
pavement (Jarushi, 2020). Light Dynamic Probing has been described by ASTM D 6951-03 
(2003), typically consist of 10 kg hammer or less that drops over a height of 575 mm and drives 
a 60°cone tip with 20 mm base diameter vertically into the pavement or soil layer. 

 

Figure 1: Schematic of DPL equipment 

Testing with light dynamic probing has a number of advantages in monitoring slope stability 
such as easy and quick testing that is economically viable. Within a day, a large number of tests 
can be performed. Combined with other exploration and investigation works, it provides a more 
complete insight into the geotechnical features of the investigated area. Lingwanda et al (2017) 
conducted a research based on comparison of geotechnical uncertainties linked to different soil 
characterization methods to develop the descriptive statistics on geotechnical uncertainties, the 
authors concluded that use of data from the rather cheap and fast DPL is encouraged for the 
analysis and design of shallow foundations. 

 Light dynamic probing is an in situ test method that involve laboratory tests for determination 
of various soil parameters such as shear strength parameters when dealing with slope stability 
(Dirriba, 2017).  Shear strength parameters are cohesion and angle of internal friction (𝑐  and 
∅), these are physical properties of the soil which determines shearing strength, angle of 
rupture, stability of slope and safety factor (Sujit, 2015). Dynamic probing test results are 
usually expressed in terms of millimeter per blow (mm/blow) which known as Dynamic 
Penetration Index (DPI).  Different researchers have proposed the relationship between DPI 
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and shear strength parameters for various aims including slope stability monitoring 
(Mohammadi, et al., 2008).  

 PROPOSED METHODOLOGY FOR SLOPE MONITORING 

6.1 Study area 

The study area is the 10 kilometers Lupeta – Wimba – Izumbwe road located in Mbeya District 
in Tanzania. The road is under construction to be upgraded to bitumen standard. Some of the 
roadside slope sections have started to slide after cut due to heavy rainfall while other slope 
sections give signs of failure (Figure 2). Currently, there is neither planned monitoring 
technique for the roadside slope after cut nor applied control measure to mitigate the slope 
failure.  

According to Kaya and Midilli (2020), it is not possible to detect discontinuities using DPT 
within the agglomerates due to the textural properties of soil. Visual observation of roadside 
slope at Lupeta – Wimba – Izumbwe road shows that the soil is of relatively fine texture with 
no visible agglomerates (Figure 3). This give a high chance of using Light Dynamic Probing 
Test as a visible technique for monitoring the road slope stability from the beginning since the 
slope is newly cut.  

 

Figure 2: Landslide due to rainfall at one of the slope section of Lupeta – Wimba – Izumbwe 
road during road construction after slope cut. 

Roadway 

Roadside slope failure  
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Figure 3: Nature of slope section at Lupeta–Wimba–Izumbwe road.              

6.2 Procedure for DPL method 

(i) Light dynamic probing test 
According to Stumvoll (2020) the hammer of 10 kg in weight should be dropped from height 
of 50 cm causing the rod with probe to penetrate into the slope ground while maintaining its 
verticality. At each profile change during performance of DPL, the soil sample should be taken 
for laboratory test of soil parameters.  Software for analyzing DPL data should be used to 
convert number of blows into ‘n’ value as well as to provide a full profile of the soil, such 
software includes UK DCP and DPL excel sheet. 

(ii)  Laboratory test 
The DPI with relationship to Shear strength parameters can be determined by both field and 
laboratory tests. According to Ranjan and Rao (2007), there are several laboratory tests for 
determination of laboratory shear strength parameters (𝑐  and ∅) depending on soil nature 
(drainage condition) and type of soil after conducting soil classification. These tests include 
direct shear test, Triaxial shear test, laboratory Vane shear test and bore hole shear test 
depending on condition and nature of the soil.  

(iii) Correlation between DPL test data and shear strength parameters  
Ayers et al (1989) conducted a research and found an effective use of DPL and triaxial tests to 
develop a correlation between DPI and the shear strength of soils that can provide equations 
using DPI for specific soil material obtained for various confining stress. The correlation 
between data analyzed during Light Dynamic Probing Test and results of conventional 
laboratory shear strength parameters is computed by using an excel software (Bujang and 
Baharum, 2016). The validity after generating correlations can be tested either by comparing 
results using an existing verified model (Hamid, 2015) or by selecting new slope section of the 
same soil properties that was not used to develop the correlation and then to run the same 
procedures as the results will be compared (Jarushi, 2020).  
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(iv) Slope stability monitoring method using DPL data 
The insitu measurement of DPT provide a full soil profile which is necessary to determine 
profile change at each blow and to determine a series of DPI using software mentioned in next 
paragraph by Finite Element Method (FEM). Shear strength parameters is then calculated from 
the correlation generated in excel software at each profile change depending on DPI 
(Athapaththu, et al., 2015). Shear strength parameters (friction angle of soil and soil cohesion) 
enables to determine the factor of safety. The stability of slope is determined by factor of safety 
with respect +-to different assumptions, trial and error process that can be made during 
calculation due to geometry of the slope, external loading, strength of soil, type of soil and soil 
stratification (Bromhead, 2019). 

The aim of using DPT in this study is to monitor slope stability. In order to achieve the aim of 
DPT method, a database should be composed with five model inputs including slope gradient, 
slope height, friction angle of soil, soil cohesion and peak ground acceleration and one output 
(Factor of safety) using FEM. According to Rahim et al. (2004), FEM can be applied in most 
complex condition in analyzing slope stability accurately than other slope stability analysis 
methods such as LEM. Finite element problems for slope stability normally use commercial 
software such as RS3, PLAXIS 3D, ABAQUS and ANSYS to develop short programs to solve 
as well as to monitor slope stability (Rao, 2017).     

 CONCLUSION 

This paper discusses and categorizes the available monitoring techniques for slope stability. 
Dynamic Probing Test technique overcome other techniques in terms of availability, low cost 
of the equipment, applicability in difficult terrains where access is poor, but the most in 
simplicity of operation and data analysis. The correlation between DPT data and shear strength 
parameters simplifies the application of this method in motoring slopes since no need of 
performing laboratory tests procedures for shear strength parameters. Slope stability is 
determined by the angle of the slope and the strength of the materials on it, the DPT is the 
technique that directly determines the internal structure of the soil hence easy determination of 
factor of safety for slope stability.  

From this study, a correct choice for monitoring technique of slope stability can be based on 
two important cases. First case is the location of slope which shows the slope geometry where 
the steepness of the slope is an important element to be considered. Second case is the type of 
soil, although the DPT is found to be a feasible technique to monitor slope stability in an 
economical basis, it is limited to be used in both rock slopes and rocky soils so as to avoid 
damage of DPL equipment. The study area selected for the use of DPL test fits the requirement 
of using DPL in both cases. 
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ABSTRACT 

Sound management of tailings is often neglected in Artisanal and Small-scale Gold Mining 
(ASGM) settings. Tailings may be left behind without proper stabilization or containment 
measures after the operations cease or move to new locations. This poses a risk to the environment 
and human health, especially if tailings contain residual mercury (or other toxic materials) that can 
evaporate into the atmosphere as elemental mercury or leach into surface and ground water and 
contaminate soils. The impacts include increased mercury emissions to the atmosphere; water and 
sediment contamination with mercury (including the formation of methylmercury) and other heavy 
metals; acid rock drainage; and dust emissions. This may lead to direct exposure to mercury of 
nearby communities. Moreover, physical failure of ASGM tailings ponds and dams can greatly 
damage the surrounding environment and pose further risk to human health. This paper provides 
information and practical guidance on tailings management along their lifecycle, from safe storage, 
through mercury and gold recovery, reprocessing, safe disposal and reclamation and monitoring, 
in the specific context of ASGM. In this paper, the focus is placed on Environmental Sound 
Management (ESM) of tailings contaminated with mercury, so as to inform the public on 
development and implementation of the NAP for ASGM under the Minamata Convention on 
mercury Minamata Convention on mercury with respect to tailings management. Specifically, this 
paper provides: (i) general considerations for tailings management in the context of ASGM; (ii) 
basic best practices on mercury-contaminated tailings management and safe storage; (iii) review 
of available methods to recover mercury and gold from ASGM tailings; iv) considerations for the 
final disposal, reclamation and monitoring. This paper provides an overview of the available 
knowledge on the management of mercury-containing tailings generated from the ongoing ASGM 
practices. Furthermore, relevant recommendations for the sound management of tailings along the 
mining life cycle are provided. In the conclusion, overarching and specific recommendations were 
summarized.  

Keywords: ASGM, Minamata Convention on Mercury, mercury contaminated tailings, NAP 
strategies, environmentally sound management, tailing management, mercury and gold recovery, 
disposal of contaminated tailings. 

1. INTRODUCTION 

ASGM is important to the livelihood of millions of people in over 80 countries worldwide It is 
practiced in rural areas where alternative economic prospects are limited. It is increasingly 
recognized as an opportunity to alleviate poverty and contribute to national, regional and local 
development. With the right support, the ASGM sector has the potential to transition to more 
responsible and cleaner production methods. Proper management of each processing step, 
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including the management of tailings, can help minimize its impacts on human health and the 
environment. Thus, studies and reports from different sources have been organized in this paper 
to enable the competent authorities, local government authorities, other key players in the ASGM 
sector and the miners, to manage the tailings in an ESM. The mercury supply chain, stakeholders, 
and their responsibilities in the quest for mercury-free gold must be addressed to minimize risks 
of mercury to the environment and human health. Tailings are the waste material left over after a 
portion of the valuable components has been removed from the ore. Comprised mainly of crushed 
and milled rock and water, they may also contain chemical reagents, such as mercury and/or 
cyanide, used in gold extraction. In ASGM, after operations cease or move to new locations, 
tailings are often left behind without proper stabilization or containment measures. This risks the 
environment and human health, especially if tailings contain residual mercury (or other toxic 
materials). Moreover, the physical failure of ASGM tailings ponds and dams can significantly 
damage the surrounding environment and pose further risks to human health in the ASGM 
communities. Due to inefficiencies in ore processing, some ASGM tailings contain significant 
amounts of unrecovered gold and may subsequently be reprocessed to recover it. Using cyanide to 
extract remaining gold from ASGM tailings to which mercury has been added without first 
removing the mercury is one of the worst practices. 

Recently, increased attention has been devoted to the environment and health issues related to 
mercury uses and releases worldwide (UNEP, 2008a, 2008b). Today, the largest anthropogenic 
source of mercury emissions is ASGM (Fritz et al., 2016). ASGM may be formal or informal and 
may be carried out by family groups, partnerships, co-operatives or associations, including men, 
women, seasonal workers and not infrequently, children (Basu et al., 2015; Philippine 
Government, 2011). ASGM workers typically use simple or rudimentary methods to explore, 
extract, process and transport minerals (WGC, 2015; OECD, 2012). Mercury is often used in this 
process because it readily amalgamates with gold particles present in the ore. However, the basic 
processing techniques generally employed lead to substantial emissions of mercury to the 
atmosphere and releases to water ways and the soil. ASGM attracts many people who have limited 
alternative employment opportunities, and many others who find it more profitable than work in 
agriculture, which is often the only option (Nyame and Blocher, 2010; Bryceson and Jønsson, 
2010). Larger mining operations, however, employ processes that do not involve mercury. This 
paper presents the environmentally sound management techniques and options for managing 
mercury contaminated tailings generated by ASGM. 

2. BACKGROUND INFORMATION 

2.1. Tailings from the ASGM Sector  

The tailings are by-products of mining, consisting of the processed rock, sediments or soil left over 
from the separation of the commodities of value from the rock, sediments or soil within which they 
occur. Tailings are comprised mainly of crushed and milled rock, and water, they may also contain 
chemical reagents. In case of ASGM tailings often contain often mercury and/or cyanide, used in 
the extraction of the mineral. Due to the informal, seasonal, and migratory nature of ASGM 
operations, the final steps in the ore processing lifecycle (that is, safe disposal of amalgamation 
tailings) are not applied. The tailings are often left behind without proper stabilization or 
containment measures. This poses a great risk to the environment and human health, especially if 
tailings contain residual mercury or other toxic materials that can leach into surface and ground 
water and contaminate soils. The impacts range from direct exposure to chemicals in the run off 
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(such as acids, cyanide, etc.) to dust emissions (exposure to silica dust, etc.). Moreover, flooding 
of ASGM tailings ponds can greatly damage the surrounding environment and pose a risk to human 
health. Within ASGM communities, the unsound management of mercury contaminated tailings 
might result in higher exposure of vulnerable populations such as children and women of 
childbearing age. 

ASGM miners often use mercury to separate gold from other minerals. The sector is the largest 
source of mercury emissions to the air globally, with annual emission of 838 tonnes. About 1,220 
tonnes of mercury was estimated in 2015 to be released into water and land (UNEP, 2019). Miners 
frequently use rudimentary methods and lack access to technology and process optimization. 
Adding mercury to the ore without concentrating the ore results in use of large amount of mercury 
leading to large amounts of mercury-contaminated tailings. The process, known as whole ore 
amalgamation, is recognized as one of the worst practices under the Minamata Conversion on 
Mercury (MCoM). The miners often do not capture all the gold from the ore and ASGM tailings 
sometimes contain economically viable concentrations of gold. In contrast to large-scale 
operations, where tailings are seen mainly as a final waste material, in the ASGM context, tailings 
can be a resource for reprocessing. The management of mercury-contaminated tailings is of 
particular concern when cyanide is used to extract the remaining gold from those tailings. In the 
presence of cyanide, the mercury is transformed more rapidly into its oxidized form, available for 
the microorganisms to transform it further into methylmercury in favorable conditions (Seney et 
al., 2020). Methylmercury is toxic and accumulates in the aquatic biota and further in the food 
chain. This behaviour makes cyanide leaching of mercury-contaminated materials another worst 
practice targeted for elimination under the MCoM.  

Mercury amalgamation has been in use for centuries generating great amounts of contaminated 
tailings. If gold is to be recovered from mercury-contaminated tailings from previous operations, 
or for those ongoing operations still using mercury, mercury must be removed from the tailings 
prior to cyanide leaching. However, in most ASGM conditions, mercury is not removed due to (i) 
lack of technical knowledge or awareness, (ii) economic reasons, or (iii) lack of regulations or 
enforcement. As such, the best solution for managing mercury-contaminated tailings is to avoid 
generating them in the first place. A first step could be to concentrate the ore before the 
amalgamation process. With amalgamation applied to concentrated ore, the quantity of material 
contaminated with mercury is reduced. The process should be accompanied by use of mercury 
vapour capturing device, e.g., retorts, to avoid exposure of miners to mercury vapours during 
amalgam burning.  

Finally, reclamation of the tailings’ impoundments and other parts of the mining and processing 
sites is required to restore the landscape after the mining operations cease. In large scale mining 
(LSM) operations, proper tailings management, must be planned as established during project EIA. 
In the ASGM context, the miners do not proceed with a plan in most cases due to informality, low 
awareness levels of the environmental and health impacts of mercury due to low levels of 
accountability.  

2.2. ASGM Tailings Management: NAP and the MCoM 

Article 7 of the MCoM requires each Party to the Convention with ASGM to develop and 
implement a National Action Plan (NAP) to reduce, and where feasible, eliminate mercury use in 
the ASGM sector, (as required by Annex C of the MCoM. Each NAP must include a particular set 
of strategies, as described in the Annex C of the Convention. In particular, Tanzania has developed 
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its NAP in 2020, and is currently addressing its requirements such as developing and implementing 
the Public Health Strategy (PHS) under the Ministry of Health.  

The sound management of tailings in ASGM is necessary to fully develop and implement many 
of the strategies. Key recommendations and best practices in ASGM tailings management to be 
considered while designing required strategies under the NAP are mapped and presented in Table 
1. As summarized in Table 1, tailings management in the ASGM sector crosscuts all the required 
dimensions of the NAP from environmental (E), technical (T), health (H), socio-economic (S-E) 
to legal aspects (L). 

Table 1: ASGM tailings management and NAP strategies  

NAP strategy 
Tailings management considerations/best practices Required 

dimensio
ns 

(A) Actions to 
eliminate 
worst practices 

1) Avoid generating large volumes of mercury-containing 
tailings by eliminating the worst practice of whole ore 
amalgamation. To avoid worst practice of cyanide leaching 
of tailings with mercury, remove the mercury from the 
tailings prior to reprocessing with cyanide, e.g., by using 
metal plates coated with metal mercury amalgam, applying 
thermal treatment, and applying gravimetric methods to 
separate mercury. 

E, T 

2) Due to the variable nature of ASGM tailings, there is no 
single procedure to recover mercury from tailings which fits 
all circumstances. Instead, it is necessary to examine the 
most economically, technically, and socially acceptable 
method for the conditions at each ASGM site. 

E, T 

(B) Steps to 
facilitate the 
formalization 
or regulation 
of the ASGM 
sector 

1) While designing formalization or regulation strategy ensure 
that the tailings management process is understood and 
considered, and actors involved are consulted. 

H, L, S-E 

2) Review legal and regulatory frameworks, identify gaps and 
propose improvements directly related to the governance of 
tailings management in ASGM 

E, H, L, 
S-E, T 

3) Define the responsibility of mining permit owners to 
dispose of mine tailings and in an environmentally sound 
manner.  

E, H, L, 
S-E, T 

4) Facilitate collaborative approaches among miners and 
investors to create financial mechanisms to support 
environmentally-sound gold recovery from ASGM tailings 
and effective application of regulations 

E, S-E, T 

5) Allocate financial mechanisms and responsibilities to 
ensure the sound management of tailings along the value 
chain, through mine closure, restoration, and monitoring. 

E, S-E, T 

(C) Baseline 
estimates of 
the quantities 
of mercury 

1) Ensure that key characteristics of the ASGM tailings are 
being measured and collected. This information will form a 
basis to update plans for treatment, disposal or reprocessing 
of tailings.   

E, T 
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used and the 
practices 
employed in 
ASGM and 
processing  

2) Include key ASGM tailings characteristics in the baseline 
studies e.g., mercury presence and content, other 
parameters, such as grain size, and also minerology, 
presence of cyanide or other hazardous substances (such as 
arsenic), and residual gold content. 

E, T 

(D) Strategies for 
promoting the 
reduction of 
emissions and 
releases of, 
and exposure 
to, mercury in 
ASGM and 
processing, 
including 
mercury-free 
methods 

1) Apply best practices to minimize generation of mercury-
containing tailings:  avoid the generation of mercury rich 
tailings by switching to mercury-free technologies; in the 
transition to mercury free techniques, apply concentrate 
amalgamation that produces smaller amount of 
contaminated material; and, avoiding mixing mercury-
contaminated tailings with other tailings throughout the 
entire process, including during generation, storage, 
transport and reprocessing of tailings.   

E, T 

2) Ensure that design, construction, storage and disposal of 
final ASGM tailings follow best practices, e.g.., promote the 
use of impermeable lining systems or concrete to avoid 
leaching into groundwater, covering tailings structures with 
impermeable material to prevent rainwater infiltration and 
dust emission, and choosing a location away from water 
bodies and from community settlements, grazing and 
farming areas. 

E, T 

(E) Strategies for 
managing 
illegal 
mercury trade 
for use in 
ASGM and 
processing 

1) Ensure that ASGM miners, local and national authorities 
collaborate on the collection, storage and safe disposal of 
mercury recovered during the tailings treatment in order to 
avoid diversion of recovered mercury. Create incentives for 
disposal of recovered mercury. 

E, L, S-E, 
T  

(F) Strategies for 
involving 
stakeholders in 
the NAP 
implementatio
n  

1) Inform and engage all relevant actors (including miners) 
and affected communities in the planning and execution of 
mercury-contaminated tailings management (ensuring 
participatory process). 

 

E, S-E, T  

(G) A public 
health strategy 
on the 
exposure of 
ASGM miners 
and their 
communities 
to mercury  
 

1) Inform the community about the presence of mercury-
contaminated tailings and the associated risk through signs, 
meetings, or other means of communication  

H, S-E 

2) Ensure the engagement of vulnerable populations, including 
from territories in conflict, in the decision-making process 
for sound management of tailings aiming at the protection 
of human health and the environment. 

H, S-E, T 
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(H) Strategies for 
providing 
information to 
artisanal and 
small-scale 
gold miners 
and affected 
communities 

1) Inform the community about the presence of mercury-
contaminated tailings and the associated risk through signs, 
meetings, or other means of communication   

E, H, S-E 

2) Disseminate information about mercury pollution from 
tailings and restoration programs in the affected 
communities.  

E, H, S-E 

3) Design and conduct educational programs, facilitating 
ASGM miners' opportunities to present ideas and solutions 
for acceptable practices for tailings management.   

E, H, S-E 

4) Ensure the engagement of indigenous populations, in the 
decision-making process for a sound management of tailings 
aiming at the protection of human health and the 
environment. 

E, H, S-E 

(I) Additional 
strategies to 
achieve NAP 
objectives 

1) Options for ecological restoration (e.g., reforestation, 
revegetation):  

E, T 

2) After tailings structures and other ASGM works are no 
longer in use, restore the surface grading and revegetate the 
land to reduce erosion. Ideally revegetation would also 
restore lost habitat or productive use to the site.  

E, T 

3) Designing a restoration strategy for the specific site and 
tailings material and elaborate plans based on the 
information obtained through site and tailings 
characterization, if it was conducted.  

E,# T 

4) Consult with ASGM community and apply knowledge and 
local experiences to succeed in the restoration approach. The 
most sustainable approach will be the one that best serves 
the needs of the local community.  

E, S-E 

5) Monitoring and tracking of mercury contaminated tailings E, H, T 
6) While deciding on the monitoring strategy, it is essential to 

apply baseline information obtained through tailings 
analysis and characterization, including data on mercury and 
any other contaminant presence and levels in the tailings. 

E 

7) Remote sensing methods, using satellite imagery, might be 
used to identify and track progress of the existing tailings, 
especially in the alluvial ASGM settings.  

E, T 

8) Geospatial tools may be used to keep track of the locations 
and characteristics of mercury contaminated tailings.  

E, T 

9) Periodic sampling and characterization of the tailings could 
be envisioned, to track of any potential physical or chemical 
changes to the tailings material, including level and 
speciation of mercury. 

E, T 

10) In line with Article 12 of the MCoM, Parties/countries 
should develop appropriate strategies for identifying and 
assessing sites contaminated by mercury-contaminated 
tailings for future risk reduction and remedial actions.  

E, L 
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From Table 1, the frequency table for the required dimensions (E, H, L, S-E and T) was created 
and analyzed as shown in Table 2. 

Table 2: Frequency analysis for the required dimensions in managing Hg contaminated tailings in 
the ASGM. 

NAP Strategy 
E 

Environmental 
H 

Health 
L 

Legal 

S-E 
Social-

Economic 

T 
Technical 

A 
Actions to eliminate worst 
practices 

2 0 0 0 2 

B 
Steps to facilitate the 
formalization or regulation 
of the ASGM sector 

4 3 3 5 4 

C 

Baseline estimates of the 
quantities of mercury used 
and the practices employed 
in ASGM and processing  

2 0 0 0 2 

D 

Strategies for promoting the 
reduction of emissions and 
releases of, and exposure 
to, mercury in ASGM and 
processing, including 
mercury-free methods 

2 0 0 0 2 

E 

Strategies for managing 
illegal mercury trade for 
use in ASGM and 
processing 

1 0 1 1 1 

F 
Strategies for involving 
stakeholders in the NAP 
implementation  

1 0   1 1 

G 

A public health strategy on 
the exposure of ASGM 
miners and their 
communities to mercury  

0 2 0 2 1 

H 

Strategies for providing 
information to artisanal and 
small-scale gold miners and 
affected communities 

4 4 0 4 0 

I 
Additional strategies to 
achieve NAP objectives 

9 1 1 1 8 

Total frequency 26 25 10 5 14 
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Figure 1: Pareto analysis of the required dimensions for managing mercury contamination in the 
ASGM sites. 

Pareto analysis for the results of NAP strategies in Table 2 leads to Figure 1, which shows that the 
critical dimensions for managing mercury contamination in the ASGM sector are mainly three, 
that is, environmental, technical and social-economic dimensions. The health and legal aspects 
play minimal roles. 

Based on the framework of Article 7 of the MCoM use in ASGM, this paper focuses on the 
management of tailings containing mercury resulting from ongoing ASGM activities, and that 
could either be reprocessed or safely disposed of. The management of legacy and abandoned 
tailings contaminated with mercury falls under Article 12 on contaminated sites. In view of the 
often-poor management of tailings in ASGM and the resulting impact on the environment and 
human health, this paper is centered around the necessary elements and considerations for 
improved sound management of tailings in ASGM throughout the life cycle (as shown in Figure 
2). Table 3 on the other hand gives the definitions of key terms related to the management of 
ASGM tailings. 

 
Figure 2. Sound management of ASGM tailings. 
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Table 3: Main definitions related to the sound management of ASGM tailings. 

Terminology Definition 

Cyanidation Hydrometallurgical technique for extracting gold from low-grade ore by 
converting the gold to a water-soluble coordination complex. It is the most 
commonly used leaching process for gold extraction (Rubo et al., 2006).  

Formalization Process that seeks to integrate the ASGM sector into the formal economy, 
society and regulatory system. It is a process that ensures that ASGM actors are 
licensed and organized in representative entities that represent their needs; 
policies are implemented, monitored, and enforced; and ASGM actors receive 
technical, administrative and financial support that empowers them to adhere to 
requirements prescribed by national regulations. 

Gold 
recovery 

Processes or techniques to extract gold from the ore, sediment or other 
materials. This may include a combination of comminution, mineral processing, 
hydrometallurgical, and pyrometallurgical processes.  

Governance Coordination, collaboration and understanding between all actors for effective 
mining waste management. 

Mercury 
compounds 

Any substance consisting of atoms of mercury and one or more atoms of other 
chemical elements that can be separated into different components only by 
chemical reactions. 

Mercury 
recovery 

Methods to remove and recover the residual mercury from the tailings that are 
a product of mercury amalgamation. Mercury must be removed from tailings 
prior to reprocessing with cyanide to avoid further mercury contamination. 

Mercury 
waste 

Substances or objects: (a) consisting of mercury or mercury compounds; (b) 
containing mercury or mercury compounds; or (c) contaminated with mercury 
or mercury compounds, in a quantity above the pre-established under MCoM.  

