[image: ]
Federal Technical and Vocational Training             Institute                                            Faculty of Civil Technology                                         Department of Wood Technology


Investigation on the Lumber Recovery of Grevillea robusta at Kolfe Keranio Phillipos Industrial Cluster Sawmills Addis Ababa, Ethiopia


A Thesis Submitted to the Faculty of Civil Technology for the Partial Fulfillment of the Requirements for the Masters of Science in Wood Technology


By
Tamerat Abera---------358/15

Advisor: Yashwant Singh Rawat (Ph.D.)





June, 2025 
Addis Ababa, Ethiopia

[bookmark: _Toc191246593][bookmark: _Toc199633074]APPROVAL SHEET
[bookmark: _GoBack]This is to certify that the thesis prepared by Tamerat Abera with entitled “Investigation on the Lumber Recovery of Grevillea robusta at Kolfe Keranio Phillipos Industrial Cluster Sawmills Addis Ababa, Ethiopia” and submitted in fulfillment of the requirements for the degree of Masters of science in Wood technology and management, that complies with the regulation of Federal Technical and Vocational Training institute that meets the accepted standards with respect to the originality and quality.
1. Tamerat Abera                                     -----------------------               --------/-----/-----	
    Name of Student                                       Signature                                  Date
Approved by
2.  Yashwant Rawat (PhD)                          ------------------------         --------/-----/------ 
      Name of Principal Supervisor                Signature                                   Date
3. ----------------------------                      ------------------------               -------/------/------    
       Name of Coordinator                            Signature                