Reclamation Activities to restore or re-create the natural landscape after the mining 
operations cease. These might include for example habitat restoration, planting 
trees and vegetation. 

Remediation Actions, including appropriate decontamination techniques, undertaken for 
reducing and/or removing pollution from contaminated air, soil and water 
(ground and surface water) caused by mining operations, in order to protect 
human health and the environment against harmful effects. 

Safe disposal Physical measures to contain and stabilize the tailings, including for example 
construction of tailings ponds, neutralization of effluents, and monitoring of 
tailings facilities.  

Tailings Waste material left over after the valuable component has been removed from 
the ore.  
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Tailings 
reprocessing  

Additional treatment of ASGM tailings still containing economically viable 
concentrations of gold and other valuable minerals with cyanide, or other 
leaching agents, to recover the residual gold. 

 

3. ENVIRONMENTALLY SOUND MANAGEMENT OF MERCURY-
CONTAMINATED TAILINGS 

3.1. Tailing Management in the Context of ASGM  

3.1.1. Organizational Level and Social Considerations  

In contrast to large-scale mining (LSM) which is well structured through the strategic planning 
phase, exploration, ore extraction, processing, tailings management and closure phases, ASGM is 
characterized by a relatively lower level of organization, and limited technical capacity, resulting 
in challenges when applying appropriate tailings management solutions. The sector often misses 
the strategic planning phase, with a mining life cycle restricted to prospecting, ore extraction and 
processing, through which miners recover gold, often causing environmental contamination. 
Figure 3 presents the life cycle of both LSM and ASGM. 

 
Figure 3. The mine life cycle of: (A) large-scale mining vs. (B) life cycle of the ASGM. 

While LSM processes the ore in a single structured company, most ASGM operations usually 
involve multiple stakeholders playing different roles. For example, a concessionaire owns the 
mining title, the miner extracts the ore, the processing center owner facilitates ore processing, and 
finally other miners purchase and reprocess the produced tailings. The arrangements under which 
tailings are produced and sold are essential to consider for a sound management of tailings in the 
ASGM sector. 

In terms of organization of work, the ASGM sector is varied. For example, miners might work on 
an individual basis, within communities or in remote areas. Others work in abandoned mines or 
make arrangements with the title owner in a concessional area. Finally, miners also work in small 
associations, in many cases under an informal social organization, with clear distribution of roles 
among members of the group. In terms of actors in ASGM sector, title owners might employ the 
miners to extract minerals under their concession. The miners who extract the ore might sell the 
ore to the processing center. Afterwards, the tailings might be sold to external buyers who 
reprocess the tailings to recover gold and other minerals.  

Prospecting 
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In many regions worldwide, gold mining is performed year-round as an artisanal operation 
established for subsistence. However, in other areas, the ASGM miners work seasonally, for 
example in sub-Saharan countries, where people combine mining activity with agriculture for their 
subsistence (Hilson and Garforth, 2012). The information about tailings management in seasonal 
ASGM is limited. Generally, the miners extract the ore without any plan and control, disposing of 
the tailings in the surrounding environments where they practice gold recovery. 

Alongside these various organizations and informality context, in many regions, ASGM miners 
and owners of processing centers hold short time permits, which do not allow them to make 
planning or investment in their small operations. (Vangsnes, 2018). Moreover, many ASGM 
activities occur in areas previously explored or worked by medium or LSM companies. The lack 
of planning, often linked to the low level of organization, poor knowledge and understanding of 
gold deposits as well as geological information, leads to unsound tailings management in the 
ASGM sector. Additionally, tailings are often perceived as waste that do not have added value, 
meaning that managing tailings is an extra cost that does not generate any income for miners that 
are already struggling to make ends meet. 

3.1.2. ASGM Operational Models and Technical Considerations 

3.1.2.1. Alluvial ASGM 

In alluvial and colluvial gold deposits, the miners work close to riverbanks and adjacent land using 
elementary sluice boxes in the riverbed and excavators to extract the ore. The sluice box remains 
the most economical technique of recovering gold in ASGM alluvial mining. The most equipped 
ASGM miners use hydraulic mining technology to extract the gold from surface alluvial deposits 
and dredging at the rivers' bed. In alluvial mining, the miners process the ore in the extraction site, 
and tailings are released around the riverbanks, creating severe environmental impacts (Hilson and 
Vieira, 2007; Corpus et al., 2011). Under the operating model of alluvial ASGM, the miners 
usually release the tailings in open spaces around the mine operation. This operational mode poses 
high health and environmental risks if no control and containment measures are applied. 

3.1.2.2. Hard Rock ASGM 

In hard rock ASGM mining, extracted ore from the underground operations is often transported to 
the processing centers containing essential equipment such as crushers and drums, to crush and 
mill the ore, or advanced processing centers that can include cyanidation and flotation equipment. 
Sometimes, processing centers might also provide amalgamation services. Alternatively, some 
hard rock operations feature processing on site, following extraction. Generally, the miners crush, 
mill and concentrate the ore to recover the gold. To process the ore, different equipment, for 
example Jaw crusher and stamp mill, ball mills, , "cocos" and "chanchas", "quimbaletes" and 
"rastras" (Veiga et al. 2014; Murao et al., 2019). The above-mentioned practices are often 
associated with low gold recovery due to lack of ore characterization, including particle size, which 
is linked to inefficiency of the processes. Other miners grind the ore manually using mortars and 
pestles. In the most developed ASGM areas, the ore processing services include cyanide leaching 
systems and froth flotation techniques.  

Due to the inefficiency of the techniques applied in ASGM, amalgamation tailings often contain 
an economically valuable amount of gold, e.g., up to 30 ppm (Murao et al., 2002a). This contains 
fine or associated gold that was not captured during previous steps (gravimetric method and 
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amalgamation) and may be repossessed with cyanide or other techniques to capture the remaining 
gold.  

Miners may leave the tailings in the processing center as a form of payment or sell the material to 
others. Sometimes, small-scale gold mining companies buy mercury-contaminated tailings to 
leach with cyanide (Veiga et al., 2014). The miners commonly stock the tailings until they have 
enough material for a cyanide leaching batch. The cyanidation is carried out by using either vat 
leaching or agitated tank leaching systems. When miners sell the amalgamated tailings to others, 
tracking of tailings becomes difficult. The buyers may process the tailings with cyanide, and those 
contaminated tailings are disposed of in the next processing center. 

ASGM miners may accumulate left-over material before processing (Lanzano and Arnaldi di 
Balme, 2021), or reprocess tailings and wasted ores. This role is often performed by women who 
live close to mining areas, collecting or working in low-grade abandoned small pieces of mine 
waste rock, using mercury to recover the gold (Velásquez-López et al., 2020), without proper mine 
waste management and limited opportunity to engage in small-scale operations. The material is 
processed in a processing center using mercury to recover the gold which results in generation of 
mercury-contaminated tailings (Velasquez et al., 2020; Lanzano and Arnaldi di Balme, 2021). The 
use of mercury in the process affects women (Murao et al., 2002b), especially those of childbearing 
age, who are the most vulnerable to mercury's adverse effects.  

In both alluvial and underground mining, the miners can first characterize the ore to understand 
the particle size and other geochemical parameters that are essential to improve efficiency of the 
applied milling and concentration methods. Gravity concentration is performed to reduce the mass 
or volume of the ore and to reduce mercury use. Following these steps, the miners can produce 
mercury free tailings or a lower amount of mercury-contaminated tailings, which in turn facilitates 
easier handling, management and disposal of produced tailings. 

3.1.3. Lessons Learned from Large-Scale Mining  

UNEP, in partnership with the International Council on Mining and Metals, published a set of 
guidelines for the sound management of tailings in the LSM context – in the form of the Tailings 
Standard. This standard constitutes a good starting reference for LSM, as several initial steps could 
be replicated to the ASGM sector. The ASGM miners should follow a process of organization 
similar to LSM, education and formalization associated with mercury elimination to manage 
mercury-free tailings in an organized mining structure. One of the main findings from LSM is the 
importance of discussing the role of the state and stakeholders in tailings management for all scales 
of mining.  

The main principles for the management of tailings are summarized in the Table 4. Prior to 
addressing technical issues related to design, operation, and tailings management, emphasis is 
placed on the importance of assessing the whole mining operations, engaging the entire community 
in each area, and recognizing the affected communities' right to participate in tailings 
management's overall life cycle. The governing bodies or agencies should note the importance of 
addressing tailings management as an interdisciplinary process. The relevance of implementing 
governance in tailings management, aiming to establish policies, systems, and accountabilities for 
tailings' safe management and development of standardized practices in the ASGM sector, is also 
important. The value of a structured tailings management project, which starts with a planning 
phase and ends with the closure of operations, should be adopted.  
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Table 4. Tailings management principles. 

Key issue Principles used 
Development 
of knowledge 
base 

 1: Develop and maintain an updated knowledge base to support tailings 
management across the ASGM tailings lifecycle. 

Integration 
 2: Integrate the social, economic, environmental, and technical information 
to select the site and the technologies to minimize the risk of disposal of 
mercury-contaminated tailings. 

Affected 
communities 

 3: Respect the rights of project-affected people and enable their participation 
in decisions that affect them at all stages of the mercury-contaminated tailings 
lifecycle. 

Design, 
construction, 
operation and 
monitoring of 
the tailings 
facility 

 4: Design, construct, operate and manage the tailings holding tanks and 
ponds on the presumption that the consequences of failure classification are 
'Extreme'.  
 5: Develop a robust design that integrates the knowledge base and minimizes 
the risk of failure for all stages of the ASGM tailings lifecycle, particularly 
residues containing mercury.  
 6: Adopt design criteria that minimize the risk of mercury in the tailings. 
 7: Build and operate the tailings containments to minimize risk.  
 8: Design, implement and operate monitoring systems in surrounded 
communities. 

Management 
and 
governance 

 9: Elevate decision-making responsibility for mercury-contaminated tailings 
management with a 'Very High' or 'Extreme' Consequence Classification.  
 10: Establish roles, functions, accountabilities, and remuneration systems to 
support the integrity of the tailings produced in ASGM operations.  
 11: Establish and implement levels of review as part of solid quality and risk 
management system for all stages of the tailings lifecycle.  
 12: Appoint and empower miners in the tailings’ management approach.  
 13: Develop an organizational culture that promotes learning and early 
problem recognition during the management of mercury-contaminated 
tailings.  
 14: Respond promptly to concerns, complaints and grievances during 
tailings lifecycle. 

Emergency 
response and 
long-term 
recovery 

 15: Prepare for an emergency response to tailings management failures and 
support local-level emergency preparedness and response using best-practice 
methodologies. 
 16: Prepare for long-term recovery in the event of catastrophic failures in 
ponds holding mercury-contaminated tailings. 

Public 
disclosure and 
access to 
information 

 17: Provide public access to information on tailings management decisions, 
risks and impacts, management and mitigation plans, and performance 
monitoring of all stages of tailings lifecycle. 
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3.2. Basics of Tailings Management  

3.2.1. Amalgamation Process and Tailings Production 

ASGM miners often apply amalgamation without knowledge and understanding of the type of ore 
they are treating. During the amalgamation process, miners add mercury either to the whole ore 
(whole ore amalgamation) or to a smaller amount of previously concentrated gold (amalgamation 
of concentrate). In the concentrate amalgamation scenario, the volume of mercury-containing 
tailings produced is low in comparison to whole ore amalgamation, where the mass of mercury-
contaminated tailings is similar to the ore processed.  

As concentrate amalgamation produces a lower volume of mercury-containing tailings, it is easier 
to manipulate the residue either in the processing center or store it in another place until further 
treatment or disposal. When the miners apply whole ore amalgamation, they create a large volume 
of mercury rich tailings, which is more difficult to manage. In the worst-case scenario, they directly 
discharge it into the surrounding environment. In many ASGM areas, the common practice is the 
reprocessing of amalgamation tailings with cyanide, which worsens the impacts on human health 
and the environment due to improper storage, unsafe transportation between mining and 
processing sites, and chemical complexes generated through the mixing of mercury and cyanide, 
leading to mercury transformation and its releases in tailings solutions (Velásquez-López et al., 
2011). 

3.2.2. Best Practices to Minimize Generation of Mercury-Containing Tailings  

Eliminating mercury in ASGM is a long-term process that depends on, inter alia, availability of 
technology, formalization level, capital investment and labour division. Amalgamation of 
concentrate is a first step to reduce the use of mercury and the generation of mercury-containing 
tailings since the mercury is added to a much lower mass of ore. However, miners’ practices in 
many parts of the world still generate significant amounts of mercury contaminated tailings 
(Lanzano and Arnaldi di Balme, 2021). To improve the ore concentration process, several 
techniques are available. In hard rock mining, firstly, characterizing the ore and understanding the 
gold particle size present in ore, followed by tailored milling and a more efficient gravity 
concentration method is necessary. In alluvial mining, miners use sluice boxes with centrifuges, 
shaking tables or any type of gravity concentrating equipment. After initial concentration, the 
material can be upgraded to a final concentrate by simple hand screening and sorting following 
panning to recover coarse gold particles. The process of panning is time-consuming but often 
performed in both alluvial and hard rock ASGM, notably because it is the cheapest option to 
concentrate the gold in ASGM. Figure 4 presents the basics of tailings management. 

 
Figure 4: Basics of tailings management. 
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The use of the chemical fluxes, for example borax, when the ore is sufficiently concentrated, 
facilitates the melting process and gold refining. In ASGM, the miners take the final concentrate 
to smelt directly to produce gold ingots, a common practice used by ASGM miners in gold refining. 
The concentration using sluice boxes is a critical step to reduce mercury use in Peruvian mines 
while minimizing the production of mercury-contaminated tailings. The miners apply the smelting 
process to the concentrate using a flux to facilitate the extraction of impurities. The effectiveness 
of the method depends directly on the efficacy of the ore's initial treatment containing gold, i.e., 
gravity concentration and gold liberation. In addition, direct smelting has been suggested in 
alluvial mining after gold concentration (Vieira, 2006).  

Applying appropriate technologies for reducing the volume of mercury-containing tailings 
produced represents the first step in the sound management of tailings. The management of the 
low volume of mercury-containing tailings produced through concentrate amalgamation should be 
prioritized. If whole ore amalgamation is performed at the site, all the tailings produced should be 
assumed to contain mercury and appropriate storage and disposal solutions should be identified.  

If concentrate amalgamation is practiced, separate storage for the mercury free tailings must be 
ensured. For example, clearly mark and inform all the ASGM users about the tailings ponds that 
are designated to receive the mercury free tailings and prepare or construct in advance the storage 
solution for the low amount of mercury-containing tailings. This way the mixing of mercury-
containing material with mercury free tailings can be avoided, and in turn generation of high 
volume of contaminated material that is hazardous for human health and the environment spared. 

Utilizing mercury-free ore processing methods will ensure that tailings do not contain added 
mercury. Applying sound management practices to mercury-free tailings is less challenging than 
with mercury-contaminated tailings. If amalgamation is used, miners should avoid adding mercury 
to the whole ore (a worst practice) and instead concentrate gold from the ore before amalgamation. 
Properly applied, concentrating the ore can also increase gold recovery. Mixing mercury-
contaminated tailings with other tailings throughout the entire process should be avoided, 
including during generation, storage, transport and reprocessing of tailings. 

3.2.3. Mercury Content and Characterization of Tailings  

3.2.3.1. Mercury Content in ASGM Tailings 

Mercury in tailings can be found in its elemental form or as salt complex. It is present in both 
wastewater and solid phase. It is important to undertake mercury characterization in both aquatic 
and solid phase of the tailings. Since tailings might be reprocessed with cyanide or undergo 
flotation methods, mercury might form complexes with cyanide making it more bioavailable or 
creating ligands with other organic compounds which also affect mercury behaviour. Studies show 
mercury concentrations in ASGM tailings ranging from 0.0040 to 5000 mg/kg, depending on the 
type of extraction process which includes the possible mixing of mercury-contaminated tailings 
with other mercury free tailings as shown in Figure 5. Figure 4 shows the mercury concentration 
in the solid tailings reported in the literature (Van Straaten, 2000, Ministry of the Environment, 
Japan, 2001; Velásquez-López et al., 2010; Cordy et al., 2011; Krisnayanti et al., 2012; Veiga et 
al., 2014; Samaniego et al., 2018; Murao et al., 2019). Tailings assessed from ASGM sites across 
Ghana reports mercury content from 0.011 to 19.23 mg/kg (Basu et al., 2015 ). For liquid phase 
tailing contamination, amalgamation wastewater tailings in Philippines were reported to contain 
0.18 mg/L (Samaniego et al., 2018). Cyanidation tailings solution Merryl Crowe and carbon in 
Pulp type in Ecuador have been reported to contain up to 0.0051 mg/L and 0.0040 mg/L, 
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respectively (Velásquez-López et al., 2011). Therefore, the type of sample and location causes the 
mercury content in tailings to vary widely, necessitating good care during assessment and 
characterization. 

Tailings' geochemical characteristics have tremendous implications on the degree of impacts on 
the ecosystem and human health. For example, sulphides, which are associated with acid mine 
drainage, can affect mercury mobility. An acidic condition of tailings can also affect the physical 
and chemical properties, such as the particles pH and morphology.  

 

Figure 5: Reported mercury concentration in ASGM tailings in solid phase. 

3.2.3.2. Sampling Techniques for Characterization of ASGM Tailings  

Characterizing tailings is not a common practice among ASGM miners. The variety of techniques 
used for gold extraction and actors involved throughout the tailings life cycle may create diverse 
tailings characteristics, even in the same ASGM community. Therefore, understanding the 
characteristics of mercury-contaminated tailings, including sampling and chemical and 
mineralogical characterization, is crucial for selecting adequate tailings management strategies, 
such as mercury removal methods and tailings disposal.  

In ASGM, miners might extract the gold and release the tailings in the surrounding environments; 
or move mercury-contaminated tailings from one place to another. In both situations, tracking the 
tailings and sampling may be challenging. However, it is essential to comprehend the possible 
changes in tailing characteristics, total mercury content and the form in which it is present.  

Challenging field conditions such as steep slopes, heavy rain or hostile relationships at ASGM 
sites often do not allow to follow lengthy experimental protocols. Handy apparatuses such as 
handheld X-ray fluorescence (XRF) analyzer and detector tubes might be used for on-site 
measurement. They can also assist with the decision on choosing the most representative sample 
for more detailed analysis. ASGM miners can analyze the tailings obtained in their operations by 
applying a simple (one time) sample technique, a composite (multiple), or discrete sampling 
protocol and adjusting the method to a specific work scenario in the target ASGM site. Generally, 
a single sampling location will not accurately reflect the mercury content of tailings. A mixture of 
individual samples collected over a specific period of time (e.g., 24 hours for a daily processing 
method) represents a composite sample. The composite samples are mixed and taken to the 
laboratory for their corresponding analysis. The water or solution characteristics in a composite 
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sample represent conditions in the sampled flow during that time period. The discrete sampling 
consists of taking one or more small volume sub-samples from a tailings’ container. The number 
of discreet samples, like with composite samples, will depend on the variability, extent and 
accessibility of the tailings. Cost is also a consideration, especially if an off-site laboratory analysis 
is needed, as analysis of multiple samples is more expensive than analysis of a single (or several) 
composite sample (Pure Earth, 2021b). 

Mercury levels in a tailing pile or pond are likely to vary, sometimes significantly. Mercury may 
settle or infiltrate in tailings materials differently and evaporate from shallow tailings areas in high 
temperature areas. It is important to find and note the variation in mercury levels through the 
sampling strategy (usually through multiple point samples or multiple composite samples) so that 
the appropriate actions can be taken and areas with higher contamination can be prioritized (Pure 
Earth, 2021b). For example, in the case of concentrated amalgamation, because the total amount 
of tailings produced is essentially equivalent to the concentrate material processed, a discrete 
sample (small volume sub-sample) can be taken from final tailings produced after amalgamation 
of concentrates. 

The implementation of a sampling protocol in the TransMAPE project in Ecuador, the project 
aimed to assess the most common processing method employed by hard-rock ASGM operations 
in Southern Ecuador and track different tailings produced at the site (Velásquez-López et al., 
2020). The researchers, accompanied by the miners, implemented a pilot sampling before 
conducting the sampling procedure. The sampling protocol included the composite interval 
samples from the milling process and discrete sampling strategy. The composite sampling included 
a mix of samples taken overtime throughout several phases of the milling process. For example, 
for the milling process that lasted for about 24 hours, this involved taking multiple samples over 
that period. Discrete samples were taken in different spatial points of the surface of the holding 
tailings container's structure.  

In another work, Baena et al. (2020) described sampling methods developed in several ASGM 
mine tailings piles in Colombia. The first method consisted of taking subsamples from different 
points on the tailings’ piles using a hand sampler up to a maximum depth of 15 cm. Then, all 
subsamples were mixed to obtain a final sample. The second method involved taking subsamples 
from the sacks where ASGM miners usually store the amalgamation tailings. All subsamples were 
mixed, to get a final sample.  

The methodological approaches recommended for characterization of mercury-contaminated 
tailings should include sampling, handling and analysis of metallurgical samples as 
follows: choosing field methods for representative sampling depending on the type of ASGM 
operations, understanding in-situ physicochemical conditions, such as water/solid content of 
tailings, presence of other minerals (such as iron etc.), and implementing adequate methods for 
labelling, storage and transportation of samples. Other methods include: assessing the need and 
requirements for the laboratory analysis before taking samples, and collecting reference (control) 
samples. The sampling team should design a sampling protocol that takes into account the main 
type of processing methods where miners use mercury. The team should develop sampling 
protocols in a flexible and adaptable manner to suit particular aspects of the field's operations and 
challenges according to site characteristics.  

Another possibility includes measuring mercury content in soil gas that can assess the 
characteristics of ASGM tailing sites quickly and without excavation. Different from soil mercury 
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sampling, which can only analyze the mercury level on the soil surface, evaporated underground 
mercury diffuses through the soil cavity and will be detected on the surface. Thus, by comparing 
the mercury levels with the background sites, the extent of the tailing disposal and its mercury 
contamination level can be estimated. Or, if no difference on mercury level in the soil gas between 
a tailing site and the surroundings is observed, we may conclude that mercury was not used for the 
previous mining activity. The mercury in soil gas can be analyzed by putting a flux chamber on 
the soil surface and sucking the air into a mercury analyzer. This method cannot determine the 
exact mercury concentration level in the tailings, but it can map out the concentration profile in 
the tailing site and its surroundings easily and quickly. Beyond technical considerations, the 
following key organizational aspects for sampling tailings in ASGM sites should be considered: 
identifying critical safety, ethical, logistical and technical aspects of sampling operations; liaising 
with partner operations for a participatory sampling; and, mapping health and safety concern for 
the sampling team.  

3.2.3.3. Chemical and mineralogical characterization  

Following the sampling the collected samples should be further analyzed for their chemical 
content, including mercury, other heavy metals of interests (for example lead, arsenic, zinc) and 
gold. Complementary to the chemical characterization, a characterization of the mineralogical 
composition of tailings is also important in decision making for their management. The mercury 
present in tailings can be present in the three oxidation states, metallic mercury [Hg(0)], mercurous 
mercury [Hg(I)] and mercuric mercury [Hg(II)] forming inorganic salts, such as chlorides, nitrates, 
sulfates, and other organometallic compounds (Cortés Castillo, 2017). It is recommended to start 
with determination of total mercury first and perform analytical determination of mercury 
speciation, if necessary (Pure Earth, 2021b). Methods to determine mercury speciation in solids 
include, among others, pyrolytic and chemical extractions, extended X-ray adsorption fine 
structure spectroscopy or solid-phase-Hg-thermo-desorption (UNEP, 2010). Typically, to evaluate 
concentrations of gold in the tailings, the miners use simple panning techniques. It is also possible 
to approximate mercury content in the tailings this way, but it is not possible to quantify it through 
observations and panning.  

The tailings can be analyzed with several techniques to identify mercury content and minerals 
present in the tailings. Mercury analyses could be conducted with the following direct methods 
using either portable equipment, or in specialized laboratories: the LUMEX, or Nippon 
Instruments Corporation (NIC), portable spectrophotometer can be used for quick field analysis; 
in laboratories, the determination and quantification of the levels of mercury and other metals in 
the tailings are performed using several types of analytical equipment such as Inductively coupled 
plasma mass spectrometry (ICP-MS), or Atomic absorption spectrophotometry (AAS). Lastly, 
high-performance liquid chromatography (HPLC) coupled with vapour generation atomic 
fluorescence spectrometry (VGAFS) are also applied for the determination of mercury species 
(Sanchez-Rodas et al., 2010). 

In order to determine the gold content in tailings a fire assay test is recommended (Baena et al., 
2020). This method consists of fusing the sample with the help of reagents (lead oxide) and fluxes 
and performing chemical analysis or gravimetric determination, depending on the final conditions 
of the sample. The sample must be previously prepared by pulverization and fusion occurs in a 
crucible by subjecting the prepared sample to direct heat (between 900 and 1000°C). Although 
precise and gold industry accepted standard, the method might be time consuming and out of reach 
for most ASGM miners.  
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Alternatively, miners can use colorimetry method that can be also performed directly in field. To 
determine micro-quantities of gold in tailings, the material is treated with cyanide solution, 
followed by precipitation with zinc. The precipitate is dissolved, and color is developed using the 
stannous chloride method (Pure Earth, 2021b). The method must be performed under controlled 
conditions (in a secure container or vessel) to prevent release of potentially formed mercury-
cyanide complexes if tailings contain mercury as well. The mineralogical characterization of 
tailings is usually performed by two types of analysis: X-Ray Fluorescence (XRF) and X-Ray 
Diffraction (XRD). In addition, it is recommended to carry out other types of tests such as particle 
size distribution, release tests, determination of relative hardness, etc. (Pure Earth, 2021b). Table 
5 summarizes available techniques for the analysis and characterization of ASGM tailings. 

Table 5: Equipment for ASGM tailings characterization and mercury analysis. 

Equipment Output and uses 

Gas 
detector 
tube 

For reconnaissance survey. Low-cost tube to detect mercury from air, soil and 
water around the tailings (GASTEC website). Detection range is 1-20mg/L for 
soil and 0.05-13.2 mg/m3 for air. 

Handheld 
XRF 

For screening of hot spots. Minimum detection limit for handheld XRF is 
typically around a few ppm (OLYMPUS website). 

Inductively 
coupled 
plasma 
mass 
spectrometr
y (ICP-MS) 

High-cost scientific instrument used to analyze the present inorganic elements 
in tailings samples. This technique can determine the majority of elements 
recognized in the periodic table including mercury.  
Samples: solid (soil, rock and sediments) and liquid 
Detection limit: 0.001 ppb (Passariello et al., 1996). 

Atomic 
absorption 
spectrometr
y (AAS) 

The cold vapour atomic adsorption is the most commonly analytical technique 
used for the quantitative determination of total mercury in any sample matrix. 
Samples: solid (soil, rock and sediments) and liquid  
Detection limit: 2 ppb. 

RA 915+ 
LUMEX 
spectrophot
ometer 

A low-cost effective monitoring equipment. It is a portable equipment that 
operates under the characteristic of atomic desorption helping to determine 
total mercury in air, water, and soil. The portable spectrophotometer offers the 
opportunity to get results in fresh samples and real time from a specific site 
which in turns helps decision making for treatment and remediation.  
Samples: air, water and soil 
Detection limit for solid samples (soil, rock and sediment) 0.5 ppb (LUMEX 
instruments) 

EMP-
GOLD+ 
NIC 
spectrophot
ometer 

A low-cost, field portable battery operated; effective monitoring equipment for 
mercury flux in soil gas to survey for mercury pollution in both surface and 
deeper depth ground. Measuring principle using atomic absorption 
spectrometry, it can also be used for monitoring mercury in ambient and 
workplace air. Couple with a simple AQUA reducing kit, capable to measuring 
mercury in aqueous samples at-site. 
Samples: soil gas, air and water 
Detection limit for air 0.1 ug/m3 (direct); 0.3 ng/m3 (gold-amalgam mode) and 
water samples 0.01 ppb (direct); 0.0002 ppb (gold-amalgam mode) 
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Determining the chemical and mineralogical composition of the ASGM tailings is essential to 
understand the chemical changes occurring in the tailings through mineral processing. 
Understanding the chemical characteristic is critical as well for choosing adequate treatment (for 
example mercury removal), management and final disposal of tailings. Furthermore, because 
ASGM tailings are slurries composed of solid and liquid phase, when sampling and analyzing the 
tailings, it is crucial to separate the solid material and liquid solution to understand the 
contaminants' pathway in various media. After confirming gold and mercury content in the tailings 
through sampling and analysis, the miners may decide to dispose or reprocess the tailings.  

In order to plan for treatment, disposal or reprocessing of ASGM tailings, it is necessary to first 
determine some of their key characteristics. If they contaminated with mercury, say generated from 
amalgamation operations without specific tailings separation practices, they should be assumed to 
contain mercury, as amalgamation results in residual mercury in the tailings. Mercury flour can 
also sometimes be observed by inspecting tailings closely or using a hand lens. If the origin of the 
tailings is unknown, sampling and analysis can be used to determine if they are mercury-
contaminated. Field screening for mercury in tailings can also be conducted using a portable 
atomic absorption spectrometer or X-ray fluorescence device. Samples of tailings can be collected 
and sent to a lab for analysis of total mercury content as well as other constituents. Other important 
tailings characteristics are grain size, minerology, presence of cyanide or other hazardous 
substances (such as arsenic), and residual gold content. 

3.3. Mercury and Gold Recovery from Tailings  

3.3.1. Use of Cyanide in Gold Recovery from Tailings  

Because most amalgamation tailings still contain valuable gold, the miners often proceed to 
recover gold from those mercury-contaminated tailings. Gold recovery from tailings can be 
performed using various methods, including roasting, pressure leaching, bioleaching, flotation, 
gravitational techniques, or heap leaching. The most common method involves the use of cyanide 
as a leaching agent. This is recognized as a worst practice by the MCoM as it leads to generation 
of mercury-cyanide complexes that are highly mobile in the environment and bioavailable. 
Moreover, mercury present in the tailings may affect cost and efficiency of the gold recovery. This 
section i) presents the interactions of mercury with gold when the worst practice of cyanidation of 
mercury-containing tailings occurs, ii) reviews options for mercury recovery from tailings prior to 
gold extraction, and iii) discusses the options for best practices in cyanidation of mercury free 
tailings.  

3.3.2. Mercury-Cyanide Interactions 

When cyanide is applied to mercury-containing tailings (worst practice according to the MCoM) 
mercury and other heavy metals present in the ore can be mobilized and contaminate the 
surrounding environment. When mercury interacts with cyanide, it forms cyano complexes such 
as Hg(CN)2

 and Hg(CN)4
 which are released with the tailings. These chemical complexes are part 

of the weak acid dissociation (WAD) compounds formed in the cyanide leaching system. At lower 
pH levels, the Hg (CN)2 becomes the most predominant species (Flying and Mc Gill, 1995). As a 
result of the combination of mercury and cyanide in the gold processing, the tailings are 
contaminated with mercury and the metal is dissolved in cyanide solutions. Soluble mercury is 
released with the tailings solutions and disposed in the tailings ponds or released to the surrounding 
environment.  
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The process of mixing mercury and cyanide constitutes a dangerous and inefficient practice in 
ASGM gold recovery causing several economic and environmental problems. One such problems 
is the presence of mercury in the cyanide leaching systems increases the cyanide consumption and 
decreases the selectivity of gold and silver which affects the efficiency and increasing the cost of 
gold recovery. Also, the cyanide leaching of mercury-contaminated tailings leads to the creation 
of dissolved mercury compounds that can be transformed more easily into its bioavailable form 
(Marshall et al., 2020). Finally, the released cyanide mercury compounds are more toxic (Seney 
et al., 2020), can cause a quicker spread of contamination, and accumulation in the food chain.  

Other disadvantages of the presence of mercury in tailings that are reprocessed for gold have been 
identified. In many ASGM sites the miners perform cyanidation extracting the gold with zinc. In 
these circumstances, mercury reduces the gold cementation with zinc, affecting the efficiency of 
gold recovery. Part of the mercury and gold is released with the tailings’ solution (Velasquez-
López et al., 2011). The presence of high concentrations of mercury retards cyanidation (Wickens, 
2001). Many ASGM miners experienced this issue, causing frustration due to the system’s lack of 
understanding, decreasing cost and effectiveness. Also, the fact that cyanide forms complexes with 
other metals, such as mercury, partially accounts for cyanide consumption in gold extraction 
circuits, which generate tailings that may be difficult to treat (Miller et al., 1996). To achieve an 
efficient gold recovery from tailings, it is critical to remove mercury before the cyanide leaching.  

3.3.3. Options for Mercury Removal from Tailings and Prior to Reprocessing for Gold 
Recovery  

3.3.3.1. Industrial Techniques to Remove Mercury from the Soil  

Prior to reprocessing of mercury-contaminated tailings, mercury must be first removed. The best 
practice to manage mercury-contaminated tailings, as previously highlighted, is to reduce the 
generation of mercury-containing tailings in first place through the practice of concentrate 
amalgamation or eliminate it altogether by using mercury-free methods. The treatment of lower 
volume of mercury-containing tailings is more efficient, and economically advantageous. In 
contrast, storing and treating large quantities of mercury-containing tailings is challenging and 
more expensive. Industrial technologies to remove mercury from soils and tailings including 
processes such as soil washing, stabilization and thermal treatment are shown in Table 6 (US EPA, 
2007). Although these are industrial techniques, which may be expensive and are intended for the 
treatment of large quantities of tailings industrial mining produces, some could be adapted and 
applied to the ASGM context, where lower quantities of tailings are involved. 

Table 6: Overview of the industrial techniques to remove mercury from soil, water and wastewater 
(US EPA, 2007). 

Technology Characteristic of the method 
Solid phase 

Stabilization 
Physically confines mercury within a stabilized mass and chemically reduces 
the tailings' hazard potential by converting the contaminants into less soluble, 
mobile, or toxic forms. 

Soil washing 

It uses the principle that mercury preferentially adsorbs onto the fines fraction 
of solid matrix. The solid tailings are suspended in a wash solution, and the 
fines are separated from the suspension, thereby reducing the contaminant 
concentrations in the remaining tailings. Acid extraction uses an extracting 
chemical, such as hydrochloric acid or sulfuric acid. 
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Thermal 
treatment 

It flows into two steps of desorption and retorting. It covers an application of 
heat and reduced pressure to volatilize mercury from the contaminated tailings, 
followed by converting the mercury vapors into liquid elemental mercury by 
condensation. Off-gases may require further treatment through additional air 
pollution control devices such as carbon units. 

Liquid phase 

Precipitation 

The chemical additives transform dissolved contaminants into an insoluble 
solid or form insoluble solids onto which dissolved contaminants are adsorbed. 
The insoluble solids are then removed from the liquid phase by clarification or 
filtration. 

Adsorption 

Concentrates solutes at the surface of a sorbent, thereby reducing their 
concentration in the bulk liquid phase. The adsorption media is usually packed 
into a column. Mercury absorption occurs as contaminated water passes 
through the column. Applicable in liquids. 

Membrane 
filtration 

Separates mercury from water by passing the water through a semi-permeable 
barrier or membrane. The membrane allows some constituents to flow while 
it blocks others. 

Biological 
treatment 

Involves using microorganisms that act directly on mercury species or create 
ambient conditions facilitating the leaching of mercury from soil or 
precipitate/coprecipitate from water. 

 

Table 7: Methodologies for removing mercury in ASGM tailings. 

Method Key steps Advantages Operating 
conditions 
(T) 

Processing 
time 

Recovery 
efficiency 

Challenges 

Metal Plates 
 

This technique involves the 
use of metal coated plates 
that captures the mercury 
from the tailings material. 
The plates can be 
constructed from or coated 
with copper, silver, tin, zinc 
or mixtures of those. The 
use of coarse material, such 
as sandpaper is 
recommended. The tailings 
with mercury are flushed 
down the plates, and 
mercury sticks to the 
coating.,  

 Normal 
temperature 

- Depends on 
speciation 
of mercury 
in the 
tailings 
which in 
turn can be 
influenced 
by the age 
of the 
tailings. 

 Chemical safety 
requires professional 
personnel  

 Collected mercury 
require special 
attention in 
handling/solidification 

 Do not recover 
mercury 

Foam Flotation 
Process 
 

This technique involves an 
appropriate combination of 
reagents to recover not only 
mercury, but also gold and 
silver. This technology 
involves construction of a 
plant with a flotation 
column followed by 
transportation of tailings to 
the plant.  

Gold is 
also 
recovered 

- - Up to 75%, 
and gold 
and silver 
recovery up 
to 90% 
(Bustamante 
et al., 2019) 

pre-treating the tailings 
causes increased costs of 
treatment 

Activated 
Carbon and 
Electrodeposition 

This technology includes 
the combination of several 
methods. The technology is 

The test 
system 
captured 

- Metal 
capture: 2 
hours 

- Still under testing for 
mercury recovery 
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 primarily designed for the 
recovery of residual gold in 
tailings from artisanal 
mining and not for mercury 
recovery purposes. This is 
accompanied by an 
electrodeposition process 
that causes a precipitation of 
the compound of interest 
(Au - Hg) according to the 
voltage supplied in the 
solution (Pure Earth, 
2021a).  

gold with 
activated 
carbon  
Gold is 
recovered 

De-
absorption 
of metals 
is a slow: 
36 hours. 

Distillation 
 

This method uses a vacuum 
distillation that has been 
primarily applied for the 
extraction of mercury from 
fluorescent lights. The 
simplicity of the technique 
enables it to be applied to 
materials such as mining 
tailings. (Pure Earth, 
2021a).  

Mercury 
metal is 
captured 
Simplicity 
of the 
method 
Do not 
require 
additional 
chemicals 

200-500C 1 hour Mercury 
recovery: 
80-95% 

High energy cost 
Lacks simultaneous gold 
recovery 

Thermal 
Treatment to 
Recover Mercury 
from Tailings 

This method consists of 
heating the tailings to 
evaporate mercury. 
(Annicaert, 2013). The 
method requires pre-
treatment of tailings to 
lower moisture content. 
(Pure Earth, 2021a). 
 

Volatility 
of mercury 
allows its 
transfer 
from 
tailings to 
gas phase 
at low 
temperature 
compared 
to other 
metals. 

250C 24 hours 84% 
mercury 
recovery 

 Cost of thermal 
energy, depends on 
temperature and time 

 Requires controlled 
environmental 
safeguards, and 
security system to 
capture mercury 
vapour to avoid 
pollution emissions 
(Pure Earth, 2021a) 

 
Technologies to remove mercury from the tailings need to be adapted to the nature and reality of 
ASGM. Due to the variable nature of ASGM tailings, there is no single procedure to recover 
mercury from tailings which fits all circumstances. Instead, it is necessary to examine the most 
economically, technically, and socially acceptable methods for the conditions at each ASGM site. 
In some instances, it may not be technically and economically feasible to remove mercury from 
tailings, in which case the tailings need to be safely disposed of in accordance to ESM. Practical 
and less expensive approaches which have been tested in the field to remove mercury from tailings 
in ASGM are summarized below. Table 7 summarizes the methods available in literature and 
highlights on the advantages, operating conditions, processing time and inherent challenges. In 
case of coated metal plates, construction techniques are available in literature. However, before 
use, the plates should be entirely cleaned with nitric acid. Afterwards, the plates can be treated 
with metallic mercury forming a thin coating of amalgam. The plates can then be assembled in 
zigzag or cascade forming several plates stacked at an inclined angle, one plate on top of the next 
in a continuous flow. 

3.3.4. Challenges Facing Mercury Recovery Processes 

For the above-mentioned mercury removal techniques, it is crucial to understand the tailings 
chemical and physical characteristics before deciding on the best mercury removal techniques. The 
particle size, moisture content, and the presence of other organic compounds are some of the main 
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factors that may affect the performance of the treatment. For example, mercury forms complexes 
with sulphur to form insoluble and steady compounds (Miller et al., 1996), and the presence of 
other minerals such as sulphides may influence the recovery. Similarly, the pH of the media and 
presence of other contaminants are the major factors that may affect the recoverable treatment in 
liquid or tailings solutions (US EPA, 2007). Due to the variability of ASGM practices and physical, 
chemical and mineralogical conditions at mining sites, the risk assessment to evaluate the situation 
may include measurements of mercury present in the tailings before and after the application of 
mercury removal methods.  

The type of reprocessing method chosen has a major impact on the release and mobility of mercury 
from tailings into the environment, with cyanide leaching posing particular risks. Besides 
reprocessing methods and applied control measures, factors such as vegetation, climate, vicinity 
of the water streams or bodies should be considered as they might influence the fate and mobility 
of mercury. The assessment of impacts might be quantitative, by undertaking sampling and 
measurements, or qualitative by documenting visible impacts. Risk assessments should be based 
on the best possible knowledge and data. Therefore, the uncertainties and knowledge gaps should 
be clearly highlighted while communicating the result of risk assessment and taken into account 
when defining the technical and regulatory requirements for the mercury removal techniques and 
possible remaining trace mercury content in the tailings prior to reprocessing.  

3.3.5. Storage of Recovered Mercury 

Once mercury is recovered from the tailings its safe storage must be ensured. Personal protective 
equipment, such as masks, respirators, and gloves must be provided while handling recovered 
mercury. The storage container must be airtight, the material must be non-reactive for mercury, 
for example carbon steel, and must have the ability to withstand the weight. A protective coating 
must be applied (e.g., epoxy-type paint) against exterior corrosion (UNEP, 2019). Consider using 
small container, less than 3 liters, which are easier to transport. Each container of mercury must 
be labelled with the proper safety instructions in line with the local regulations. The transport of 
the mercury waste to the storage facility must be carefully planned and follow security measures, 
such as use of secure vehicle, clear signs and labelling, and include emergency plans and kits in 
case of spillage. The storage area should be secure and have sufficient space for the placement, 
inspection, and recovery of mercury containers in an easy and accessible way. The area must be 
ventilated and have fire protection measures (UNEP, 2019). 

3.3.6. Considerations for Safe use of Cyanide during Gold Recovery 

Once mercury has been removed from amalgamation tailings, ASGM miners have the option to 
use cyanide for gold recovery. Sound chemicals management systems, combined with 
environmental, health, and safety management systems that accommodate national regulations and 
enforcement, are preconditions for its safe and responsible use. The principal reasons for the 
prominent use of cyanide in ASGM include its wide availability, and its ability to capture fine gold 
and silver particles. The miners operate cyanidation through vat leaching or by using agitated 
tanks, in structures called percolation ponds. In others, miners use agitation tanks with zinc 
precipitation for gold recovery after cyanide leaching. The most progressive technology observed 
in ASGM is the Carbon in Pulp (CIP) process, similar to the Carbon in Leach (CIL) technology 
(UNEP, 2019).  
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3.3.7. Adapting the Cyanide Code to the ASGM Context and Optimization of the 
Processes  

The Cyanide Code is a voluntary program for companies and the organizations producing and 
transporting the cyanide used in gold mining. The Code focuses exclusively on the best practices 
and safe management of cyanide from manufacturing through transportation and during the use in 
the mining operation. The full application of the Cyanide Code reduced the incidence of 
environmental incidents involving cyanide in LSM. The use of the cyanide code in ASGM could 
help reduce the adverse cyanide impacts on the environment and human health. However, due to 
the nature of ASGM, the interest and the cost of participation of ASGM communities to enter the 
program can be prohibitive. Importantly, since the cyanide code certifies miners for the safe use 
of cyanide, mercury must be first eliminated from the processes of gold recovery. While mercury 
is in use and mercury-contaminated tailings are mixed with cyanide, the use of code will not be 
possible. 

The effective use of the cyanide code relies, among others, on the consideration of the following 
social, technical and economic aspects in enabling ASGM communities to join the Cyanide Code: 
a collaborative approach among the mining community to implements code of conduct for safety 
cyanide handling and storage, external economic support might be needed to help ASGM miners 
adhere to the code (since they have to pay to enter the program), and the need to eliminate mercury 
first before use of cyanide. Government support to organize, educate, formalize, regulate mining 
communities are also important steps to implement best cyanide management and control of 
cyanide in the tailings through the cyanide code.  

3.4. Disposal, Ecological Restoration and Monitoring of Mercury Contaminated Tailings  

3.4.1. Options for Tailings Disposal 

To safely dispose of mercury-contaminated tailings, miners should consider various on-site and 
off-site options. In most ASGM regions, the tailings are dumped on site in open areas, referred to 
as tailing ponds. This changes the site’s landscape, modifying its condition. The tailing ponds often 
receive a mix of tailings from different types of processing systems including tailings containing 
mercury. The on-site option might include immobilization and stabilization of the tailings ponds 
followed by revegetation and or remediation. The off-site options, that require transfer of tailing 
material into designated and controlled locations/vessels, might be considered if the volume of the 
tailings is low or the mercury content of the tailings is particularly high. Figure 6 shows the key 
issues regarding disposal of mercury tailings in the ASGM. 

 

Figure 6: Disposal of mercury containing tailings. 

The key factors influencing the planning for mercury-contaminated tailings disposal include the 
quantity of tailings produced and the practices ASGM miners use that in turn influence the 
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chemical characteristics of the tailings. Often, the ASGM miners mix amalgamated tailings with 
mercury-free tailings increasing the volume of mercury-contaminated tailings. Therefore, as 
highlighted before, it is a best practice to store separately the low volume of mercury-containing 
tailing to allow for easier management and disposal of mercury contaminated tailings.  

Depending on the volume of tailings produced, small containments or holding tanks can be used 
to temporarily store tailings. For example, if an artisanal miner processes 250 kg of ore, after 
concentration and addition of the mercury only to the obtained concentrate, the volume of mercury-
contaminated tailings would be less than 1 kg. Ideally, the storage tanks should be made out of 
steel and be stored in a secure place in the processing center over a fixed period of time (before 
final safe disposal. This requires supervision and maintenance. The storage of tailings containing 
mercury inside the processing center requires protection against accidental spills and disturbances  
adverse effects. The stored contaminated tailings should be protected from direct exposure to rain, 
sun, wind, flooding, and external environmental conditions. Adequate procedures and compliance 
with the local regulations must be ensured.  

In ASGM context, tailing ponds are small containments that the miners or owners of processing 
centers put in place. Estimating the quantity of tailings to be disposed of dictates the decision on 
the tailings pond's size and overall strategy for tailing's storage. Mercury-contaminated tailings 
should never be used to construct barriers for tailing containment. In such cases, it is recommended 
to use inert material or rock to build the tailings storage ponds. The embankment is built around 
the whole area of the tailings pond. The tailings are disposed of at the central part. The pond should 
be constructed ensuring its stability. The following problems can be anticipated: a) the walls of the 
tailings’ storage consist of mine tailings. b) The containment wall is too close to the river with an 
enormous risk of contamination by liquefaction. c) There is a high risk of containment failure by 
an overflow of the river or a break due to high rainfall. Another important issue is the seepage and 
leakage through the bottom of the pond, dust emissions, and direct exposure of the nearby 
communities.  

It is recommended to use impermeable barriers, geosynthetic, composite lining system 
(geomembrane-geosynthetic clay liner) or concrete tanks, to avoid leakage of harmful elements 
and prevent environmental damage. Tailings should also be covered with impermeable material to 
prevent rainwater infiltration and dust emissions. Since ASGM tailings are contaminated with 
mercury, the concrete barriers of the tailings pond should be built using borrowed material. 

3.4.2. Considerations for Tailings Disposal 

Best practices and guideline for the tailings disposal in the context of large-scale mining, including 
design, construction and monitoring of the tailing facility are well-documented. Although many 
miners work under an informal framework, the tailings pond design for final disposal of ASGM 
tailings must follow the specific characteristics of the mining operation, national guidelines and 
environmental regulations. It is essential to ensure that the tailings management plan is linked to 
the type of treated ore, extraction process, efficiency of extracting process and chemical 
characteristics of tailings. Such information will help decide on the embankment types. The 
tailings facility's construction must include necessary geological studies. For the small-scale 
industry, it is recommended, to include evaluation of the site's geotechnical conditions (including 
for example assessment of site underlying geology, susceptibility to earthquake and landslide and 
impacts of climate on site stability) to ensure the storage facility's physical stability. Besides, it is 
crucial to assess the waste material's physical-chemical characteristics, underground water and 
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surface water streams in the area, and local weather patterns. If possible, it is recommended as well 
to survey and understand the regional land planning before deciding on the construction of a 
tailings pond, even for small tailings ponds.  

Because of mercury presence in the ASGM tailings, it is crucial to ensure a secure tailings pond 
design. It is essential to know the physical and chemical characteristics of tailings such as grain 
size, sulphide and cyanide presence. Furthermore, tailings facilities should be located away from 
community settlements, grazing and farming areas to avoid exposure of the vulnerable 
populations.  

A secure tailings pond implies financial resources for the design and construction, and 
management of the tailings’ ponds. Often miners or processors do not have the economic capability 
for designing and building a safe storage pond. A thorough understanding of key stakeholders' 
roles, responsibilities and interactions within the ASGM community is essential to design and 
agree on the tailings storage and disposal system. It is also necessary to understand the labour 
model or business characteristics between miners and processing center owners regarding tailings 
transfers and ownership.  

3.4.3. Tailings Transportation  

In many areas, the miners transport the tailings to dumping sites or disposal ponds away from the 
processing site. In other instances, the ASGM miners store the mercury-contaminated tailings 
temporarily. When an adequate amount, the tailings are transported to another processing plant or 
for disposal (Veiga et al 2014; Lanzano and Arnaldi di Balmi 2021). The transportation of large 
quantities of mercury-rich tailings must be avoided by eliminating generation of high quantities of 
mercury-containing tailings in the first place (by switching to concentrate amalgamation, and 
separate storage of mercury-containing tailings). The transport must be carefully performed 
avoiding dispersion of the material during tailings transport. 

The miners could transport those tailings in a container with a tight-fitting lid, e.g., plastic bins 
with a lid for tailings with higher percentage of humidity (Pure Earth, 2021b). If possible, trucks 
with safety procedures could be arranged to avoid leakage and spills along the way. Consideration 
such as, proper labelling of the vehicle carrying hazardous material containing mercury, legal 
permits according to the local requirements and driver training should be considered (Pure Earth, 
2021b).  

3.4.4. Water Management  

The water content and tailings solutions are essential elements in the ASGM tailing’s management 
due to the potential presence of mercury and cyanide in tailings solutions and implications on 
natural streams or communities. The water released during the process of amalgamation must be 
stored separately avoiding mixing with clean water and the release of the wastewater into the soil 
or streams. The presence of water in the tailings also affects transportation. 

Miners might consider implementation of wastewater treatment in the processing plant to eliminate 
harmful elements such as mercury and cyanide from tailings solutions. This in situ treatment can 
be applied in the processing system before transporting the solid tailings. Miners can also consider 
the opportunity to implement filters pressure to remove water from the sludge. High-pressure 
filters can be used to dewater the tailings. Another option to reduce water in the tailings is to 
construct sedimentation ponds.  
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3.4.5. Ecological Restoration  

ASGM practices, especially with mercury use, might have damaging impacts on the surrounding 
community and its environment (Tomiyasu et al., 2019a; Tomiyasu et al., 2019b; Tomiyasu et al., 
2020). Improper handling, storage, and transport of mercury contaminated tailings, and 
unintentional mercury spills around ASGM communities often result in soil and water 
contamination (Espinoza et al., 2019).Moreover, ASGM operations might alter the landscape and 
impact the ecosystem resulting in deforestation, morphology changes (especially in the open pits 
or alluvial mining) and biodiversity decline. Figure 7 shows the ecological restoration principles 
applicable to ASGM environment. 

 
Figure 7: Ecological restoration principles applicable to ASGM environment. 

Full restoration and remediation (if mercury or other contaminants are present) of the ASGM sites 
might require securing a significant technical and financial capital. The option might also require 
coordination with local or national governments and other affected parties. While the full 
restoration and remediation might be prioritised for some sites, ASGM miners can also employ 
simple and relatively cheap practices to restore the landscape when the mining operation cease, 
including, for example: backfilling of the pits to restore the original morphology of the landscape, 
and revegetating the land to reduce erosion and liberating water streams. Governments can 
consider including simple restoration activities as a requirement for the mining permits and 
environmental license for ASGM miners. Nevertheless, the requirement should not be 
unrealistically burdensome and should reflect the local circumstances and capacity of the ASGM 
community.  

Although ecological restoration approaches might be conducted with local leaders and decision-
makers' participation, all actors, including other land users’ involvement are critical in the 
restoration of mercury-contaminated sites. Furthermore, it is essential to apply local experience 
and knowledge (e.g., information about historical composition, structure and function of the 
mercury-contaminated tailings and ecosystem, etc.) to succeed in the remediation approach 
(Espinoza et al., 2019).  

3.4.6. Reforestation of Alluvial ASGM Sites  

Due to the nature of alluvial mining, miners tend to abandon the ASGM sites after they have 
completed the gold extraction process. These activities are degrading the sites at an unprecedented 
rate. Within the context of community-driven ASGM remediation planning environmental quality 
of the soil can be improved by decreasing the concentration of mercury. A variety of onsite and 
offsite strategies to accomplish this objective, including immobilization, phytostabilization, 
phytoextraction, containment, excavation, thermal desorption and soil washing can be considered. 
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The following measures are most suited to the contamination context alluvial sites: closure of the 
tailing ponds and quimbaletes in proximity to the rivers; excavation and safe disposal of 
contaminated topsoil (10-30 cm) in an offsite facility; and adding a layer of waterproof gravel and 
drainage ditches to roads where soil excavation took place. 

In alluvial mining, the ASGM miners often discharge high volumes of mercury-contaminated 
tailings around river banks. In such cases, a restoration of riverine sediments and soil has to be 
considered. The need for an ecosystem rehabilitation plan is adequately linked to each ASGM 
site's requirement, demanding an understanding of the past, present and future conditions of the 
target site.  

In terms of revegetation, selection and planted of local tree species, based on miner input and 
longstanding research in the area is recommended. Frequent visits should be made to monitor 
growth and replant any seedlings that have died since the original planation. Gradually, fast-
growing pioneer species will be replaced by intermediate and late successional species, developing 
vital undergrowth and stratified canopy. Within about thirty years, the eco-system should be self-
sufficient and can be considered on the path to complete restoration (US DoS, 2019; Espinoza et 
al., 2019).  

3.4.7. Phytoremediation 

Through phytoremediation, different types of plants can be used to extract and immobilize the 
contamination. Mercury is up taken by the root systems and incorporated into plant body. 
Subsequently the plants need to be treated to extract the mercury which in turn needs to be disposed 
of safely. For example, in Indonesia, tobacco plants were used to recover metals form ASGM 
tailings (Krisnayanti et al., 2016). Although the studied ASGM tailings showed 85 mg/kg of 
mercury content, the researchers successfully recovered gold but did not track mercury. In 
Colombia (r3 Environmental Technology Ltd), plants were used for in-situ reduction and removal 
of mercury from contaminated lands. The phytoremediation techniques were chosen due to its low 
cost and the feasibility to amend biological soil productivity. In Philippines, analysis of the 
sediment samples that were collected from tailings dams and contaminated riverbanks (Hidayati 
et al., 2009) indicated that plants growing in mercury and cyanide contaminated sites accumulate 
the mercury and uptake cyanide. Mercury immobilization and fate of the mercury-containing 
plants (i.e., the need for monitoring, storage or final disposal of the contaminated material) has to 
be carefully assessed while considering the use of plants for ecological restoration in ASGM 
tailing. 

3.4.8. Adsorption 

Another remediation method involves the use of adsorbents. Adsorption can be applied using local 
absorbents such as zeolites, nanoparticles and some chitosan derivatives. Adsorption, oxidation 
and reduction can occur by presence of minerals such as pyrite (FeS2) in some tailings. The 
materials used for adsorption can be also produced by irradiating fibers with an electron beam that 
leads to formation of large amounts of active radicals on/in fibers. The generated radicals react 
with the active monomers and the graft reaction proceeds on/in the fiber to produce metal ion 
absorbable “seats” (e.g., Hori, 2013). An effective adsorption seat for adsorbing mercury is a thiol 
group (Miyazaki et al., 1999). The materials with thiol groups were shown to be effective with 
removal of oxidized mercury (Hg(II)) from the liquid phase (e.g., wastewaters).  
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3.4.9. Bioremediation 

The use of either the naturally existing or intentionally added microorganisms to transform toxic 
environmental pollutants like heavy metals to the non-toxic form is defined as bioremediation. 
These microbes (bacteria) use the toxic pollutants as an energy source in metabolic processes 
resulting in non or less-toxic by-products. In case of bioremediation of ASGM sites, mercury 
resistant bacteria are capable of actively converting inorganic Hg2+ into the metallic form of Hg0 
which is insoluble in water (Kumari et al., 2020). Because Hg2+in soil could be converted to the 
most toxic form methylmercury, reducing Hg2+ to elemental mercury Hg0 is considered to be 
detoxification and immobilization mechanism.  

To stimulate the miners to be part of an ecological restoration program it is recommended to 
engage them actively from the onset in the restoration activities (define roles and responsibilities) 
and organize educational sessions focused on the benefits of restoration and future restored land 
use possibilities. An example of community involvement is provided by Espinoza et al. (2019). 
The success of the bioremediation projects in the ASGM relies upon three main steps: developing 
restoration plans; demonstration of mercury-free technologies; demonstration of remediation 
approaches; and, involvement of government to continue restoration plans by community 
participation. 

3.4.10. Options for Ecological Restoration  

After tailings structures and other ASGM process are no longer in use, the surface can be restored 
and the land revegetated to reduce erosion. Ideally, revegetation would also restore lost habitat or 
productive use to the site. Consultation with the ASGM community and applying knowledge and 
local experiences to succeed in the restoration approach is important. The most sustainable 
approach will be the one that best serves the needs of the local community. Stimulate ASGM 
community commitment to restoration plans by engaging them actively in the restoration activities 
(ideally community engagement should be already taking place during operation of the ASGM 
site) and organizing educational sessions focused on the benefits of restoration and future restored 
land use possibilities. While designing a restoration strategy for the specific site and tailings 
material, it is recommended to include the information obtained through site and tailings 
characterization, if it was conducted. In line with Article 12 of the MCoM, Parties/countries should 
develop appropriate strategies for identifying and assessing sites contaminated by mercury-
contaminated tailings for future risk reduction and remedial actions. 

3.5. Monitoring and Tracking of Mercury-Contaminated Tailings  

Due to health and environmental hazards, mercury-containing tailings, even if soundly managed 
in a designated tailings facility, and disposed of in a controlled and safe manner, must be 
adequately monitored to track any potential impacts on the surrounding environment and local 
communities. Firstly, it is crucial to keep a record of the locations of the tailings ponds and other 
types of tailings storage facilities. New or previously unknown tailings can be identified using 
remote sensing (e.g., through analysis of the satellite and drone images). Secondly, each of the 
identified tailing locations should be monitored in order to track physical and chemical changes 
and impacts on the environment. Geospatial tools, such as GIS, can be used to support the 
monitoring and data management in a localized manner. 

While deciding on a monitoring strategy, it is essential to apply information obtained through 
tailings analysis and characterization, including data on mercury and any other contaminant 
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presence and levels in the tailings. To allow the tracking of mercury-contaminated tailings, ASGM 
governments might use for example remote sensing and other geospatial tools. Geographic 
information systems and remote sensing can help to create a geospatial database of tailings and 
potential mercury hotspots as the basis for defining locations or zones for restoration and 
monitoring of contaminated land. 

Using satellite images, ASGM tailings, especially but not limited to alluvial settings, could be 
detected and monitored over time. For example, ASMS potter is a tool that automatically identifies 
ASGM sites on satellite imagery based on a large training data set and machine learning algorithms 
that could potentially be used as well to identify and monitor tailings progression. 

Maps of the biophysical environment help describe terrestrial and aquatic units impacted by 
mercury-contaminated tailings. Managing ASGM tailings requires looking at numerous sites and 
deal with details at multiple scales that can be shared with various users. Geographic information 
systems are essential for data management, working large data sets and making their 
interpretations in a geographic area. MapX is an online platform for managing geospatial data on 
natural resources, developed by UNEP and GRID-Geneva. The Minamata NAP specific interface 
has been developed to support countries with management of geospatial data that has been 
obtained through NAP project The platform could be used for tracking the location of ASGM 
tailings and analysing its potential impacts on other land uses (water recourses, community 
locations, protected area etc.). Geospatial databases of tailings locations and characteristic would 
be as well beneficial for providing concrete information to the affected communities. In addition, 
The Toxic Sites Identification Program (TSIP) could be used to track the locations and 
characteristics of the ASGM tailings. The TSIP aims to locate and assess contaminated sites in 
low- and middle-income countries and identify those that pose the greatest threat to human health.  

Moreover, as part of the monitoring system, a periodic sampling and characterization of the tailings 
could be envisioned, to track of any potential physical or chemical changes to the tailings material, 
including level and speciation of mercury. Sustainable monitoring systems are classically 
portrayed as the interface between environment, economic and social sustainability. In this regard, 
sustainable monitoring for the objective of managing mercury-contaminated tailings and 
ecological rehabilitation of sites will be enhanced by raising awareness about the ASGM 
community's environmental problems, social inclusion, and feasibility analysis of the proposed 
approach. Expectations and interests of different stakeholders should focus on sustainability, 
especially for ASGM communities' long-term subsistence. 

3.6. Issues Related to ESM of Contaminated Tailings in ASGM 

Table 8 shows the recommended practices for several issues related to ESM of mercury-
contaminated tailings. 

Table 8: Recommended practices for managing mercury in ASGM tailings. 

Issue Recommended practice 
Minimization 
of Mercury 
rich tailings 

Use of mercury-free technologies, mercury-free ore processing methods 
Avoid mercury to the whole ore during amalgamation 
Separate mercury contaminated tailing from other tailings 

Mercury 
recovery 
from tailings 

Avoid using cyanide on gold recovery from mercury-contaminated tailings 
Separate wastewater from solids to allow different treatment methods 
Do not reprocess tailings until mercury is removed 
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Use organized and operators during cyanide use 
Implement OHS, occupational exposure monitoring during mercury recovery 

Safe use of 
cyanide 
during gold 
recovery 

Apply only on mercury-free tailings 
Minimize danger and risk of cyanide 
Include strategies for safe use of cyanide in the NAP  

Design, 
construction, 
storage and 
disposal of 
final ASGM 
tailings 

Install concrete walls in the tailings processing area 
Use impermeable lining or concrete to prevent mercury leakage 
Construct embankments with inert waste materials  
Choose a location away from community , settlements, grazing and farming 
areas 
Where possible use centralized site for disposal  

Ecological 
restoration  

When ASGM activities are abandoned , restore the land surface, revegetate 
and reduce erosion  
Engage and involve the ASGM community  
Stimulate ASGM community responsibility  
When drafting a strategy, elaborate the plans based on information available 
Use Article 12 of MCoM to develop strategies for site assessment , risk 
reduction 

Monitoring 
and tracking 
of 
contaminated 
tailings 

Use of remote sensing 
Use baseline information from tailing analysis and characterization 
Use geographical tools, e.g., GIS 
Conduct periodic sampling and testing 

 

4. CONCLUSIONS  

The best way to manage mercury-contaminated ASGM tailings is not to generate them in the first 
place, or generate much less of them. Utilizing mercury-free ore processing methods will ensure 
that tailings do not contain added mercury. Applying sound management practices to non-mercury-
contaminated tailings is less challenging compared to mercury-contaminated tailings. If mercury 
is used, limiting amalgamation to concentrates (rather than the whole ore), combined with keeping 
the two waste streams (prior to addition of mercury and post-mercury) separate, will greatly reduce 
the quantity of mercury-contaminated tailings and make management easier.  

Mercury-contaminated tailings that still contain economically viable quantities of gold are 
commonly generated in ASGM settings. In addition, legacy stockpiles of such tailings exist in 
ASGM areas throughout the world, some dating back decades or more. Applying cyanide to 
mercury-containing tailings for gold recovery is a worst practice and should not be permitted. 
Mercury must first be removed. Potential removal methods can be based on thermal, adsorption 
(e.g., metal plates), and gravimetric methods. Extreme care should be taken in any subsequent use 
of cyanide, best done by organized and trained miners that can comply with chemical management 
protocols.  

Basic best practices of sound management of tailings should be followed, especially for tailings 
containing mercury or other contaminates. These include: Keeping mercury-contaminated and 
non-mercury-contaminated tailings separated throughout storage, transport, reprocessing and 
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disposal. It is recommended not to mix them and avoid discharging tailings into a water body or 
an area susceptible to flooding and storing tailings in a sound manner. Practices depend on site 
conditions, but basic principles include ensuring groundwater or surface water do not migrate from 
the tailings structure to the environment, tailings ponds are structurally sound and dust emission is 
suppressed. It is required to make sure that the tailings are stored and disposed of away from the 
local communities. Informing the community about the presence of mercury-contaminated tailings 
and the associated risk through signs or other means of communication is important. Limiting 
access of people or animals to tailings structures by fencing is strongly recommended. Local or 
national governments should make efforts to record the location of mercury-contaminated tailings 
for future risk reduction and remedial actions. 

As with any intervention in ASGM, it is vital to understand the local political, socio-economic, 
and environmental context of the ASGM, including formal status and organization, power 
dynamics, and roles of stakeholders along the value chain of tailings. The paper has outlined the 
best practices to minimize generation of mercury containing tailings, the need for characterization 
of potential contaminants in the tailings and their risks, as well as options for mercury recovery 
from tailings, including prior to reprocessing  for gold recovery. 
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ABSTRACT 
 
Combined rice husk and wheat husk ashes (CORWHA) were prepared to replace part of the 
cement in its mixture to make building mortar. CORWHA was  processed by burning the two 
ingredients mentioned at the high temperature of 600°C for two hours. Carbonless CORWHA 
were blended in the specific mix  proportions of three mortar samples. The first sample was 
20% of CORWHA, the second was 30% of CORWHA with mix proportions of 65% and 35% 
for RHA and WHA respectively for each, while the third was 40% of CORWHA with mix 
proportions of 63% and 37% for RHA and WHA respectively. In the course of testing, 
chemical composition for both RHA and WHA indicated the wealth of silica (SiO2) and 
alkaline (K2O) such that, RHA contains 95% SiO2 and 1.67% K2O but WHA contains 63% 
SiO2 and 12.16% K2O. These results unfolded considerable benefits in masonry, notably in 
minimizing porosity. Therefore, blending CORWHA  in building mortar is constructive. 
 
Keywords: Mortar, Cement, CORWHA, RHA, WHA 
 

1. INTRODUCTION 

In recent years, the world has witnessed an increase in the demand for alternative materials to 
normal or common cement, particularly for recycling and renewing waste materials into usable 
goods. (Yu, Wong, Wu, & Poon, 2021). Almost all researchers worldwide are now focusing 
on ways to use industrial or agricultural waste as a source of raw materials for the construction 
industry (Prashant O.Modani, 2013). Small and big industries established in the world use some 
of the discarded agro-product wastes as basic raw materials to manufacture new and 
refashioned products when it comes to the specific techniques involved in engineering 
solutions to the burdens of waste (Durant & Lucas, 2018). In some countries with high 
populations and human activities, like India, it has become a major problem that causes severe 
pollution of land and water on local as well as regional and global scales (Makavana, Agravat, 
Balas, Makwana, & Vyas, 2018).  
 
Worthless products can now be turned into valuable resources. For example, rice husk ashes 
(RHA) are generally referred to as an agricultural by-product of burning husk under a 
controlled temperature of below 800 °C ( Zareei, Ameri, Dorostkar, & Ahmadi, 2017). 
Moreover, groundnut shells have become a resourceful raw material and a supplement in 
energy production. In the same way, a mixture of RHA and groundnut shell ash has been 
confirmed to make a partial replacement of ordinary Portland cement in concrete (Ogork, Uche, 
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& Elinwa, 2015). Thus, renewable resources have become a focus of ambition for research 
because they are obtained in abundance and easily; they have ecological benefits as well as 
contribute to waste management efforts by reducing environmental pollution (Terzioğlu P., 
2012; Prashant O.Modani, 2013), in the sense that they are environment-friendly, not dangerous 
to human health, light in weight, and have an economical cost-benefit ratio. Therefore, they are 
forming one of the most attractive and interesting areas of research.  
 
In the context of Tanzania, agro-product wastes such as rice husks (RH), wheat husks (WH), 
maize combs, peanut shells, and wood dust are found in very large volumes. It is estimated that 
the quantity of municipal solid waste generated countrywide is more than 10,000 tons per 
day (Chuwa, 2017). Among these wastes are agro-wastes including RH and WH. So, it's clear 
that the availability of raw materials for replacing cement is not such a problem. Right now, 
13% of waste products are used as energy sources (to make fire), food for animals, or manure, 
while 60% of wastes are thrown away poorly, and some of them are burned in the open. The 
burning causes high environmental pollution (Memon, Javed, Haris, Khushnood, & Kim, 
2021), which now will be ending after confirming the suitability of wastes to be used as 
building materials, especially agro-wastes.  
 
Scholars revealed that agricultural wastes burned at regulated temperatures of 600–700 °C  
produce good reactive ashes (Martirena & Monzó, 2017). In partial cement replacement in 
mortar, researchers show positive findings that can enhance agricultural wastes as cement 
replacement in building mortar and concrete (Paul, Mbewe, Kong, & Šavija, 2019) and (EL-
Sayed, ERFAN, & EL-NABY, 2017). A large number of scholars contribute to the study of 
RHA as supplementary cementitious materials and agree on the use of these raw materials in 
construction fields. To broaden the scope of using alternative materials to replace cement, some 
researchers opted to use fine wood waste ash as a cement replacement material for the 
production of structural concrete with acceptable strength and durability (Ban & Ramli, 2011). 
 
Snelling et al (Snellings, Mertens, & Elsen, 2012) in their conclusion to the paper titled 
"Supplementary Cementitious Materials," they detailed three advantages of adopting 
supplemental cementitious materials in the cement and building sectors. The first benefit is the 
financial gain from replacing a significant portion of Portland cement with low-cost natural 
pozzolans or industrial by-products. Second, there is a reduction in the environmental cost of 
mixed cement, which is related to greenhouse gas emissions during the manufacture of Portland 
cement. The product's increased durability is the third advantage. Additionally, increased SCM 
blending with Portland cement enables the valorization and immobilization of significant 
quantities of industrial and societal waste into construction materials while having no impact 
on the regular manufacturing process. High silica content can be found in rice husk ash (RHA), 
which is produced from rice husk using a controlled temperature method and used as an 
additional cementitious component in concrete ( Zain, Islam, Mahmud, & Jamil, 2011). Mboya 
and Malisa examined how "Rice Husk Ash" impacts high-performance concrete, particularly 
its strength and performance (Mboya et al.,2020), the results are appealing toward application 
in the construction Industry 
 
Therefore, a decent trend in the field of cement production is the focus on low-energy cement, 
the utilization of waste in cement production, and the associated reduction of CO2 emissions ( 
Devi, Lakshmi, & Alakanandana, 2017). This study was targeted to add construction raw 
materials and its literature in our country,  along with reducing environmental pollution caused 
by uncontrolled dumping of agro-wastes in the country. Unlike other researchers in the 



JOURNAL OF THE INSTITUTION OF ENGINEERS TANZANIA  ISSN: 0856 – 0196 

THE TANZANIA ENGINEER 52 VOL. 19 NO. 1, SEPTEMBER 2022 

literature, this study would look if a mix of RHA and WHA could be used as raw materials in 
masonry mortar to partially replace cement. 

2. MATERIALS AND METHODS 

The wheat husks were collected from small farmers in Sumbawanga and the rice husks were 
collected from the Kabwe rice milling machine at the disposal areas in Mbeya City before being 
incinerated separately at the controlled temperature of 600 °C for two hours. Both materials 
were fired in an uncovered room to reduce the volume as shown in Figure 1. Incineration of 
these husks as shown in  Figure 2 aims to remove carbon dioxide to produce carbonless rice 
husk ash (RHA) and wheat husk ash (WHA). After cooling at room temperature, both RHA 
and WHA were milled using the disc milling machine at the rate of 3.3 kg per hour and sieved 
through a 75𝜇 BS standard sieve where 95% of the weight of each sample passed through this 
sieve. The chemical compositions of the cement in the market from source A, WHA, and RHA 
were then tested at the Mbeya Cement Laboratory using the X-ray fluorescence technique. In 
chemical composition, the results reveal the wealth of silicon dioxide for RHA and WHA when 
you compare with the cement, as illustrated in Table 1 and Figures 3– to 6 that graph these 
results. In terms of physical properties, particularly specific surface area, RHA ranks high, 
while WHA ranks lowest when compared to the area of cement; see Table 2. 
 

Figure 1:  Husks burning at opening room temperature 

 

 Figure 2:  incinerating at controlled temperature 
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Table 1: Chemical Composition of RHA, WHA and cement 
  

Compound SiO2 Al2O3 Fe2O3 CaO MgO S
O

Na2O K2O LOI 

Cement 42.5N 14.89 3.83 3.06 60.71 0.81 2
.

0.11 0.37 13.3 

RHA 94.27 1.13 1.89 0.72 0.33 0
.

0.16 1.67 0.75 

WHA 
 

69.64 3.15 2.55 2.79 1.54 0
.

0.20 12.16 7.12 

 
Table 2: Physical properties of CORWHA, RHA, WHA, and Cement, 

 
 
 
 
 
 
 

 
 
 
 
 

        
 
Figure 3:  Cement chemical composition             Figure 4:  RHA chemical composition 

 
 
 

  
 
 

  
  

 
 

     
  
 
   
 
   Figure 5:  Cement chemical composition             Figure 6:  WHA chemical composition 

 

Materials Specific gravity SSA (cm2/g) 
Cement 3.16 4491 
CORWHA 2.21 3905 
RHA 2.05 7700 
WHA 2.21 2380 
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Standard sand was prepared and used instead of normal sand to ensure repeatable test results 
as the mortar was made for future confirmation. To meet this requirement, fine aggregate from 
the Mbarali pit was used to prepare this standard sand, as per BS 4550 – Part 6, BS 1881 – Part 
13, conditions, whereby all the sand used was passed to the 1.18mm sieve and 95% retained in 
the 150micro sieve. The chemical properties of this sand were tested at the Mbeya Water and 
Sanitation Authority Laboratory with the assistance of the World Health Organization (WHO, 
1997) formula, which is used to examine the chemical and harmful toxic levels in sand and 
water. The testing of sand is discussed by scholars in their papers. "The relevance of testing 
construction sand is to prevent the collapse of a structure owing to the usage of sand with 
impurities, too much silt, or having unacceptably toxic substances" (Ngugi, Mutuku, & Gariy, 
2014). The physical properties of this sand were conducted at the Mbeya University of Science 
and Technology (MUST) Laboratory together with RHA and WHA as raw materials for the 
study. All of these physical property tests and chemical composition tests were done to find 
out if these raw materials could be mixed with cement to make binding materials for masonry 
units that have good compressive strength. 
 
After studying the chemical composition and physical properties of RHA and WHA, they were 
combined by weight to form CORWHA, as illustrated in Figure 7(b). The CORWHA was then 
replaced with cement in the specified ratio before being mixed with weighted sand to make 
mortar testing cubes (Figure 7(a)). The 100 ASTM C109/C109M-20a 50 mm cubes and the 24 
BS EN 998-2 slates (50 mm x 50 mm x 10 mm) are the samples were prepared and cured for 
28 days, with a series of tests at 3 days, 14 days, 21 days, and finally 28 days. All of these 
samples were produced, cast, and cured in a laboratory setting to control the environment's 
temperature and humidity variations. The compressive strength of these specimens was 
performed using a compressive testing machine type 50-04642 provided by Controls 
Equipment Suppliers of Italy with a capacity of 500 kN. The test's target was to meet the 
standard of compressive strength of cement mortar, which ranges between 5 MPa and 15 MPa 
(Thamboo et al, 2020). Since mortar cube weight is directly related to the level of compaction 
of constituent materials in mortar, the cube must be weighed before being tested or crushed, as 
seen in Figure 7 (c). 
 

  (a) (b) (c) 
Figure 7:  Sample weighing; (a) fine aggregate  (b) mixing of RHA and WHA to make 

CORWHA (c) CORWHA and sand cube. 
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3. RESULTS AND DISCUSSION 

The results of the above-mentioned experiments, which were carried out at Mbeya University 
of Science and Technology in the Civil Engineering Laboratory, are displayed in Table 3 and 
supported by graphs in Figures 8 and 9. Based on the American Society for Testing Materials 
code (ASTM C39/C39M) and (BSI, 1998), a cube with CORWHA and cement with a ratio of 
40% to 60% yielded a compressive strength of 2.92 MPa at the age of 28 days. At the same 
age, a cube with a 30 per cent to 70 per cent CORWHA and cement ratio created a compressive 
strength of 5.98 MPa, while a cube with a 20 per cent to 80 per cent CORWHA and cement 
ratio generated a compressive strength of 6.13 MPa. The objective of these tests was to 
determine the optimal ratio of supplementary cementitious materials to replace part of the 
cement in construction mortar, particularly for finishing work, to achieve a minimum 
compressive strength of 5 MPa (Rodriguez & Biermeier, 2021). The best ratio for this study is 
30% to 70% cement replacement of the mix proportion of 11% WHA and 19% RHA, which 
gives a compressive strength of 5.98MPa; 30% meets the minimum limit or target of the 
research and has the highest replacement compared to 40% replacement, which gives 2.92MPa, 
and 20% replacement, which gives 6.13MPa. 

Figure 8:  Slates' strength against their ages 
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Figure 9: Cubes' strength against their ages 

 
Table 3:  Compressive Strength for CORWHA Assessment  

Age of cubes  3days 14day
s 

21day
s 

28day
s       

Mix proportion  Mortar 
 ratio 

Cube 
compressive 
area (mm²) 

N/mm² N/mm² N/mm² N/mm² 

              
OPC 70%, WHA 17%, RHA 13%  1:4 2500 1.02 2.48 2.45 4.26 

OPC 70%, WHA 11%, RHA 19%  1:4 2500 1.90 4.03 4.70 5.98 

OPC 70%, WHA 23%, RHA 7%  1:4 2500 1.89 2.87 3.07 4.00 

OPC 70%, WHA 29%, RHA 1%  1:4 2500 1.45 2.67 2.95 3.57 

OPC 100%, WHA 0%, RHA 0%  1:4 2500 3.22 4.70 8.21 11.34 

 
The results of characterization show that RHA and WHA are rich in silica (RHA, 94.27% and 
WHA, 69.64%) and alkaline (RHA, 1.67% and WHA, 12.16%). Based on the results of the 
tests, it is clear that using CORWHA has several advantages, including lowering the self-
weight of the mortar and the building, aiding in the reduction of environmental pollution, being 
less expensive (reduces 30% of the cement requirement), and providing better resistance to 
sulfate attack on the walls. As was already said, CORWHA can be used as an insulator and a 
chemical for waterproofing (Paul, Mbewe, Kong, & Šavija, 2019) 
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4.  CONCLUSION AND RECOMMENDATIONS 

The main objective of this study was to assess the suitability of combined rice husk and wheat 
husk ashes (CORWHA) as a partial replacement for cement in finishing mortar. The process 
of testing these materials for the aforementioned purpose began with the preparation of raw 
materials such as rice husks and wheat husks by firing them in a controlled temperature furnace 
at 600 °C to burn both raw materials, which was done at the Mbeya University of Science and 
Technology (MUST) laboratory. The chemical composition was tested at the Mbeya cement 
laboratory, and the results show a wealth of silica and alkaline for RHA, which contains 95 per 
cent SiO2 and 1.67 per cent alkaline (K2O), while WHA contains 63 per cent SiO2) and 12.16 
per cent alkaline (K2O), which is one of the benefits in construction, particularly in minimizing 
porosity. When the porosity is minimized, the corrosion to re-bars is reduced by generating a 
protective layer (Givi & Rashid, 2010). The acceptable mix proportion of CORHWA and 
cement in finishing mortar was 30% to 70%, although the mix proportion by weight in 
manufacturing CORHWA is 65% and 35% for rice husk ash (RHA) and wheat husk ash 
(WHA), respectively. The 30 per cent substitution in the mix proportions of WHA at 11% and 
RHA at 19% to cement 70% by weight results in a compressive strength of 5.98MPa, which 
achieves the minimum limit or target of this study. Therefore, based on the outcomes of this 
study, the conclusion was reached that CORWHA, in a 30% to 70% ratio, is acceptable for 
building work, particularly in finishing mortar. To improve the strength and workability of the 
CORWHA, additional research into rice husk ash (RHA) and wheat husk ash (WHA) is 
required, especially in a mix-proportion of RHA and WHA. 
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ABSTRACT 

Irrigated agriculture dependents on adequate and acceptable water quality. The physio-chemical 
parameters of water quality in the Sub Catchment of the Mbarali River was compared to the criteria 
of irrigation water quality. Ten sampling points located at irrigation intakes were chosen and ninety 
(90) water samples were taken during the wet season (March to May, 2021). Five parameters, 
electrical conductivity (ECw), pH, water temperature, total dissolved solids (TDS), salinity and 
resistivity values were measured directly in the field. Chemical analysis for Ca2+, Mg2+, Na+, Cl-, 
SO4

2-, HCO3
- and NO3

- was done in the laboratory. The results indicated that sodium adsorption 
ratio (SAR), Residual sodium carbonate (RSC), ECw, TDS, pH, water temperature and NH3-N 
were within the acceptable limits set out by FAO for irrigation water quality standard of MBD10 
(651144E, 9030657N) where rainwater drains through tributaries to a common outlet. However, after 
the common outlet water gets contaminated as a result of some irrigation intakes water having high 
RSC which likely results to infertile soil due to the deposition of sodium carbonate which creates 
a black color soil. The continued use of high RSC water affects crop yields. To avoid these, farmers 
in the irrigation field are advised to introduce some neutralizing agent such gypsum or sulfuric 
acid in the irrigation water. The amount and schedule of introducing such agent is the subject of 
future study. 

Key words: Irrigation water quality; physio-chemical parameter; Mbarali River Sub Catchment; 
SAR; RSC; ECw; TDS and pH 

 INTRODUCTION 

Irrigated agriculture is dependent on adequate and acceptable water supply. Water quality concerns 
have often been neglected because water of good quality have been in abundance (Shamsad and 
Islam, 2005). This situation is now changing in many areas. The demand for water is on the 
increase while the water resource is decreasing in quality (Sun et al. 2016). As such, there is an 
intensive use all good quality sources in meeting demands for new and existing irrigation schemes 
which result to the use of water that do not meet irrigation quality standard (Islam and Shamsad, 
2009). 

It is fair to note that naturally, all waters contain dissolved salts and trace elements, which results 
from natural weathering. In addition, the atherogenic activities including return water from 
irrigation fields, industrial and domestic effluent contribute to the deterioration of quality of river 
flows and groundwater aquifers (Datta et al. 2019).  
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Poor irrigation water quality has a negative effect on crop productivity (quantity), crop product 
quality, and public health of consumers and the farmers who come in direct contact with the 
irrigation water (Qadir et al., 2007; Listkas et al., 2010; Muthana, 2011). Problems originating 
from irrigation water quality can be categorized into four groups: (1) salinity hazards, (2) 
infiltration and permeability problems, (3) specific ion toxicity and (4) miscellaneous problems 
(Simsek and Gunduz, 2007).  

Water quality is usually measured by the total dissolved solids (TDS) or the electrical conductivity 
of the water (EC). A close relationship exists between the TDS of the water and the EC. Since EC 
is much easier to measure than TDS, it is used as an estimate of the total TDS concentration 
(Rusydi, 2017). A better measure of the sodium (Na) hazard for irrigation is the sodium absorption 
ratio (SAR) which is used to express the suitability of water for irrigation purposes (Alfred et al., 
2011). 

Poor quality irrigation water becomes of more concern as the climate changes from humid to arid 
conditions. Salts are originated from dissolution or weathering of rocks and soil and are carried 
with the water to wherever it is used (Nata et al., 2008). The quantity and/or composition of the 
dissolved minerals in natural water depend upon the type of rock or soil with which it has been in 
contact or through which it has passed and the duration it has been in contact with the rocks and/or 
soils. Quality of water may vary from place to place, stratum to stratum and season to season (Nag, 
2014). The determination of suitability of water would, therefore, involve a description of the 
occurrence of the various constituents and their relation to the use to which water would be put. 

To determine the irrigation water quality, there is a need to identify the nutrients requirements for 
the particular plant growth, and their acceptable concentrations limits. Having the water tested at 
site (insitu tests) and analyzed in the laboratory was the main steps in this process. The water 
quality data also provides information about geologic history of rocks and quality of the water and 
its suitability to agriculture. Several studies have reported concerning the quality of water and its 
suitability for irrigation from different parts of the world and the effect of saline water on crop 
production and soil salinity. 

Tena, 2002 investigated the probable cause of soil salinization problems in the Awash valley of 
Ethiopia, the water quality of the irrigation water source, the Awash River, and aspects of irrigation 
water management practices in two selected farms (Melka Sedi and Abadir farms). In Abadir farms 
the cause of soil salinization is saline-sodic water intrusion from Lake Beseka and in Melka Sedi 
plains, the problem is irrigation-induced salinization.  

Causapé et al., 2004 carried out a study on  diagnose of water quality for irrigation and to prescribe 
recommendations aimed at improving irrigation management and reducing the off-site pollution 
from a 15,500 ha  irrigation district located in the Ebro River Basin (Spain). The management 
strategies will conserve water of high quality in the main reservoir and will decrease the crop water 
deficits and the volume of irrigation return flows, therefore, minimizing the off-site pollution from 
this irrigation district. 

Likewise, Islam et al., 2004 assessed the levels of arsenic in irrigation water, soils and rice plants 
(grain and straw) in five districts Pabna, Chapai Nawabganj, Rajbari, Faridpur and Gopalganj of 
the Gangetic flood plains of Bangladesh during the year 2001. The arsenic concentrations for all 
samples (soil, water, grain and straw) varied considerably between locations. Generally, the 
arsenic levels in soils and waters were higher in Rajbari and Faridpur compared to the other three 
districts. 
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Raju, 2006 studied on the management of water resources and quality of water for domestic and 
irrigation in upper Gunjanaeru River basin in India. 51 water samples in post-monsoon and 46 in 
pre-monsoon seasons were collected and analyzed for various parameters (percent sodium, sodium 
adsorption ratio, residual sodium carbonate, permeability index (PI) and chloroalkaline indices). 
The overall quality of water in post-monsoon season in all chemical constituents are higher due to 
dissolution of surface pollutants and at few places due to agricultural and domestic activities.  

Also, Singh et al., 2008 carried out a study to evaluate the major ion chemistry, geochemical 
processes controlling water composition and suitability of water for domestic, industrial and 
irrigation uses of the upper catchment of the Damodar River basin in India. Water samples were 
collected and analyzed for pH, EC, TDS, Cl-, HCO3

-, SO4
2-, Ca2+, Mg2+, Na+ and K+. The 

calculated values of SAR, RSC and %Na indicated good to permissible use of water for irrigation. 
High salinity, %Na, Mg-hazard and RSC values at some sites limit use for agricultural purposes. 

Dhirendra et al., 2009 assessed water quality of river Ganga in Haridwar district for irrigation 
purpose in India. The water samples were analyzed for electrical conductivity (Ec), total dissolved 
salts (TDS), magnesium content (MC), sodium percent (SP), sodium adsorption ratio (SAR), 
residual sodium carbonate (RSC) and permeability index (PI). Study of all these characteristics 
indicates that river water in rainy season is not suitable for irrigation purpose because of high 
values of total dissolved salts, Ec and SP. 

Megersa et al., 2009 studied on the effect of Lake Basaka expansion on 
the sustainability of Matahara sugar estate in the Awash river basin, Ethiopia. The result indicated 
that the lake expanded approximately 34 km2 in the past 35 years. The water table is very shallow 
in the Abadir extension areas and north section where the water salinity is under severe condition. 
As few mentioned. 

Water quality is one of such factors affected by land use change and which is sensitive to changes 
in landscape patterns in watersheds (Xia et al., 2012; Rachmad and Nobukazu, 2013), and it is 
generally linked to land use/land cover in catchments (Ahearn et al., 2005). Water quality 
parameters in various aquatic systems have been closely linked to the proportions or types of land 
use within a watershed (Lee et al., 2009) and have been influenced by different landscape types 
(Fu et al., 2005; Fulazzaky, 2010). The increasing trend of the electrical conductivity of Mbarali 
river from the upstream to downstream may be due to mentioned factors together with the nature 
of the basement rock and geological factors. Up to this end, there is no information on the water 
quality of Mbarali river for irrigation purposes, this study attempts to create information on water 
quality for irrigation purposes. 

 MATERIALS AND METHODS 

2.1 Description of the Study Area 

The sub-catchment of Mbarali river (Figure 1) is located between latitude 7˚S and 9˚S and between 
longitude 33.8˚E and 35˚E in the upper Great Ruaha sub basin of the Rufiji basin in the southern 
highlands of Tanzania. The community dweling with the sub-catchment depends mainly on 
subsistence farming and livestock keeping for their livelihoods. The River catchment has a total 
area of 1530 km2, of which 321,500 ha is arable land that have the potential for agriculture 
production and currently 187,600 ha have been developed (TNBS, 2012). Paddy rice production 
is the main food/cash crop which makes Mbarali to be one of the main paddy rice producers. Other 
crops which are also grown include maize, sweat potatoes, sorghum, sunflower, onions, cassava, 
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beans, groundnuts and vegetables (Mutayoba et al; 2018). Apart from rain fed agriculture, the river 
catchment has some irrigated land for vegetable production and paddy rice practiced in large scale. 
The district has the total of 44,000 ha cultivated under irrigation which is equivalent to 13.7% of 
the total arable land potential for agriculture. The sub-catchment is at an altitude ranging from 
1000 to 1800 meters above sea level, and its average temperature ranges between 25˚C and 30˚C, 
while its mean annual rainfall is about 450 to 650 mm that starts from October through to April or 
May (Mutayoba et al; 2018). 

 
Figure 1: Map of Study Area 
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2.2 Data Sources and Analysis 

Water sampling locations were chosen based on the irrigation intakes immediately after the control 
gates. The water samples were collected by garb and composite sampling method based on the 
standard guidelines as described in (Masoudi et al., 2006). 

Figure 2: Water sampling locations (water intake points/ water abstractions) 

The widely accepted threshold values for classifying the suitability of water for irrigation (FAO, 
1989 and FAO, 2008) were used. The analysis for the physio-chemical parameters of the samples 
were carried out following the established analytical methods. Electrical conductivity (ECw) and 
pH (H2O), were determined using electrical conductivity meter provided with automatic 
temperature compensation and potentiometrically with pH-meter equipped with single probe 
combined glass- chromed electrode (Greenbergs et al., 1992) respectively. Soluble Na+ and K+ 
were determined by flame-photometer (Atomic Absorption Spectrophotometer) after proper 
calibration with combined Na-K standard solutions (RTI, 1991) while soluble Ca+2 and Mg+2, were 
analyzed directly by atomic absorption spectrophotometer (APHA, 1998). Chloride (C1-) and 
HCO3 ions were measured by the argentometric method, by titrating against silver nitrate standard 
solution with potassium chromate indicator (Greenbergs et al., 1992). Total dissolved solids (TDS) 
were indicated by weighting the solid residue obtained by evaporation of a measured volume of 
water samples to dryness (Chopra and Karnwar, 1980). Sulfate (SO4

2-) was analyzed 
turbidmetrically by using Ultra Violet Vissible Spetrophotometer as described by Rezwanul et al. 
(2007) and nitrate content (NO3

-) was determined with spectrophotometric (AOAC, 1990). Since 
excessive levels of exchangeable Na can adversely affect soil physico-chemical properties, SAR 
and residual sodium carbonate (RSC) of water sources were calculated as described by Mohan and 
Kumar (2009). 
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 RESULTS AND DISCUSSION 

All water samples contain varying amounts of different constituents of cations and anions. Among 
them, the main soluble cations are Ca2+, Mg2+, Na+ and K+, and anions are Cl-, SO4

2-, CO3
2- and 

HCO3
-. Out of the soluble constituents, Ca2+, Mg2+, Na+, Cl-, SO4

2- and HCO3
- are prime 

importance in judging the quality of water for irrigation as described by Mahmud et al. 2007. 
Quddus and Zaman (1996) reported some of these are beneficial and few ions in excess amounts 
are more or less detrimental for plant growth and soil properties.  

The insitu and laboratory chemical composition and quality classification of irrigation water are 
presented in Figure 3, Figure 4 and Table 1. 

Figure 3: Insitu Chemical Composition of Irrigation Water from Mbarali River 
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Figure 4: Laboratory Chemical Composition of Irrigation Water from Mbarali River 

Table 1: Classification of Irrigation Water Based on its Salinity (EC), Sodicity (SAR) and 
Residual Sodium Carbonate (RSC) Hazards in Mbarali River  
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MBD1 C1 Low 113 S1 Low 0.07 R2 Unsafe 23.3 

MBD2 C1 Low 112 S1 Low 0.08 R2 Unsafe 4.2 

MBD3 C1 Low 111 S1 Low 0.05 R2 Unsafe 30.4 

MBD4 C1 Low 110 S1 Low 0.04 R2 Unsafe 11.7 

MBD5 C1 Low 111 S1 Low 0.05 R2 Unsafe 10.5 

MBD6 C1 Low 110 S1 Low 0.04 R1 Safe -48.4 

MBD7 C1 Low 102 S1 Low 0.08 R1 Safe -5.6 

MBD8 C1 Low 105 S1 Low 0.07 R2 Unsafe 12.1 

MBD9 C1 Low 89 S1 Low 0.04 R1 Safe -22.0 
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MBD10 C1 Low 85 S1 Low 0.07 R1 Safe -64.2 

 

The electrical conductivity (EC) values of the water samples studied was found to range between 
85μS/cm for the water samples from upstream to 114μS/cm for the water samples from 
downstream (Figure 3), which may be due to the implication of effects of irrigation, use of some 
chemicals, increased value of ionic constituents and geological nature of the study area. Unlike the 
irrigation (surface) water samples in the stream from the irrigation fields indicated low EC levels 
less than 225μS/cm which make it suitable for irrigation purposes. From figure 3, the pH of the 
water samples is 8.0 indicating a moderately alkaline (FAO, 2008), and was within the safe limit 
for irrigation as it was below the recommended limit of irrigation water for irrigated agriculture 
(6.0-8.5). The TDS value ranged from 42 to 57 mg/l (Table 1), falling under two categories of 
water quality for irrigation according to FAO. The categories are no degree of restriction on use 
(<450 mg/l) and slight to moderate degree of restriction on use (450 – 2000 mg/l). The values of 
Ca2+ and Mg2+ of the water samples studied were found to range from 5.19 – 12.57mg/l and 21.5 
– 93mg/l respectively. Both of them are less than the guideline values of 200mg/l and 150mg/l. 
The HCO3

- and Cl- contents of the water samples were found to range from 38 – 64.8mg/l and 10.0 
– 74.0mg/l, respectively. The concentration of HCO3

- is higher than the standard specification of 
30mg/l, hence the degree of restriction is severe. The Cl- concentration is within the range, less 
than 250gm/l. The SO4

2- and Na+ contents of the water samples varied from 98 – 184mg/l and 0.2 
– 0.36mg/l. Both of them have no degree of restriction on use (<250 mg/l and <200). The contents 
of Nitrate (NO3

-) and Potassium (K+) ranges from 42.96 – 72.31mg/l and 1.0 – 7.6mg/l. The 
concentration of NO3

- exceeds standard specification (greater than 1.0mg/l), hence its degree of 
restriction on use is severe. The K+ content in the water samples were not problematic for irrigating 
agricultural as it is less than the standard specification (30mg/l). 

 CONCLUSION  

The values of EC, TDS, pH, temperature of water, Ca2+, Mg2+, Na+, Cl- and SO4
2- were within the 

limits set out by FAO for irrigation water quality standards. Thus, the surface water of Mbarali 
river was considered suitable for irrigated agriculture at the common outlet. However, the 
concentration of HCO3

- is high; irrigating land with such water can cause infertile soil due to the 
deposition of sodium carbonate resulting in black color of the soil. Continued usage of high HCO3

- 

water affects crop yields further, thus, the study advised to introduce a reasonable amount of 
gypsum or sulfuric acid per acre-foot in irrigation water to neutralize HCO3

-effect. 
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ABSTRACT 

The study focused on strength response of high tensile steel to heat treatment and was triggered 
by the fact that frequent fire accidents have been experienced and some of these accidents have 
resulted to loss of property. In such cases, some building becomes unserviceable. Considering the 
investment costs that the owners incurred, there is a need to account for such accidents in the 
design. Among the soft measures is through the creation of knowledge on the strength deviation 
of locally available steel under elevated temperatures. Samples of steel were heat-treated to 
temperatures of 500 °C, 650 °C and 750 °C. The samples were cooled in air to room temperature 
and a tensile testing was conducted. The results indicated that the strength of steel decreases as 
temperature increases, the strength decreases dramatically on small diameters of steel. The study 
recommends, reinforced concrete designers, can confidently use fy = 500 Mpa for all ϕ16 mm not 
exceeding a heat of 750 °C also for all ϕ12 mm bars not exceeding a heat of 650 °C. 

Keywords: Thermal mechanically treated steel, Yield tensile strength, Ultimate tensile strength, 
Steel Elongation, Strength variation trend. 

1. INTRODUCTION 

In Tanzania just like any other parts of the world, structural steel bars are widely used in 
construction, accounting for more than 50% of world steel demand (World Steel Association, 
2020). Reinforcing steel bar (rebar) is a steel bar or mesh of steel wires used as tension or 
compression in reinforced concrete and reinforced masonry structures to strengthen structural 
elements. Concrete has high compressional strength and weak in tensile forces. Rebar significantly 
increases the tensile strength of the hybrid structural element (Abdulhadi, 2014). Rebar’s surface 
is often deformed with ribs, lugs or indentations to promote adequate bond with concrete and 
reduce the likely risk of slippage. The most common types of rebar are carbon steel, typically 
consisting of hot-rolled round bars with cold deformed patterns. Other readily available types 
include stainless steel, and composite bars made of glass fibre, carbon fibre or basalt fibre. Steel 
and concrete have similar coefficients of the thermal expansion, so a concrete structural member 
reinforced with steel will experience minimal differential stresses when temperature varies (Tide, 
1998). 

Steel is an alloy of iron with definite percentage of carbon ranging from 0.15 to 1.5%, plain carbon 
steels are those containing 0.1-0.25% (Motagi and Bhosle, 2012). There are two main reasons for 
the popular use of steel: (a) it is abundant in the earth’s crust in form of Fe2O3 and little energy is 
required to convert it to Fe; and (b) it can be made to exhibit great variety of microstructures and 
thus a wide range of mechanical properties. Although there is a myriad of steel specifications, 
plain carbon steel accounts for more than 90% of the total steel output (Motagi and Bhosle, 2012).  
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A major drawback of steel in construction is that, its structural members are cursed with low fire 
resistance due high thermal conductivity and low specific heat of steel, as well as faster degradation 
of strength with temperature (Kodur et. al., 2013). As a result, steel structural members can lose 
load carrying capacity (strength and stiffness) at a rapid pace under elevated temperature 
environment like fire accidents experienced in buildings. 

Wang (2002) described the structural fire effects, the associated behaviour of steel structure, 
changes in the mechanical properties of steel and concrete as both materials become weak and 
flexible at high temperatures due to induced strains. These changes lead to various phenomena that 
can be observed under different fire related tests. Therefore, to understand the complex behaviour 
of a structural steel under high temperature conditions, it is necessary to avail the basic information 
of steel properties at elevated temperatures.  

At high temperatures, both the yield strength and tensile strength of steel decrease, as does the 
modulus of elasticity (Kankanamge, 2011). In general, at 593oC steel retains strength and stiffness 
approximately equal to 50 percent of its strength and stiffness (Williams, 2013). 

Azi et al., (2015) presented experimental and numerical studies on the fire performance of typical 
steel girders used in bridges. The steel girders were designed according to AASHTO 
specifications. Similarly, this study attempts to use the locally available steel and evaluate the 
response of heat-treatment under elevated temperatures and natural cooled to room temperatures. 

2. OBJECTIVES 

The main objective of this study was to establish the response of high tensile steel when heat 
treated and slowly cooled in air. 

The specific objectives of this study were as follows: 
(a) To collect specimen of high tensile steel and heat the steel bars at varied elevated 

temperatures using the furnace located at Mbeya University of Science and Technology 
in Tanzania; and 

(b) To evaluate the response on mechanical properties of the heated steel bars (rebar) using 
the Universal Testing Machine. 

3. METHODOLOGY 

Quantitative approach was used in this study to establish the respond of high tensile steel when 
heat treated, the following approaches were followed during laboratory testing; 

3.1 Sample Preparation 

The procedures adopted for preparing the steel bar specimen follows: 

(a) Twelve (12) typical steel bars of diameters 12 mm and 16m were randomly selected, (5 
steel bars of 16 mm diameter and 7 bars of 12 mm diameter) (Figure 1); 

(b) High tensile steel ribbed bars were cut by the use of electric disc saw to about 30 cm 
length for each; and 

(c) The steel bars specimens were marked for identification purposes during test operations.  
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Figure 1: Specimen Preparation and Labelling 

3.2 Heating and Cooling of Steel 

The procedures adopted for treating the steel bar on heat using electric furnace are as following: 

(a) The steel bar specimens were heated in an electric furnace by controlling the 
temperature to 500°C, 650°C and 750°C (Figure 2). These range were randomly selected 
and were not based on any scientific reason or concept. The study found the ranges to 
be adequate.  

(b) The heated samples were left to freely cool in the air.  

Figure 2: Specimen heating in the Electric furnace 
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3.3 Tensile Testing Procedures Using Universal Tensile Testing Machine 

After the specimen being cooled on air, the tensile test (Figure 3) was performed based on 
BS4449:2005 and the procedure followed include: 

(a) Recoding the initial diameter and length for each sample before the application of the 
tensile machine; 

(b) Inserting the specimen into the machine and removing of preloads; and 
(c) Loading the sample till it fractures and recording the fracture load, diameter at the point 

of fracture and the final gauge length. 

Based on the data obtained from this test, major parameters that were determined from the stress -
strain curve which are Yield stress or yield Point (Re), Tensile Strength (Rm), Modulus of 
Elasticity (E), and Percentage Elongation (L%), were obtained. 

Figure 3: Universal Tensile Testing Machine 

4. RESULTS AND DISCUSSION 

Clause 8.1.3 of BS 4449:2005+A2:2009 specifies procedures for evaluation of tensile strength 
results. It suggests that the individual results of the Cv shall be considered to conform if: 

(a) The individual values are greater or equal to Cv of 485 N/mm2, or 
(b) 𝜇 ≥ 𝐶 + 𝛼          (1)    

Where µ is the mean characteristic value of the parameter tested, and 𝛼1 = 10 MPa for Re, 0 for 
Rm/Re and 0% for elongation (Agt) with all individual samples greater than the minimum values 
of the parameters provided in BS 4449:2005.  

Figure 4 suggest that for 16 mm diameter bars the strength is less than 485 N/mm2 for the bars 
heated up to 750 °C while for the 12 mm diameter bars the strength is less for bars heated to 
temperatures higher than 650 °C. Therefore, this suggest that the smaller the diameter the higher 
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is the loss of its characteristic strength due to smaller ratio of area to perimeter. At a temperature 
of 750 °C, the strength of the samples are close to each other. 

Figure 4: Strength (yield and ultimate) and strain for the 12 mm and 16 mm diameter bars 

Figure 5 shows the strain exerted by the steel.  The trend shows a liner increase in strain but at 
500oC the 12 mm bar mysteriously divert from the trend and it is likely due to placement of the 
bars close to 16 mm bar during cooling. Generally, the 16 mm bar experienced higher strain.  

Figure 5: Trend of strain of the 12 mm and 16 mm bars 
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The 16 mm diameter experienced a linear elongation which is proportion al to the temperature 
while the 12 mm diameter experienced a deviation from linear at 500oC (Figure 6).  In addition, 
the variation in strength is not linear for both steel samples. Following this, it likely that when 
under fire the steel will likely not exhibit linearity and leading to the collapse of building. 

Figure 6: Elongation and strength variation 

5. CONCLUSION AND RECOMMENDATION 

The study investigated the strength response of high tensile steel’s properties of 12 mm and 16 
mm steel bars when subjected to varying temperature of 500°C, 650°C, 750°C and thereafter 
allowed to cool to room temperature. The bars were tested using a universal tensile machine. The 
study indicated that 83.3% of the samples tested surpassed the minimum characteristic yield 
strength of 485 MPa. The lower values of yield strength were observed for 12 mm bars at 650°C 
and 750°C and 16 mm bars at 750°C only. Therefore, for temperatures higher that 650oC, the 
properties of steel are not suitable.  The study recommends consideration of design which are not 
exposed to high temperature of more than 650oC in infrastructure that a prone to heat. 
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ABSTRACT 

Bridge condition assessment is the process of determining the extent and severity of defects on 
bridge elements. The defects found are quantified in terms of indices. Several bridge Authorities 
use bridge indices to plan and prioritize maintenance activities. For this study, the inventory of the 
bridge elements and defects for four bridges: Kikwete bridge located in Kigoma, Mvomero bridge 
located in Morogoro, Unkuku bridge located in Dodoma, and Nyahua bridge located in Tabora 
Tanzania was conducted.  

The results of critical bridge condition indices (BCIs) are 1.42 for the Unkuku bridge, 1.04 for the 
Nyahua bridge, 1.01 for the Mvomero bridge, and 0.97 for the Kikwete bridge. The total BCI of 
each bridge is 2.84 for Unkuku, 3.17 for Nyahua, 1.01 for Mvomero, and 5.74 for Kikwete. 

In this study, the critical BCI for bridge units at the network level has been used to prioritize 
maintenance for major repair and the total for all condition indices of each unit of a bridge has 
been used for preventive maintenance funds allocation in a network. Therefore, for the bridge 
major repair plan, priority is given to Unkuku followed by Nyahua, Mvomero, and lastly to 
Kikwete. 

In developing countries like Tanzania, most bridge Authorities have limited funds for bridge 
maintenance on which the available funds need to be proportioned.  For this study, the percentage 
of funds allocated for maintenance of each bridge has been determined based on their total 
condition indices at the network level which are 48.5% for Kikwete bridge, 22.3% for Nyahua 
bridge, 20.2% for Unkuku and 9.0% for Mvomero bridge. 

Bridge Authorities need to consider bridge maintenance prioritization and fund allocations at the 
network level in their bridge maintenance manual to plan for limited available resources.  

Keywords: Bridge elements, inventory, defects, maintenance prioritization, bridge condition 
index, budget allocation. 

 INTRODUCTION 

A bridge is a structure that crosses rivers, valleys, lakes, and the like. It connects transportation 
facilities such as roadways, railways and footpaths (Gonzalez et al., 2020). The country’s 
economic growth and sustainability are influenced by connected transportation systems through 
well-designed and maintained bridges (Darban et al., 2020). The land transportation system 
encompasses many infrastructures such as roads, bridges and railways. Bridges perform an 
essential role in connecting two or more parts of roadways or railways for the smooth flow of 
transportation modes (Jeong et al., 2018). 
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Due to traffic loading and weather effects, the Bridge elements get defective and deteriorate with 
time. Maintenance of defects found on Bridge elements is necessary to ensure long life and smooth 
communication between parts connected by the bridge (Valenzuela et al., 2010). Several defects 
may occur to the bridge elements which include cracks, dilapidation, contamination, deformation 
and loss of capacity to resist loads (Fazal, 2005). The defects are assessed and analyzed to 
determine the current condition of the bridge (Omar and Nehdi, 2018) the maintenance of it will 
be to prevent the bridge from further deterioration or to perform a major repair to restore the bridge 
element functionality. The condition assessment of the bridge elements is the process that aims at 
determining the extent and severity of damages and predicting the safety of the bridge over a 
specified remaining service life (Omar, 2018). 

The judgment of a maintenance strategy and fund allocations are mainly depending on the 
correctness of the condition assessments. In this regard, some bridge Authorities have established 
their methodologies as a guideline for bridge inspection and condition rating (Eden, 2018, Rashidi 
and Gibson, 2012). However, many bridge Authorities especially in developing countries like 
Tanzania have limited financial resources to cater to the complete maintenance of defective bridges 
at network levels (Darban et al., 2020). Due to this, there is a need to determine the level of 
deterioration of each bridge so as to decide which bridge is to be rectified first by considering the 
few available resources (Valenzuela et al., 2010). Therefore, most bridge Authorities confine 
themselves to some bridges and tend to neglect others, which leads to further deterioration of the 
facilities (Zhao and Tomm, 2018). The researchers have suggested that the bridge Authorities 
should develop methods to help decision-making by considering certain factors for maintenance 
prioritization and fund allocation, this is because limited resources could affect one's willingness 
and present biased decisions on maintenance and repair prioritization options (Carvalho et al., 
2016, Rui et al., 2019). 

In Tanzania, there are four main bridge Authorities responsible for bridge maintenance which are 
Tanzania National Roads Agency (TANROADS), Tanzania Rural and Urban Roads Agency 
(TARURA), Tanzania Railway Corporation (TRC), and Tanzania and Zambia Railway Authority 
(TAZARA). TANROADS is responsible for the Trunk and Regional roads, TARURA deals with 
the District roads, TRC deals with the railway network owned by Tanzania, and TAZARA deals 
with the railway network owned by Tanzania and Zambia. The Tanzania guideline for assessing 
and rating conditions of existing bridges uses an element-based inspection technique on which the 
guideline uses four-element level indexes which are, 1, 2, 3 & 4 and four condition states which 
are minor, slight, serious and critical damage (TANROADS and NPRA, 2007). But also, the 
guideline uses four letters which are C, T, M, and E to indicate damage consequences on bridge 
elements.  The letter “C” signifies damage or defect affecting carrying capacity, the letter “T” 
damages affecting traffic safety, the letter “M” damages affecting maintenance cost only, and the 
letter “E” damages affecting the environment/aesthetics of the bridge elements (TANROADS and 
NPRA, 2007). 

The bridge Authorities should have well-planned bridge damage inventories and inspection 
systems that will reduce fixed costs and enhance efficiency at the bridge network level and not at 
a single bridge (Rashidi and Gibson, 2012). Several approaches to determine and express the 
condition of bridges have been developed by bridge Authorities and researchers on which the worst 
element or unit conditions are used and other researchers use the aggregation of all the defects 
present (Calvert et al., 2020, Dabous and Alkass, 2010). The common procedure is to measure the 
structural significance of each bridge element by their contribution to the overall bridge integrity 
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and safety to come up with a single value that indicates the overall bridge condition status (Dabous 
and Alkass, 2010). This procedure is useful as it assists in evaluating bridge conditions in the 
bridge network and it can be used to prepare bridge maintenance plans and budgeting processes. 

Table 1: Element significance factor (Valenzuela et al., 2010). 

Element category Element type Element significance factor (Sf) 

I Barrier, footway, curbs, joints,  1 
II Foundation, abutment, wing wall 2 
III Deck, bearings, wearing course 3 
IV Beams, headstocks, piers 4 

Several studies have been conducted to investigate the significance/importance of bridge elements 
(Valenzuela et al., 2010, Wang and Elhag, 2008, Deng et al., 2014). Mansour et al., (2019) used a 
scale of 1 to 5 to rate the importance of bridge elements on which higher numbers correspond to 
the most essential element. The Tanzania bridge maintenance guideline uses a scale of 1 to 4 to 
indicate the element significance of the bridge. This scale was adopted for the determination of 
Bridge Condition Indices (BCIs) for this study. Table 1 are the bridge element categories and their 
corresponding significance factors (Valenzuela et al., 2010). 

For this study, the process of bridge condition assessment was conducted at the element level and 
aggregated the element conditions to a unit or grid level through segmental visual inspection and 
measurement of observed defects, on which the distresses were identified, measured and rated. 
Distress rating is the process of evaluating and classifying defects based on their impact so that 
priorities can be defined for immediate actions and planning for prevention or maintenance (Fazal, 
2005). The bridge deterioration level is obtained by computing the bridge condition index (BCI) 
from aggregating the element condition index and the unit condition index. The BCI explains the 
condition of the whole bridge calculated from the element condition by a single numerical value 
(Deng et al., 2014). Different representation of the bridge condition index has been suggested by 
different researchers on which the critical element condition, critical unit condition and average 
unit conditions are used (TANROADS and NPRA, 2007, https://www.bridgestation.co.uk, 21st 
July, 2022). The Tanzania bridge guideline assesses bridge damages based on different bridge 
elements and calculation and evaluation of overall bridge adequacy are not covered in the 
guideline, therefore in this study, the evaluation of bridge condition is based on critical element 
condition (TANROADS and NPRA, 2007). 

The guideline emphasizes a thorough visual inspection of the defects in all elements of a bridge 
structure, both above and below the water level. But also, the defects inspection and measurements 
can be supplemented by destructive and non-destructive testing methodology to determine the 
extent of the damage (TANROADS and NPRA, 2007). The tests which may be supplemented 
include a concrete rebound hammer, cover meter, sound waves, x - rays, concrete core samples 
and steel samples for laboratory testing.  

The defects can be quantified manually or using modern technologies such as Light Detection and 
Ranging (LiDAR), which can provide bridge as-built and inventory data and the surface condition 
information such as location, area, and volume of defects on surfaces, undersides, and support 
columns (Hoensheid, 2012). Some defects that are likely to occur on bridge elements are surface 
delineation, cracking, scaling, spalling, carbonation, corrosion of reinforcing steel, potholes and 
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rutting (TANROADS and NPRA, 2007, Hoensheid, 2012, Choudhury and Hasnat, 2015, 
Alsharqawi et al., 2016). 

To make the process of defect inventory, assessment and evaluation easier, the bridge Authorities 
use a coding system to identify the type of bridge defects for condition assessment (TANROADS 
and NPRA, 2007, Bień et al., 2016, FHWA 2014). For example, the Polish Road Authority in 
Poland uses two-letter coding to identify the type of defect and type of construction material of 
elements in which the first letter represents defect type and the second letter represents a material 
type. In this regard, for example, the letters “CB” indicates that “C” is water leakage and “B” is 
concrete material (Echaveguren, T., & Dechent, P., 2019). The Tanzania guideline uses a digit 
coding system to indicate defects such as “203” on which “2” denotes the damage to the concrete 
element and “03” denotes leakage. 

This study aimed at determining bridge conditions by calculating condition indices of elements 
and aggregating them to unit/grid/axis level. The critical units/grid conditions are considered as 
conditions of the bridge for maintenance prioritizations (bridge major repair) at the network level. 
The total conditions of all units/grids of the bridge have been used to determine percentage 
resource allocation in case of limited available resources for bridge preventive maintenance at the 
network level. However, bridge condition indices (BCIs) can be expressed as a priority index or 
can be integrated with other predetermined criteria to develop the priority index (Valenzuela et al., 
2010, Echaveguren and Dechent, 2019). In this regard, the allocation of the maintenance budget 
can be calculated using the priority index. Echaveguren and Dechent (2019) used the priority index 
developed by Valenzuela et al., (2010) to allocate the maintenance costs. 

 INVESTIGATION OF THE BRIDGE CONDITION 

The flaws in bridge elements may occur due to various causes which include faulty design, material 
defects, fault construction, insufficient maintenance, environment, loading and accidents 
(TANROADS and NPRA, 2007, Zhang et al., 2022). A bridge can be divided into substructure, 
superstructure and attached facilities/elements to approaches, river courses and decks. This study 
did not assess the defects of the attached facilities i.e. water pipes and lighting utilities. For the 
case of defects assessment, the bridge is divided into units/grids/axes of the main span as a 
reference system for damage location as indicated in figure 1 and figure 2 (TANROADS and 
NPRA, 2007, RHD and JICA, 2018). The division of units/axes is from abutment to pier and pier 
to pier for multi-span bridges and abutment to abutment for single-span bridges and they are used 
to identify the defects in bridge components and elements starting from the lowest chainage for 
longitudinal direction and from the left side to the right side for transverse direction toward the 
road direction. A bridge unit/grid/axis is a group of identical sections divided for easy assessment 
of a large structure (TANROADS and NPRA, 2007, RHD and JICA, 2018). Therefore, each unit 
is inspected separately to obtain the status condition of each element for a particular unit. 
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Figure 1: Showing division of axis (Axis A – G) (TANROADS and NPRA, 2007). 

A bridge unit may comprise a bridge deck/slab, beams, barriers, suspenders, columns, cables, truss 
members, expansion joints, pedestrian walkway/sidewalk, wearing course, bearings, abutments, 
piers, foundations, wing walls, aprons and gabions. 

 
Figure 2: Common bridge-type units as indicated by span number Echaveguren and Dechent 

(2019) 

The defects or damages to be assessed on bridge elements includes cracks, deformations, surface 
delineation, scaling, spalling, carbonation, corrosion of reinforcing steel, potholes and rutting.  
Other researchers complement visual inspection and defect analysis with automated systems for 
gathering and interpreting data (Valenzuela et al., 2010). 

2.1 Cracks 

Cracks are the common signs of structural defects, mainly in concrete, steel, stone masonry, etc. 
Cracks can affect surface appearance, and they can also affect structural integrity. The guideline 
considers the location, width, and length of cracks in the evaluation of the extent of the damage 
(TANROADS and NPRA, 2007). However, for the wearing course, the evaluation of cracks 
considers the width and size of the affected area. The guideline demonstrates that the crack width 
on a wearing course of up to 2 mm is ranked as a minor crack, 2 mm to 5 mm is ranked as an 
average crack, 5 mm to 10 mm is ranked as a big crack and more than 10 mm is ranked as critical 
crack (TANROADS and NPRA, 2007). However, the size of crack width for concrete materials is 
less than those ranked on the wearing course on which crack width less than 0.5 mm is ranked as 
minor, 0.5 mm to 1.0 mm is ranked as average and crack widths more than 1.0 mm are ranked as 
big and cracks with water leakage is ranked as critical. The transverse cracks on the load-bearing 
members of steel elements are evaluated as critical. For non-load-bearing elements, the evaluation 
is based on crack width and the extent of the damage. Other parameters like length, depth, and 
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coverage area are not clarified (TANROADS and NPRA, 2007). Table 2 shows the cracks’ widths 
and the ranking for field measurements and analysis. 

Table 2: Cracks width and ranking (TANROADS and NPRA, 2007). 

Width (mm) 
Ranking 

Masonry/Asphalt Concrete 

< 2 <0.5 Minor 
2 – 5 0.5 – 1.0 Average 

5 – 10 >1.0 Big 
>10 With Leakage Critical 

The ranking of the crack widths has been given scores as 1 for minor, 2 for average, 3 for big and 
4 for critical, the scores assist in the determination of the element condition index by aggregating 
all damage extents and severity of the element. Table 3 are the scores for each defect ranking used 
to compute the condition index of the bridge element. 

Table 3: Defect Condition Score (CS) corresponding to defect condition rank/state 

Defect Condition state/rank Minor Average Big Critical 
Defect Condition Score 1 2 3 4 

2.2 Deformation 

Some bridge defects have a maximum/minimum allowable limit in their condition for safety 
purposes which includes deflection of slabs and beams, settlements of supports, sliding and 
shearing of bearings (Valenzuela et al., 2010). Deformation is the change of the original intended 
shape, including deflection, settlement, tilting, and bridge element(s) sliding. Settlement is the 
vertical downward movement of bridge support elements, tilting is the movement in a sloping 
position, while sliding is the horizontal movement of bridge elements (TANROADS and NPRA, 
2007). The evaluation of these defects considers the affected element's functionality and the extent 
of deformation. The extent of deformation depends on deviations from the original geometry of 
the bridge elements. It is mainly measured by using levelling from the reference point, although 
there is no boundary of the said deviations that have been set to guide the evaluation of the same 
during the inspection and assessment of the defects. For this study, the extent of 
deformation/settlement of an element is determined by using equation 1. The bridge’s maximum 
allowable limits of deflection/tilting are taken as Span/800 for vehicular bridges and Span/1000 
for Pedestrian bridges (Fu et al., 2015, AASHTO, 2008, Hwang and Le, 2014) and settlement of 
the bridge foundation per 30 m is taken as 13 mm (AASHTO, 2016) 

PCD =  
Measured deformation

Maximum allowable limit
x100 

   (1) 

 Where, PCD – is the percentage coverage of deformation 

Table 4 shows the percentage range for deformations of bridge elements and the ranking for each 
percentage range. 
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Table 4. Deflection/Settlement/Tilting/Sliding and ranking 

Percentage coverage of 
deformation (%) Ranking 

< 25 Minor 
25 – 50 Average 
50 – 75 Big 

> 75 Critical 

2.3 Potholes, Ruts, Corrugations, Depressions, Honeycombs, Carbonation and Spalling 

A Pothole is a hollow on a running surface resulting from wear, a rut is the deep elongated trail 
that emerged due to frequent passage of the helms of automobiles and corrugation is the 
development of episodic crosswise undulations on road surfaces conceivably triggered by the local 
volume reduction of the underlying layer due to weightiness of passing vehicles (Matsuyama et 
al., 2020). Depression is a roadway surface area with an elevation little lower than the surrounding 
pavement, honeycombs are an assembly of connecting cavities or cells, and carbonation is the 
chemical reaction between carbon dioxide, moisture and calcium hydroxide present in cement 
producing calcium carbonate which lowers the concrete alkalinity (Rao and Meena, 2017). and 
spalling is the breakdown of concrete, rock, stone, or ore due to natural weathering or chemical 
reaction, or both resulting in sections of cement chipping off the main body (TANROADS and 
NPRA, 2007). 

The potholes on the wearing course are evaluated by considering the depth and coverage area, as 
indicated in Table 5. This defect evaluation technic tends to ignore the dimensions of the affected 
elements of bridge units/grids. This is because, regardless of the dimensions of the elements of the 
bridge units, the same size of the potholes occurring on different dimensions of the wearing course 
are evaluated equally (TANROADS and NPRA, 2007). 

Table 5: Pothole ranking (TANROADS and NPRA, 2007). 

Depth (mm) 
Area (cm2) 

< 900 900 - 2700 > 2700 
< 13 Minor Average Big 

13 - 25 Average Big Critical 
> 25 Big Critical Critical 

Therefore, to have relative effects of pothole depths and areas on the element, the depths and the 
areas of potholes in Table 5 have been converted into percentage coverage of the thickness of 
wearing materials and the area of the element per unit/grid. Table 6 shows the percentage coverage 
of depth and area of the defect on the surface of an element at a particular bridge unit/grid/axis. 

Table 6: Degree of damage and defect condition state 

Defected 
depth (%) 

Defect Coverage area (DC) (%) 
< 33 33 - 67 > 67 

 Defect Condition States 
< 30 Minor Average Big 

30 - 60 Average Big Critical 
> 60 Big Critical Critical 
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To get the extent of pothole defect on the element, the percentage depth and percentage area are 
computed and the condition state is read from Table 5. Thereby the pothole condition score is 
obtained from Table 3 which is used to compute the aggregated condition of the element per 
unit/grid/axis from all defects found. This approach of determining the condition score of pothole 
defects has been extended to other defects which have similar occurrences on the bridge elements. 
The defects include ruts, corrugations, depressions, honeycombs, carbonation and spalling. 

2.4 Delamination, Abrasion and Insufficient cover 

Delamination is the separation of concrete strata due to insufficient adhesion between them. The 
evaluation of the degree of delamination on concrete elements considers the extent and location of 
the damage (TANROADS and NPRA, 2007). A fully developed delamination can be seen visually 
or detected by a hollow sound when slightly hit by a hammer. It elaborates that delamination on 
load-carrying elements should be given a higher degree as it affects the carrying capacity of 
elements than non-load-carrying elements which affects only maintenance costs. The abrasion is 
the scraping away of element materials due to vehicle tires as they pass over the bridge, sand and 
other debris carried by the river for substructure or chemical attack in the river and acidic water 
which dissolve the cement paste in concrete. The degree of Abrasion depends on the depth and 
extent of the worn-out surface (TANROADS and NPRA, 2007). The Tanzania bridge inspection 
guideline ranks the abrasion and delamination depths as less than 8 mm as minor damage, 8 to 15 
mm as average damage, 15 to 25 mm as big damage and greater than 25 mm as critical damage 
(TANROADS and NPRA, 2007).  For the case of this study, the depth ranges have been converted 
into percentages (Table 4) which should be used for other defects such as loss of concrete covers. 
However, in the case when the damages have covered a significant area of an element, then the 
degree of damage can be determined based on Table 6 and the scores are read from Table 3. The 
insufficient cover is the loss of thickness of the materials between the surface of embedded 
reinforcements and the outer surface of the concrete. On wearing cause, abrasion affects traffic 
safety for it polishes the surface resulting in slippage which causes an accident and affects 
maintenance costs when the cover of reinforcement is significantly reduced. Delamination and 
abrasion may result in the reduction of concrete cover and finally in corrosion of the 
reinforcements and the protective layer in the concrete (TANROADS and NPRA, 2007). The 
minimum allowable limit to be used for computing the degree of loss of concrete cover is the 
minimum required concrete cover as per the design requirement of the same element. 

2.5 Debris, Vegetation growth and Shearing of Bearings 

Vegetations are the growth of grasses and trees on the deck of the bridge, on the shoulders of traffic 
approaches and along the river course and banks. The vegetation obstructs visibility and reduces 
the road width which may cause vehicle collisions and accidents. However, the vegetation growth 
along the river course and banks obstructs the smooth flow of river water causing floods and even 
damage to bridge elements and scouring. Among of the routine maintenance works to be checked 
are vegetation control around the bridge, removal of debris from the wearing course, and the 
opening or removal of vegetation and debris from waterways (TANROADS and NPRA, 2007). 
This is because vegetation growth and debris may cause loss of capacity to structural elements and 
increased cost of maintenance. Debris is a collection of dirt and unwanted material on the bridge. 
It creates dampness which facilitates fungi and vegetation growth. The degree of damage depends 
on the extent of debris and whether any other damage has developed (TANROADS and NPRA, 
2007). Debris around bearings and on-bearing itself is the course of other damages to the bearings. 
The damage is considered critical when the movement of bearings is hindered, and other 
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considerations depend on whether another type of defect has emerged. Different defect types 
expected to occur due to debris are vegetation growth and corrosion on concrete and steel elements. 
Loose parts and excessive shearing on bearings may also hinder the proper function of bearings. 
Any loose bolts, missing bolts, nuts, or other parts, and excessive shearing of the bearings are 
considered critical. When the shearing of bearings is beyond the allowable maximum of 25% of 
the bearing thickness respectively it is also considered critical damage (TANROADS and NPRA, 
2007). Therefore, the degree of damage to bearing caused by shearing can be ranked as less than 
8% as minor, 8% to 15% as average, 15% to 25% as big, and greater than 25% as critical. Other 
consequences of excessive vegetation growth and debris/silting on bridge elements are obstruction 
of movements at joints, ripping of joints that cause traffic to bump, blockage of expansion joints, 
and continuous breaking of sealant along the joints which all are considered critical damage. 
Therefore, any damage to be recorded shall be assessed by considering the degree of damage and 
consequence (TANROADS and NPRA, 2007). For the case of this study, the degree of damage 
caused by debris and vegetation growth on bridge elements is computed as percentage area 
coverage and given a rank as per Table 4. 

 DEFECT DAMAGE CONSEQUENCE 

Researchers have grouped the effects of damages to the bridge elements into four classes which 
are environment/aesthetic classes, structural deterioration classes, constructional/maintenance and 
operational/traffic passability (TANROADS and NPRA, 2007, Desnerck et al, 2018). The defects 
classified as environment/aesthetic are considered to affect structure appearance and are given a 
letter “E” while defects classified as structural deterioration are considered to affect the carrying 
capacity of an element and are denoted by a letter “C”, the defects classified as 
constructional/maintenance are considered to affect maintenance costs and are denoted by the 
letter “M” and the defects classified as operational/traffic passability are considered to affect 
smooth traffic flow across the bridge are given a letter “T” (TANROADS and NPRA, 2007). 

The maintenance priority of the defects is based on the damage consequence on which the defects 
affecting carrying capacity are given higher priority, followed by the defects affecting smooth 
traffic flow, then defects affecting maintenance costs and last are the defects affecting bridge 
aesthetic (TANROADS and NPRA, 2007). In this regard, the weights for damage classes are not 
given (TANROADS and NPRA, 2007) therefore for the case of this study the weights for each 
damage class and defects condition scores have been proposed. Table 7 gives the weights for each 
damage class.  

Table 7: Damage impact factors 

Damage classes E M T C 
Damage weights (Dw) 1.0 1.5 2.0 2.5 

 EVALUATION OF BRIDGE CONDITION 

The evaluation of defects on bridges started with dividing the bridge into units/grid/axis and 
identifying all the elements forming the bridge units. The defects on each element were measured 
and recorded. The condition index of each element for a bridge unit is computed and the aggregated 
to bridge unit/grid condition. 
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4.1 Bridge Element Condition Index (BECI) 

The Bridge Element Condition Index (BECI) for a given bridge unit for this study is determined 
by using equation 2. 

BECI =  
∑ (Dw  x CS )

∑ Dw
 

   (2) 

Where, Dwi – is the damage weight corresponding to damage class (refer to Table 7) 

CSi – is the defect condition score corresponding to defect quantity/coverage (refer 
to Table 3). 

4.2 Bridge Unit/Grid Condition Index (BUCI) 

The Bridge Unit/Grid Condition Index is computed by aggregating the element condition indices 
of the unit and defect significant factor. For this study, equation 3 is used to compute the bridge 
unit condition index. The highest unit/grid condition index for a particular bridge is considered the 
condition of the bridge (BCI). 

BUCI =  
∑ Sf . BECI

∑ Sf
 

   (3) 

Where, BUCI – is the bridge unit condition index 
N – is the number of elements in a unit, 
BECIi – is the element condition index 
Sfi – is the element significance factor. 

 PRIORITIZATION OF BRIDGE MAINTENANCE 

A need emerged to develop a condition assessment to prioritize maintenance of the bridge 
structures at the network level to maintain the condition of the bridges under limited funds (Fitriani 
et al., 2019). The current prioritization option of bridge maintenance is based on the severity of 
defects and the effects of weakness on the bridge element (TANROADS and NPRA, 2007). In this 
regard, the most severe deficiency is given a higher priority to be maintained as the defects affect 
the carrying capacity of the bridge elements (TANROADS and NPRA, 2007). An overall bridge 
condition assessment should incorporate the flaws in all aspects to define the bridge condition 
status.  

Table 8: Bridge condition indexes, their corresponding state, and Priority level 

BCI ranges 
Bridge Condition 

State 
Priority Level 

0.0 – 1.0 Good Low 
1.0 – 2.0 Fair Medium 
2.0 – 3.0 Bad High 
3.0 – 4.0 Very bad Very High 
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The value of BCI obtained from equation 3 stands as the priority level for the maintenance of the 
bridge. Considering the bridge network, the higher the BCI, the higher the priority of the bridge to 
be maintained. The BCI ranges corresponding to bridge condition states and priority levels are 
shown in Table 8. 

 BUDGETING AND FUND ALLOCATION 

Many bridge authorities have limited funds for bridge maintenance to attain the effective 
preventive condition of all bridges. This situation demands the prioritization of bridge maintenance 
and fund allocation. Abdillah et al., (2017) used the percentage of the physical condition of the 
bridge and traffic volume to analyze the maintenance fund allocation system. Bridge budget 
allocation is the process of designating funds to cover the cost of scheduled maintenance activities. 
Various methods are used in budgeting processes. For this study, the procedures are activity-based. 
It quantifies the number of rectification activities based on the extent of defected area per 
predefined unit cost of a specific item composing the price for all associated activities required to 
restore the bridge's functionality as described in TANROADS & NPRA (2007a). It will result in 
an un-constrained maintenance budget as per the maintenance requirement of bridges in the 
network. As prioritization works on the scarcity of financial resources, the total required funds for 
maintenance are not the same as those released for maintenance. Based on the budget released, a 
constrained budget being set tends to ignore some of the bridges in the maintenance program. The 
Minimum Fund Allocation for bridge maintenance for this study is based on the percentage of the 
total BUCI for the specific bridge to the total summation of BUCI of all bridges selected to be 
maintained after receiving the fund for bridge maintenance as shown in equation 4. 

MFA =
∑ BUCI

∑ ∑ BUCI
TAF 

   (4) 

  Where, MFA – is the maintenance fund allocated to a bridge 
BCI – is the bridge unit/grid condition index  
TAF – is the total available fund for maintenance. 

 DATA COLLECTION, ANALYSIS AND DISCUSSION 

In verifying the proposed model, four bridges were selected for condition assessments and 
evaluation which are the Kikwete bridge located in the Kigoma region, the Mvomero bridge 
located in Morogoro, the Unkuku bridge located in Dodoma, and the Nyahua bridge located in 
Tabora. These bridges are located in different climatic zones within Tanzania’s territory. Bridges 
in different climatic zones suffer different frequencies and intensities of natural hazards like 
hurricanes, heat waves, wildfires, and extreme rains (Nasr et al., 2019). 

The required data were obtained from bridge site inspection, whereby visual inspection and 
rebound hammer test on concrete were performed to identify surface and subsurface defects on the 
bridge elements. The number of units and bridge lengths found for each bridge are indicated in 
Table 9. 
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Table 9: Bridge names, number of units and spans 

Bridge 
name 

Region 
No. of 
units 

Total span 

Kikwete Kigoma 11 200 
Mvomero Morogoro 1 24 
Unkuku Dodoma 3 45 
Nyahua Tabora 4 64 

The observed defects were recorded in their corresponding element and bridges. Table 10 shows 
the defects on elements, damage weights and condition scores of the eleventh unit/grid of the 
Kikwete bridge which was determined to be more severely defective than other units. 

Table 10: Defect quantification of bridge element for unit number 11 at Kikwete bridge 

Element 

Elemen
t 

Categor
y 

Total 
quantit

y 

Unit
s 

Defect 
name 

Defec
t 

code 

Damag
e class 

Damage 
weight 
(Dw) 

Defect 
condition 
score (Cs) 

Slab III 162.5 m2 Cracks 211 M 1.5 1 
Beams IV 375 m2 Cracks 211 C 2.5 2 

Curbs I - - 
No 

curbs 
- - 0 0 

Bearings III 10 No. Blocked 709 E 1.0 1 
Abutmen
ts 

III 148.2 m2 Cracks 211 M 1.5 2 

Pier IV 36.2 m2 
No 

defect 
- - 0 0 

Headstoc
k 

IV 36.3 - 
No 

defect 
- - 0 0 

Wingwal
ls 

II 51 m2 Cracks 211 M 1.5 2 

Foundati
on 

II 135 m2 
No 

defect 
- - 0 0 

Expansio
n joints 

I 8.9 m 
Blockag

e of 
joint 

711 M 1.5 2 

Barriers I 112.5 m2 Cracks 211 M 1.5 1 
Wearing 
course 

III 162.5 m2 Cracks 601 M 1.5 1 

Footway I 60 m2 Cracks 211 M 1.5 2 

The defects were evaluated to obtain bridge element condition indices (BECI) using equation 2 
and then aggregated to obtain bridge unit condition indices (BUCI) using equation 3. Table 11 
shows the bridge element condition indices and bridge unit condition index for the eleventh unit 
of the Kikwete bridge. 
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Table 11: Evaluation of the critical bridge unit condition index (BUCI) for Kikwete bridge 

Element 
Damage 
weight 
(Dw) 

Defect 
condition 

score (Cs) 
Dw.Cs BECI Sf BECI.Sf BUCI 

Slab 1.5 1 1.5 1 3 3 

 
 
 
 
 
 

0.968 
  

Beams 2.5 2 5.0 2 4 8 
Curbs - - 0 0 1 0 
Bearings 1.0 1 1.0 1 3 3 
Abutments 1.5 2 3.0 2 2 4 
Pier - - 0 0 4 0 
Headstock - - 0 0 4 0 
Wingwalls 1.5 2 3.0 2 2 4 
Foundation - - 0.0 0 2 0 
Expansion joints 1.5 2 3.0 2 1 2 
Barriers 1.5 1 1.5 1 1 1 
Wearing course 1.5 1 1.5 1 3 3 
Footway 1.5 2 3.0 2 1 2 
Total 31 30    

The computed bridge unit condition index for the eleventh unit of the Kikwete bridge is 0.97 which 
falls under good condition. The computed condition indices for other units of the Kikwete bridge 
are 0.64 for the first unit, 0.55 for the second unit, 0.65 for the third unit, 0.48 for the fourth unit, 
0.42 for the fifth unit, 0.13 for the sixth unit, 0.14 for the seventh unit, 0.61 for the eighth unit, 
0.46 for the ninth unit and 0.69 for the tenth unit.  The average and total condition indices for the 
Kikwete bridge are 0.52 and 5.74 respectively.  

 

Figure 4: Defect intensities for each element of the Kikwete bridge 

The major defective bridge elements at Kikwete bridge are footways with defect intensities of 
16.25%, followed by beams and barriers with defect intensities of 13.33% each and expansion 
joints with defect intensities of 10.42%. the rest of the bridge elements have defect intensities of 
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less than 10% which are slabs with defect intensities of 9.58%, bearings and abutments with 
defects intensities of 7.92% each, piers and wearing course with defect intensities of 7.50%, curbs 
with defect intensities of 3.75% and wing walls with defect intensities of 2.5%. The remaining 
element, which is the headstocks and foundation has no defects observed as indicated in figure 4. 
Figure 5 shows the photos of some of the defects in elements of the Kikwete bridge evaluated for 
this study. 

 

Figure 5: Photos of defects for Kikwete Bridge (a) blockage by siltation and (b) cracks on a 
walkway 

Table 12: Defect quantification of bridge element for unit number 1 at Mvomero bridge 

Element 
Element 
Category 

Total 
quantity 

Units 
Defect 
name 

Defect 
code 

Damage 
class 

Damage 
weight 
(Dw) 

Defect 
condition 

score 
(Cs) 

Slab III 156 m2  Cracks  211 C 2.5 2 

Beams IV 360 m2 
 

Honeycombs  
202 M 1.5 3 

Curbs I N/A - - - - 0 0 
Bearings III 5 No.  No defect  - - 0 0 
Abutments III 142.5 m2  Cracks  211 M 1.5 1 
Pier IV No Pier - - - - 0 0 

Headstock IV 
No 

headstock 
- - - - 0 0 

Wingwalls II 77 m2  Cracks  211 C 2.5 2 
Foundation II 160 m2  No defect  - - 0 0 

Expansion 
joints 

I 17.8 m 

 Breaking of 
sealant  

714 M 1.5 2 

 The loose 
part of joint  

712 T 2 2 

 Blockage of 
joint  

711 M 1.5 3 

Barriers I 108 m2  Cracks  211 M 1.5 1 



JOURNAL OF THE INSTITUTION OF ENGINEERS TANZANIA  ISSN: 0856 – 0196 

THE TANZANIA ENGINEER 92 VOL. 19 NO. 1, SEPTEMBER 2022 

Wearing 
course 

III 156 m2  Cracks  601 M 1.5 1 

Footway I 57.6 m2 
 Edge 

ripping  
212 M 1.5 1 

Table 12 shows the defects in elements, damage weights and condition scores of the Mvomero 
bridge. The Mvomero bridge is a one-span bridge and was considered as a single unit/grid. 

The defects were evaluated to obtain bridge element condition indices (BECI) using equation 2 for 
the unit/grid and then aggregated to obtain bridge unit condition indices (BUCI) using equation 3. 
Table 13 shows the bridge element condition indices and bridge condition index for the Mvomero 
bridge.  

Table 13: Evaluation of condition index (BUCI) for Mvomero bridge 

Name 
Damage 
weight 
(Dw) 

Defect 
condition 
score (Cs) 

Dw.Cs BECI Sf 
BECI.S

f 
BUCI 

Slab 2.5 2 5 2 3 6 

1.010 
  

Beams 1.5 3 4.5 3 4 12 
Curbs - - 0 0 1 0 
Bearings - - 0 0 3 0 
Abutments 1.5 1 1.5 1 2 2 
Pier - - 0 0 4 0 
Headstock - - 0 0 4 0 
Wingwalls 2.5 2 5 2 2 4 
Foundation - - 0 0 2 0 

Expansion 
joints 

1.5 2 3 
2.3 1 2.3 2 2 4 

1.5 3 4.5 
Barriers 1.5 1 1.5 1 1 1 
Wearing 
course 

1.5 1 1.5 1 3 3 

Footway 1.5 1 1.5 1 1 1 
Total         31 31.3   

The computed condition index for the Mvomero bridge is 1.01 which falls under fair condition. 
Since the bridge has one unit then the total bridge condition index is 1.01. The major defective 
Bridge elements at the Mvomero bridge are the expansion joint with defect intensities of 14.94%. 
the remaining elements have defect intensities of less than 10% which are the wing walls and slab 
with defect intensities of 6.49% each, beams with defect intensities of 5.84% and wearing course, 
barriers, footway and abutments with defect intensities of 1.95% each. The rest elements have no 
defects observed. Figure 6 shows the defect intensities for each element, and Figure 7 shows the 
photos of the defects at the Mvomero bridge evaluated for this study. 
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Figure 6: Defect intensities for each element of the Mvomero bridge 

The Unkuku bridge has three units on which the first unit/grid was found to be the most damaged 
unit. Each defect was recorded to the corresponding element. Table 14 shows the defects in 
elements, damage weights and condition scores of the first unit/grid of the Unkuku bridge. 

Table 14: Defect quantification of the first unit/grid of Unkuku bridge 

Element 
Element 
Category 

Total 
quantity 

Units  Defect name  
Defect 
code 

Damage 
class 

Damage 
weight 
(Dw) 

Defect 
condition 

score 
(Cs) 

Slab III 133.5 m2 
Cracks 211 M 1.5 1 

Leaking 203 C 2.5 4 
Beams 1V 195 m2 Honeycombs 202 M 1.5 1 

Curbs I 
No 

curbs 
- - - - 0 0 

Bearings III 5 No. Blocked 701 M 1.5 3 

Abutments III 
22 No. 

Defective weep 
holes 

803 M 1.5 3 

79.8 
m2 Honeycombs 202 M 1.5 3 
m2 Cracks 211 M 1.5 2 

Pier IV No pier - - - - 0 0 
Headstock IV N/A - - - - 0 0 
Wingwalls II 48 m2 Honeycombs 202 M 1.5 2 
Foundation II - - No defect - - 0 0 
Expansion 
joints 

I 8.9 m 
Blockage of 

joint 
711 M 1.5 4 

Barriers I 67.5 m2 Cracks 211 M 1.5 2 
Wearing 
course 

III 97.5 m2 Cracks 601 M 1.5 1 

Footway I 36 m2 Cracks 211 C 2.5 4 



JOURNAL OF THE INSTITUTION OF ENGINEERS TANZANIA  ISSN: 0856 – 0196 

THE TANZANIA ENGINEER 94 VOL. 19 NO. 1, SEPTEMBER 2022 

Table 15 shows the bridge element condition indices and bridge unit condition index for the first 
unit of the Unkuku bridge.  

 

Figure 7: Photos of joint expansion defects, which are (a) Blockage by siltation and (b) Lose part 
of the joint for the Mvomero bridge 

 
Table 15: Evaluation of the critical Bridge Unit Condition Index (BUCI) for the Unkuku bridge 

Element 
Damage 
weight 
(Dw) 

Defect score 
(Ds) 

Dw.Cs BECI Sf BECI.Sf BUCI 

Slab 
1.5 1 1.5 

2.9 3 8.6 

1.42 

2.5 4 10 
Beams 1.5 1 1.5 1 4 4 
Curbs - - 0 0 1 0 
Bearings 1.5 3 4.5 3 3 9 

Abutments 
1.5 3 4.5 

2.7 2 5.3 1.5 3 4.5 
1.5 2 3 

Pier - - 0 0 4 0 
Headstock - - 0 0 4 0 
Wingwalls 1.5 2 3 2 2 4 
Foundation - - 0 0 2 0 
Expansion 
joints 

1.5 4 6 4 1 4 

Barriers 1.5 2 3 2 1 2 
Wearing 
course 

1.5 1 1.5 1 3 3 

Footway 2.5 4 10 4 1 4 
Total         31 44.0   
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The computed bridge unit condition index for the first unit of the Unkuku bridge is 1.42 which 
falls under fair condition (refer to Table 8). The condition indices for other units of the Unkuku 
bridge are 0.61 for the second unit and 0.81 for the third unit. The average and total condition 
indices for the Unkuku bridge are 0.95 and 2.84 respectively. Figure 8 shows the defect intensities 
on elements of the Unkuku bridge evaluated for this study. 

 

Figure 8: Defect intensities for each element of the Unkuku bridge 

The major defective bridge elements at Unkuku bridge are abutment with defect intensities of 
23.38%, followed by footway with defect intensities of 18.83%, and slab with defect intensities of 
14.94%. The rest of the bridge elements have defect intensities of less than 10% which are 
expansion joints and barriers with defect intensities of 9.74 each, bearings and wing walls with 
defect intensities of 7.79%, beams with defect intensities of 5.84% and wearing course with defect 
intensities of 1.95%. Figure 9 shows the photos of the defect for the Unkuku bridge. 

 

Figure 9: Photos of defects on Unkuku bridge (a) and (b) abutments honeycombs, (c) defective 
weep hole, and (d) blockage of expansion joint. 
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The Nyahua bridge has four units on which the first unit/grid was found to be the most defective 
unit. Each defect was recorded to the corresponding element. Table 16 shows the defects in 
elements, damage weights and condition scores of the first unit/grid of the Nyahua bridge. 

Table 16: Evaluation of the bridge condition index (BCI) for the Nyahua bridge 

Element 
Element 
Category 

Total 
quantity 

Units  Defect name  
Defect 
code 

Damage 
class 

Damage 
weight 
(Dw) 

Defect 
condition 

score 
(Cs) 

Slab III 104 m2 Cracks 211 C 2.5 1 

Beams IV 208 m2 Honeycombs 202 C 2.5 2 
Curbs I No curbs - - - 0 0 0 
Bearings III 10 No. No defect - 0 0 0 

Abutments III 148.2 m2 
Honeycombs 202 M 1.5 2 

Cracks 211 E 1 1 
Pier IV No pier - - - 0 0 0 
Headstock IV No headstock - - - 0 0 0 
Wingwalls II 102 m2 Honeycombs 211 M 1.5 3 
Foundation II - - No defect - 0 0 0 
Expansion joints I 8.9 m Blockage of joint 711 M 1.5 4 
Barriers I 72 m2 Ripping on edge 212 M 1.5 1 

Wearing course III 104 m2 Depression 604 M 1.5 1 

Footway I 38.4 m2 Cracks 14.4 M 1.5 4 

Table 17 shows the bridge element condition indices and bridge unit condition index for the first 
unit of the Nyahua bridge. The computed bridge unit condition index for the first unit of the 
Nyahua bridge is 1.04 which falls under fair condition. The condition indices for other units of the 
Nyahua bridge are 0.82 for the second unit, 0.52 for the third unit, and 0.79 for the fourth unit. The 
average and total condition indices for the Nyahua bridge are 0.79 and 3.17 respectively. 

Table 17: Evaluation of the critical Bridge Unit Condition Index (BUCI) for Nyahua bridges 

Element 
Damage 
weight 
(Dw) 

Defect 
condition 
score (Cs) 

Dw.Cs BECI Sf BECI.Sf BUCI 

Slab 2.5 1 2.5 1 3 3 

1.04 

Beams 2.5 2 5 2 4 8 
Curbs 0 0 0 0 1 0 
Bearings 0 0 0 0 3 0 

Abutments 
1.5 2 3 

1.6 2 3.2 
1 1 1 

Pier 0 0 0 0 4 0 
Headstock 0 0 0 0 4 0 
Wingwalls 1.5 3 4.5 3 2 6 
Foundation 0 0 0 0 2 0 
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Expansion 
joints 

1.5 4 6 4 1 4 

Barriers 1.5 1 1.5 1 1 1 
Wearing 
course 

1.5 1 1.5 1 3 3 

Footway 1.5 4 6 4 1 4 
Total         31 32.2   

The major defective bridge elements at Nyahua bridge are abutment with defects intensities of 
20.92% followed by footway with defects intensities of 16.74%, beams with defect intensities of 
13.25%, expansion joint with defect intensities of 12.55%, wing walls with defect intensities of 
10.74% and barriers with defect intensities of 10.46%. o barriers and wearing course with defects 
intensities of 0.100 each. The rest of the bridge elements have defect intensities of less than 10% 
which are bridge bearings and wearing course with defect intensities of 4.18% each. The remaining 
elements have no defects observed. Figure 10 shows the defects intensities for each element of the 
Nyahua Bridge and Figure 11 is the photos of defects on the Nyahua bridge. 

 

Figure 10: Defect intensities for each element of the Nyahua Bridge 

The evaluation of the critical bridge unit condition of four bridges indicates that the condition 
index of Kikwete bridge is 0.968, Mvomero bridge is 1.010, Unkuku bridge is 1.418 and Nyahua 
bridge is 1.039. These results signify that the Unkuku bridge is more defective than other bridges 
followed by the Nyahua bridge, Mvomero bridge and lastly Kikwete bridge. 
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Figure 11: Photos of defects on Nyahua bridge (a) wearing course depression (b) blockage of 
expansion joints by iron welding and siltation, (c) cracks on the abutment, and (d) edge 

ripping on barrier wall (concrete parapet) 

Table 18 shows all bridge unit condition indices for all units, total, average and critical BUCI. The 
critical BUCI is considered as a Bridge Condition Index (BCI) for the bridge. 

Table 18: Bridge Unit Condition Index, total, average and critical BUCI 

Bridge 
name 

Bridge Unit/grid 

Total BUCI 
(For funds 

allocation of 
Preventive 
Repairs) 

Average 
BUCI 

Critical BUCI 
(For 

prioritization 
of Major 
Repairs) 

1 2 3 4 5 6 7 8 9 10 11    

Kikwete 0.64 0.55 0.65 0.48 0.42 0.13 0.14 0.61 0.46 0.69 0.97 5.74 0.52 0.97 

Mvomero 1.01           1.01 1.01 1.01 

Unkuku 1.42 0.61 0.81         2.84 0.95 1.42 

Nyahua 1.04 0.82 0.52 0.79               3.17 0.79 1.04 

7.1 Maintenance Prioritization for Bridge Major Repairs 

The maintenance funds allocation for major repairs, should not necessarily be distributed to all 
evaluated bridges. It should consider covering the required amount of funds for the Unkuku bridge 
first then followed by the Nyahua bridge, Mvomero bridge, and lastly Kikwete bridge which has 
a Bridge Condition Index of 1.42, 1.04, 1.01 and 0.97 respectively. Figure 12 shows the bridge 
condition indices of the four bridges. For this study, the lower the index value, the better the 
bridge’s condition. This is different from other studies in which the higher value of indices 
indicated the better conditions of the facilities assessed (Darban et al., 2020, Mansour et al., 2019) 
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Figure 12: Critical Bridge Condition Indices 

Based on Table 8 and the BCIs obtained for all bridges, the priority level of the Kikwete bridge 
falls at the low level and the remaining three fall at the medium level. However, the priority level 
differs among them as per BCI, as indicated in Figure 12. For this study, the higher the BCI, the 
higher the priority for the maintenance of the bridge. Therefore, based on Figure 12, the Unkuku 
bridge has a higher priority in maintenance for major repair, than other bridges, followed by 
Nyahua, Mvomero and at the end Kikwete bridges. 

Based on the priority level among bridges and funds available, the allocation of maintenance funds 
for bridge major repair will depend on the number of scenarios which will be equal to the number 
of bridges considered for maintenance. This study covers four bridges and therefore there are four 
scenarios for funds allocation as shown in Table 19. Table 19 indicates that, until full requirements 
for major repair of a bridge with the highest priority are met, is when the bridge with next highest 
priority can be allocated funds. 

Table 19: Bridge Major Repair Funds Allocation (MRFA) Scenarios 

Priority 
Bridge 
Name 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

1 Unkuku Full/Partial Full  Full  Full  

2 Nyahua  Full/Partial Full  Full  

3 Mvomero   Full/Partial Full  

4 Kikwete       Full/Partial 

7.2 Maintenance Fund Allocation for Bridge Preventive Maintenance 

The total available funds for bridge preventive maintenance (Routine Maintenance) should be 
distributed for rectifying all bridges in a network. Fund allocation for bridge preventive should be 
as per Equation 5. Table 20 shows the total BUCI and percentage of Preventive Maintenance Funds 
Allocation (PMFA) for each bridge. 
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Table 20: Total Bridge Unit Condition Index for all units and Preventive Maintenance Funds 
Allocation for each bridge 

Bridge Name Total BUCI PMFA (% of TAF) 
Kikwete 5.74 44.98 
Nyahua 3.17 24.84 
Unkuku 2.84 22.26 

Mvomero 1.01 7.92 
Total BCI for all bridges 12.76 100.00 

7.3 Total Maintenance Funds Allocation (TMFA) 

The total maintenance funds allocation is a total of the bridge’s major repair and preventive 
maintenance funds as shown in Equation 5.  

Total Maintenance 
Funds Allocation

=
Preventive Maintenance 

Funds Allocation
+

Major Repair 
Funds Allocation

 

 
TMFA = PMFA + MRFA 

 
(5) 

 CONCLUSION 

This study has been conducted to improve bridge inspection methodology for measuring and rating 
the defects by dividing the bridge into several units according to the number of spans present. It 
incorporates into the guideline the calculation to obtain the BCI of each unit. The BCI of the worst 
unit is taken to represent the overall concrete bridge conditions and be used to rank the maintenance 
priority for major repairs. The worst bridge condition for major repairs for each bridge is 0.97 
found at the 11th unit of the Kikwete, 1.01 for Mvomero, 1.42 found at the 1st unit of the Unkuku 
and 1.04 found at the 1st unit of the Nyahua bridges. According to the worst conditions found, the 
Unkuku bridge should be given higher priority in maintenance for major repairs than other bridges 
followed by Nyahua, Mvomero, and lastly Kikwete bridges.  

The percentage of preventive maintenance funds allocation for each bridge was found to be 
44.96%, 7.93%, 22.26% and 24.84% of the total available funds for preventive maintenance for 
Kikwete bridge, Mvomero bridge, Unkuku bridge and Nyahua bridge respectively. Based on the 
percentage of the preventive maintenance funds allocated, Kikwete bridge has a higher amount 
followed by Nyahua, Unkuku and lastly Mvomero bridges.  

This study will help the bridge authorities during inspections of bridges, budgeting, and 
maintenance programs under shortage of financial resources for bridge maintenance. However, 
not all bridges can be rectified simultaneously in the scarcity of resources and funds. Therefore, a 
prioritisation tool has been provided for use to assess in detail the defects and determine the 
conditions of bridges within the road network, that is it can be used as a selection and budgetary 
tool for bridge managers to decide which bridge to be rectified first and what maintenance is 
required under limited resources. 

 RECOMMENDATION 

The four bridges analyzed to determine their condition indices were selected based on different 
climatic zones and seismic zones in Tanzania. This is because floods and seismic effects also 
contribute to bridge failure. In this regard, the next study is recommended incorporating bridge 
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failure/damage risk factors which are flooding, seismic and scouring potentials as the cause and 
acceleration of defects on bridge maintenance prioritization options. 
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ABSTRACT 

Observations of enrolment data for five most recent years (2017-2021) of 16 engineering and 
technology programmes from three Universities in Tanzania indicate that only 11% to 35% of 
students are girls. Meanwhile at the industry only 12% of engineers are female. Moreover, the 
enrolment data show no consistent increase in the number of girl’s enrolment from year to year, 
indicating a lack of effective strategies to reduce the gender gap. A sample of girls pursuing 
engineering or technology programs from five institutions in Tanzania shared their perspective 
on the gender gap by answering two key questions: (1) why a small proportion of girls enrol 
for engineering and technology programmes and (2) what should be done to improve the 
situation. A thorough discussion and comparison with literature findings lead to a list of 
approaches which could work to effectively close the gender gap.  

KEYWORDS: Engineering Education, Technology Education, Tanzania, Gender Equality, 
Girls Education.  

 INTRODUCTION  

This article attempts to explore two major issues with regard to the gender gap observed in 
high learning institutions in Tanzania; why a small proportion of girls in engineering and 
technology programmes in Tanzania and what should be done about it. This concern about the 
gender gap is global, therefore needs to be addressed, properly researched and resolved. 
Women bring a different perspective that shapes and influences Science, Technology, 
Engineering and Maths (STEM) disciplines. As Milgram (2011) said “the absence of women 
from STEM education and careers affects more than the women; it is a missed opportunity for 
those fields”. Having more women in the picture will not only help women themselves, it will 
also help society benefit from their expertise”. Current researchers agree that diversity in the 
workforce contributes to creativity, productivity, innovation, and success (Ashcraft et al. 2016; 
Blackburn, 2017). STEM careers are rich in innovation and a great contribution to the 
economic and social development (Kier et al., 2014; Kuschel et al., 2020) as well as 
competence (Reinking and Martin 2018). Therefore, underrepresentation of women in STEM 
intensive carriers has an even bigger impact to the society. As commented by Reinking and 
Martin (2018), thinkers, collaborators, and problem solvers are nurtured through STEM 
programmes.  

Gender gaps in STEM careers appear to be global and have been a subject of concern to many 
policy makers (Meadows, 2016).   Judging from the number of research related to women in 
STEM worldwide such as Little & León de la Barra (2009); Egne (2014); Hughes et al. (2017); 
Blackburn (2017); Lagesse & Marshall (2019); Kuschel et al. (2020); Casad et al. (2021), one 
can tell that the challenge is not for the developing world alone but rather something that even 
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the developed world is still facing. Sure enough, the existing research in the area tells us that 
we should do something about it.  

Much research has focused on the causes of the gender gap and addressing the experience of 
women as marginalised in the STEM related fields (Hughes et al., 2017). This is partly because 
the experience of science and mathematics learning in primary and secondary school is related 
to a consideration of participation in STEM career. This study’s focus on engineering and 
technology comes from the knowledge that among the STEM intensive programmes, 
engineering and technology has the worst gaps as compared to the likes of biology and health 
sciences (Charlesworth and Banaji, 2019). A situation that also prevails in Tanzania. Through 
decades, researchers have used maths ability in predicting success in STEM careers. With it, it 
was later determined that gender differences in both average and high performing maths ability 
vary greatly across cultures and ethnic groups (Charlesworth and Banaji 2019). The social, 
economic, geographical and cultural differences between counties necessitate localised gender 
studies which can address effective solutions that are implementable.  

One lesson learned from literature is that there is  a great deal of issues that need understanding 
in order to device effective methodology to improve the underrepresentation of women in 
STEM; from institutional factors to organisational factors to individual factors (Kuschel et al., 
2020) even to understanding how school kids perceive STEM carriers such as engineering 
(Capobianco et al., 2011). There are even studies such as  Ceci et al. (2014) which concluded 
that the current underrepresentation of women in STEM is not due to gender discrimination. 
That gender discrimination is a thing of the past and current barriers to women’s full 
participation in mathematically intensive academic science fields are rooted in times before 
they join colleges.  

Tanzania has recently celebrated 60 years since her independence which saw her with one 
public university. By the year 2022, the country has a total of 48 universities and colleges, 
37.5% being public institutions. However, the number of female engineers in the job market is 
only 12% of the total. Definitely, when there is an underrepresentation at school, it becomes a 
preparation of even an obvious gap at work (Reinking and Martin, 2018) and in 
entrepreneurship (Kuschel et al., 2020). Surely, something should be done to improve the 
statistics. 

 METHODOLOGY 

Wang and Degol (2017) identified six factors for explaining the underrepresentation of women 
in STEM in the United States. This included cognitive ability, relative cognitive strength, 
occupational interests or preferences, lifestyle values, field specific ability beliefs and gender 
related stereotypes or biases. However, the applicability of such findings and relative 
significance to a different society other than the US could well be variable. It is for this reason 
that in this study, open ended questions were issued to try and establish factors for 
underrepresentation of women in engineering and technology programmes in Tanzania and 
how the challenge could be resolved. It is well appreciated that there are several stakeholders 
that could be consulted for opinions about the issues under study. However, it was decided to 
hear from the horse’s mouth; the girl child in engineering and technology programmes 
believing that they are well informed compared to those who are still in schools but also will 
provide relevant and current information with regard to the study as compared to females that 
have graduated years ago. 

In data collection, first preliminary information was obtained from admission offices regarding 
16 engineering and technology programmes offered in three public higher learning institutions 
in Tanzania. The data was used to evaluate enrolment trends  in respect to gender for five recent 
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years. The aim for the data was to identify the magnitude of the problem and whether or not 
positive changes were taking place to reduce the gender gap. In the next step, questionnaires 
were administered to a sample of 66 girls studying engineering or technology from five higher 
learning institutions in Tanzania. Accidental method of sampling was employed to get the 
sample. This method is also termed as convenience or opportunity sampling because it involves 
subjects that are easily reachable and available. A few girls were supplied with questionnaire 
forms through emails directly from the researchers and were asked to share to other girls in 
engineering or technology programmes from any university within the country.  

There were two types of questions; fixed choice questions and open-ended questions. The 
open-ended questions targeted to get as much information as possible from the respondents 
without imposing researchers’ thoughts, beliefs or opinions about the issues under 
investigation. Rating scales such as Likert scales have the advantage of simplified data analysis, 
however, allow researchers to impose their own thoughts about the matter in question by 
suggesting possible answers to the questions something that the researchers wanted to avoid. 
Quantitative analysis was performed, mainly generating general statements from the open-
ended questions, determination of frequencies and percentages. The questionnaire form had a 
total of four sections as described hereunder: 

(i) SECTION 1: Comprised short answered questions and fixed answered questions aiming 
at obtaining general information from the respondents such as names, institution they 
study, programme of study, year of study and entry qualifications. 

(ii) SECTION 2: This section aimed at collecting pre-university information from the 
respondents. Some questions in this section were fixed choice and others were open 
ended. The researchers wanted to find out why the girls chose to study the programmes 
they are in, when they made the choices, who motivated their choices, challenges they 
faced in the process of securing admission and whether or not they think they made right 
choices. 

(iii) SECTION 3: This section was for collecting in-university information. Here all the 
questions were open-ended, and focused on two major issues; the reason for small 
number of female students in the respondents’ programmes of study and the gender 
specific challenges (if any) that the female students face while in studies. 

(iv) SECTION 4: The last section of the questionnaire form aimed at finding opinions from 
the girls on how the enrolment of female students can be improved in engineering and 
technology related programmes but also when should the intervention best be applied to 
narrow the gender gap. All the questions in this section were open ended.   

 RESULTS 

3.1 Enrolment trend in engineering and technology programmes 

A total of 16 programmes in engineering and technology from three different institutions were 
considered as sample for determination of trends of enrolling female students in the recent five 
consecutive years (2017-2021). The percentage of females from each programme was 
determined each year and was found to irregularly vary year to year. Although some 
programmes seemed to perform better than the others, the overall trend in all the 16 
programmes is presented in Figure 1. 
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Figure 1: Percentage female students enrolled to 16 engineering and technology programmes 

in three higher learning institutions in Tanzania for the past five years 

3.2 Questionnaire results 

Responses from questionnaires were analysed to determine frequencies and percentages which 
were then plotted in clustered bar charts. The following sections give a brief description of the 
data obtained from each part of the questionnaire.  

3.2.1 General respondents information 

A total of 66 female students from five different institutions in Tanzania pursuing 13 different 
programmes in engineering or technology responded to the questionnaire. Among these, 15.2% 
were in the first year of study, another 15.2% in their second year, 56.1% in the third year and 
the remaining 13.6% in their fourth year. Regarding entry qualifications, 83.5% indicated their 
prior qualification as form six and the remaining 16.5% entered the degree programmes with 
diploma certificates. 

3.2.2 Pre-university information 

Respondents were asked to explain why they chose to study the engineering/technology course 
that they are in. Five major reasons were mentioned as indicated in Figure 2 where the largest 
percentage of girls said they chose engineering/technology courses to fulfil their passion. 
Another significant number of girls said they chose the courses they were studying to solve 
society problems and preserve what society has.  

Figure 3 indicate that most girls decided to pursue degrees in engineering or technology while 
they were in secondary school or high school. Furthermore, 95.5% of the girls thought  they 
made a right decision joining the programmes they are studying. Some of the reasons stated to 
justify the girls’ decision to study engineering/technology included that they enjoy studying, 
because they felt that professionals in the respective fields are still needed in the market and 
some see a bright future ahead. Figure 4 presents major reasons why girls thought they made a 
right choice for their future carrier in engineering/technology.  

Respondents were asked to indicate who motivated their choice of programme for bachelor’s 
degree. A variety of responses are indicated in Figure 5 where the majority indicated that they 
were motivated by parents or guardians. Most girls faced some form of challenge towards 
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joining the engineering/technology programme that they chose. These are presented in Figure 
6, the major one being lack of support from family, peers and the community at large.  

 
Figure 2: Girls reasons for choosing to study engineering/technology programmes 

 

 
Figure 3: Time when girls made decision to study engineering/technology programmes 
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Figure 4: Why girls think they made the right decision to study engineering/technology 

programmes 

 
Figure 5: Motivation to study engineering/technology programmes 
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Figure 6: Challenges girls face towards joining engineering/technology programmes 

3.2.3 In-University information 

Respondents were asked to give their opinion as to why only a few girls join for bachelor’s 
degrees in engineering and technology. Most of them thought the reason was lack of support 
from family and the society but also lack of self-confidence and awareness about the 
programmes. In Figure 7, all their responses are expressed. Researchers wanted to know 
whether girls studying engineering and technology programmes face gender specific 
challenges (challenges that boys in the same classes  were not facing). As indicated in Figure 
8, some girls admit to have gender specific challenges but some didn’t.  

 
Figure 7: Reasons for few numbers of girls in engineering/technology programmes 

 

 
Figure 8: Gender based challenges to female students in engineering/technology programmes 
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Figure 9, more than 60% of the respondents thought the best method was to provide 
information, motivation and to encourage girls towards learning engineering and technology. 
In figure 10, respondents thought that the best time to get girls motivated and eventually join 
engineering and technology programmes in their future was during primary and secondary 
school years. 

 
Figure 9: Suggestions on how to increase the number of girls in engineering/technology 

programmes 

 

 
Figure 10: Suggested best time to intervene 
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based in the country that suggested the roots of the problem and the possible solutions. Earlier 
strategies in reducing the gender gap at the University of Dar es a Salaam consisted of special 
enrolment criteria for female students, pre-entry programmes for science female candidates and 
engineering female students scholarships (Mukangara and Shao, 2007). Similarly, Makerere 
University employed addition of points and female scholarship as a measure of reducing gender 
gap (Kwesiga and Ssendiwala, 2006). The special pre-entry programme for female engineering 
students at the University of Dar es Salaam was a success as it was reported by Mukangara and 
Shao (2007) to increase enrolment of female students by 19% within three years of operation. 
However, one disadvantage of pre-entry programs is they infer a stigma of incompetence to 
women adhering to them. Although this was not reported, it could be one of the reasons 
contributed to discontinue implementation of such programmes. 

4.2 Why girls choose to study engineering and technology   

In literature, the choice of students’ major study programme has been discussed under three 
major influences; individual factors, social influences and structural factors (Main et al. 2022). 
Both of which appear to affect the respondents’ choices.  It is good to see that the majority of 
girls (53%) represented in Figure 2 were able to follow their dreams by choosing to study 
engineering/technology despite the possible gender-based stereotype, bias and other challenges 
as a result of gendered socialisation (Reinking and Martin, 2018). Discrimination against 
women in math intensive fields is viewed by some as a thing from the past. However, denial 
that discrimination exists while it does is considered a form of discrimination itself (Wang and 
Degol, 2017).  Discrimination and bias may be intentional or not. Parents and teachers may 
underestimate girls’ math ability relative to boys due to stereotype behaviour which may impact 
the girl’s choices negatively. Beliefs that men should be dominant over women serve to keep 
women out of power and may also keep women out of STEM careers. Experience shows that 
women have been receiving negative messages that STEM careers is not for them (Milgram, 
2011). Meadows (2016) agrees that females may be influenced by expectations and stereotypes 
about gender roles, suitable behaviours and interests starting from very young age. 

More than 22% of the respondents associate their choice of study programme with the need to 
solve society problems. This was to be expected based on literature findings. According to 
Wang and Degol (2017), females have a greater desire to help others and benefit society 
therefore influence their career preferences. Just as men dominate in STEM fields, women tend 
to incline towards communal group serving environments such as health care, early education 
and domestic works (Charlesworth and Banaji 2019). However, Hughes et al. (2017) warned 
that, if people view the gender gap as caused by women’s natural less interest in STEM, then 
they may not view gender gap as a problem. Consequently, there will be no efforts towards 
reducing the gap. 

4.3 Who motivates girls towards future careers 

Leaper et al. (2012) argued that children have a tendency to seek guidance to the parent of same 
gender. In this regard, mothers have a great role in motivating girls towards engineering and 
technology. In fact, both peer and parent support were found to strengthen girls’ motivation to 
pursue STEM. Figure 5 indicates that 28.8% of the girls were motivated by their parents or 
guardians to join engineering/technology programmes and 24.2% by the industry. The 
motivation from the industry comes from seeing and understanding what the 
engineering/technology community contributes to human existence and thriving. Of most 
interest is the more that 16.7% of girls who happened to study engineering/technology by 
chance! (it just happened). This data means a lot to the education system as a whole. It shows 
a lack of proper guidance and preparation of children in learning. To the STEM community, 
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this is a message that these girls although capable of learning engineering/technology courses, 
they could be in arts or any other classes as well.  

Supporting this argument, Wang and Degol (2017) indicate that women are more likely than 
men to possess high skills in both verbal and mathematics domains. This means women have 
a higher potential of succeeding in a variety of career options. Contrary, men possess a high 
math ability than verbal skills hence more likely to accomplish STEM careers. Furthermore, 
Meadows (2016) reported that women with high ability in math are more likely than men of 
similar qualities to choose careers in non-math intensive areas. In fact, some studies such as 
O’Dea et al. (2018) have shown that average school grades for girls in both STEM and general 
subjects are likely to be higher and less variable than those of boys supporting the hypothesis 
that girls have a wider selection of their academic orientation due to good grades in both STEM 
and non-STEM subjects.   

4.4 Challenges towards joining engineering/technology programmes 

By 43.9%, the dominating challenge for girls towards joining engineering and technology 
programmes is lack of support from families, peers and the community. One can argue that 
lack of support is an object of gendered socialisation as described in section 4.2 which may be 
inform of bias or discrimination. According to Egne (2014), higher learning institutions also 
have obligations to offer support especially to disadvantaged learners by orienting them 
towards their programme choices. University should respond to the report that about 3% of 
respondents in this study indicated lack of information as one of the challenges. Another 4.5% 
of the respondents had a remark that entry qualifications to engineering and technology 
programmes in higher learning institutions are too high which could be a supply vs demand 
problem that affects both boys and girls. It is relieving to see that about 20% of the girls did 
not face problems towards their ambition to study engineering/technology. All the challenges 
identified in Figure 2 are part of reasons for the existing gender gap and are further discussed 
in section 4.5. 

4.5 Reasons for the gender gap in engineering and technology 

The causes of gender gap in engineering and technology as identified in this study (Figure 7) 
are lack of support from families and community due to gender stereotyping, lack of girls own 
self-confidence, lack of awareness and motivation, the notion that engineering/technology 
programmes are just too hard and choices (some girls just don't like such programmes).  

Lack of confidence or rather field specific ability beliefs has been discussed in literature where 
it was found that women may be avoiding STEM careers that are challenging simply because 
they falsely believe they do not possess the qualities for success in these fields. Ability beliefs 
and values have been related to academic achievement from childhood to adulthood (Robnett 
and Leaper, 2013), and therefore affect career interest. Feelings of self-doubt and lack of self-
efficacy can develop, creating a self-limiting mindset (Meadows, 2016). On average girls tend 
to score lower than boys in ability belief towards STEM subjects. According to Egne (2014), 
the hard/soft binary thinking around academic subjects is gendered. He urged the challenge is 
for women to push through what is socially accepted as hard. In a context that hard is associated 
to male, even capable females who can perform well in STEM may opt to study arts simply 
just to conform to the prevailing norm. This is why motivation and awareness play a crucial 
role in narrowing the gender gap. 

Egne (2014) expressed how lack of awareness can cause a student join the social science while 
his/her performance is good in hard sciences. How a learner conceptualises a career such as 
engineering will affect the decision making. In their study, Capobianco et al. (2011) determined 
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that elementary school children conceptualised an engineer as a mechanic, labourer, and 
technician whose tasks are fixing, building, making, or working using artifacts such as vehicles, 
engines, buildings, and tools. While these ideas were close to reality, they missed important 
attributes of engineering such as creativity, use of science and mathematics, use of technology, 
teamwork, design work and problem solving to help people which could possibly be more 
attractive to a prospective learner than the children’s original conceptualisation.  

The view that STEM is mostly too hard for females was once supported by the theory of 
cognitive ability in gender where some studies reported a higher number of males scoring to 
the extreme right of a score distribution (Wang and Degol, 2017) as a result dominating the 
STEM professions where talented STEM professionals are sourced from. Supporting literature 
to the theory of cognitive ability therefore reported that boys outperform girls in maths and 
spatial reasoning. However, reports may be different from country to country (Meadows, 2016) 
hence may require investigation for accurate specific country performance. Over time, the 
gender difference in maths ability has been observed to disappear. Therefore, the theory of 
cognitive ability differences between males and females is disputed (Charlesworth and Banaji 
2019) leaving other factors such as gender differences in academic self-efficacy and 
individual's belief of capability to dominate in deciding what to study.  

4.6 Challenges that female students face in studying engineering and technology  

In Figure 8, respondents expressed their experiences in form of challenges they face as girls 
during their studies. Only 31.3% of the respondents indicated to face no gender specific 
challenges while the rest face challenges of one form or another. As discussed earlier, 
discrimination and discouragement originate from gender stereotyping and bias existing in the 
in the society. It is sad to see that some of the difficulties to girls are linked to their teachers 
who were supposed to be mentors and motivators. Some girls expressed being uncomfortable 
and less confident due to the male dominated learning environment while others pointed out 
that they experience being doubted on their capabilities and commitment to pursue the 
programme. Such intimidating situations are not uncommon to females in male dominated 
disciplines. Dubetz and Wilson (2013) reported their own experience of being uncomfortable 
in male dominated class of science and maths but used their experience in developing outreach 
programs to assist school girls towards engineering, science and mathematics.  

4.7 What to do to reduce the gender gap in engineering and technology 

Respondents were keen to suggest several ways of narrowing the existing gender gap in 
engineering and technology. These could be summarised as providing information, 
encouragement and motivate female students especially through role models. Some also 
thought that education should be extended to society as a whole to eliminate gender stereotype 
and bias. A small percentage of respondents think the support to girls in engineering and 
technology should be extended to financial means and awarding those who perform best. 
Literature on gender in STEM programmes has suggested several options to deal with the 
challenge which could be summarised into provision of outreach programmes for mentorship 
and awareness and introduction of role models. Some have also suggested ways of reducing 
gender bias. 

4.7.1 Role models 

The need to send a positive message to girls that they can be successful in STEM career has 
been emphasised by many researchers. The goal is to make women in engineering and 
technology more visible so that to inspire young girls to consider these fields.  Milgram (2011) 
and Botella et al. (2019) suggests that girls need to see female role models working in STEM 
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so that they receive the message that women can work successfully in STEM careers. They 
both agree that lack of visibility of women already working in the discipline discourages other 
women to enter the field. A campaign to popularise role models may be in form of a movie or 
even posters portraying female working in STEM carriers. Such a movie can be popularised 
showing it in television stations. Making sure that biographies of the women role models also 
emphasize on personal interests and family stories to show that they are able to achieve a 
balance between carrier and personal achievements. In higher learning institutions, female 
students look to faculty as role models for balancing career and family (Meadows, 2016).  

4.7.2 Outreach programmes 

Girls can be introduced to potential career opportunities through outreach programmes. These 
can best be conducted in form of after school programmes that provide additional learning 
experience beyond classroom.  The programme has the potential to introduce schoolgirls to 
fields of engineering and expose them to the world of higher learning education. Dubetz and 
Wilson (2013) advocate all girls environment during outreach programmes citing the benefits 
as allows the participants to act freely without having to worry about being perceived as too 
intelligent, therefore as “different” by male students. This environment permits participants 
opportunities to state opinions and handle materials during the activities, without competition 
from boys who may be more assertive.  

One benefit of informal learning environment such as after school clubs allows girls to explore 
STEM as an interest or a hobby rather than be linked to academic grades hence more effective 
in building STEM interest (Reinking and Martin, 2018). The programmes may be run at school 
levels and may be launched by female role models demonstrating engineering and technology 
activities and involving students. In the programme described by Lagesse and Marshall (2019), 
school kids met twice in a week with a mission to be introduced to various aspects of 
engineering. It was reported that six years later, the programme saw an increase of 35% of girls 
in engineering. Awareness and mentorship programmes may also engage a collaboration from 
external stakeholders (Wu-Rorrer, 2019). 

Mentoring programs may provide many girls with exposure to and connections with a woman 
who has succeeded in math and science. According to Meadows (2016), one way to encourage 
girls to choose careers in STEM is to help them develop strong beliefs about their abilities in 
these subjects. Teachers and parents can also assist girls in aligning their beliefs to accurately 
reflect their abilities. Therefore, the amount of time students spend interacting with adult role 
models is important in aligning their ambitions toward college and career plans. Mentors can 
teach girls that academic abilities can be expanded and improved, as well as encourage female 
students to work hard towards their career goals.   

4.7.3 Eliminating bias 

Charlesworth and Banaji (2019) recommended efforts for changing both individual and 
institutional gender bias. It was suggested that individual bias may be changed by bringing 
awareness of the biased habits through education including awareness of the consequences of 
bias. In higher learning institutions, strategies to change biased behaviour should be set and 
shared to all stakeholders. For changing organisational bias one example is allowing flexible 
work arrangements which can be beneficial to advancement of women in career. In schools, 
even simple actions like displaying posters with girls doing hands-on activities can encourage 
girls but also convey the message that the school supports STEM for female.  

Wang and Degol (2017) urged researchers to contribute to reducing the gender gap by 
reviewing existing literature, proposing research questions, models and theories to provide 
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empirical evidence to support, review or reject existing theories. They have a role in conveying 
their work to policy makers and practitioners who can put their findings into action by creating 
initiatives to influence the grater cultural sphere to increase interest in STEM for women. 

4.8 When to intervene  

In Figure 10, respondents recommended that efforts to increase the enrolment of girls in 
engineering and technology be imposed in primary and secondary schools. Also indicated in 
Figure 3, respondents decided about majoring in engineering and technology mostly in 
secondary school and high school. The difference between their personal experiences and what 
they suggested to be the best time for intervention tells the authors that the girls appreciate the 
importance of early preparations by receiving information and motivation to be able to make 
decisions about one’s future career.  

Literature supports this suggestion for early career guidance in schools. According to Kier et 
al. (2014), efforts to interest students in STEM majors and careers are recommended to begin 
at middle school level which may be equivalent to late primary school years for Tanzanian 
system. As a result, many programmes aimed to motivating girls seem to focus on this group 
of students, example Wu-Rorrer, (2019). Likewise, Egne (2014) recommends the best practise 
as paying special attention to women’s science ability starting from the lower to middle school 
levels and help them maintain the interest. Botella et al. (2016) reported that the starting point 
for the gender gap in STEM can be traced back before the age 15 years which is also the age 
range where friendship groups among children has effect in their selection of future career 
(Robnett and Leaper, 2012). Therefore, a girl’s choice of STEM programme or not will 
partially depend on who they hang out with during this age.  

 CONCLUSION AND RECOMMENDATIONS 

Guided with data and literature discussions, this study tried to answer major questions 
surrounding the challenge of gender gap in engineering and technology programmes observed 
in higher learning institutions in Tanzania. Consideration was made to the perspective of girls 
who are experiencing the male dominated learning environment. It can be concluded that: 

(i) The irregular enrolment trend for female students in engineering and technology 
programmes signifies that the current strategies to reduce the gender gap are ineffective 
and need to be reviewed to realise a recent gap closure.  

(ii) Besides lacking social support and role models to look up to, a good percentage of girls 
are brave enough to choose engineering and technology studies by just following their 
passion. 

(iii) Most girls were influenced by parents/guardians as well as the engineering/technology 
industry in making decision about their future career. However, there is a significant 
percentage of girls who happened to enrol to these programmes just by chance. 

(iv) The gender gap in engineering and technology programmes is a multiple factor problem 
contributed by lack of support from families and community due to gender stereotyping, 
lack of girl’s self-confidence, lack of awareness and motivation, the notion that 
engineering/technology programmes are just too hard and partially is a matter of choice. 

(v) Majority of girls pursuing engineering/technology programmes face challenges that are 
gender specific. The major ones being discrimination and discouragement, sceptism, 
intimidation and general discomfort in the learning environment.  

The study recommends the following actions to help reduce the gender gap: 
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(i) Prepare programmes that will make female role models more visible and play the role of 
mentors to young girls. 

(ii) Establish outreach programmes for mentoring young boys and girls and assist them to 
shape their future from the early age. The ministry of education should take the lead while 
including other stakeholders.  

(iii) Establish awareness campaigns to girls to help them develop strong beliefs about their 
abilities in STEM subjects. The best time to start intervening is in primary and secondary 
schools. 

(iv) Make efforts to reduce stereotypes and bias by educating the society. Higher learning 
institutions may take the lead in devising and supervising such programmes.  

(v) Further research by reviewing existing theories related to gender in learning and testing 
their applicability in Tanzania environment. These will assist in justifying gender gap 
reducing measures that were devised for application elsewhere. 
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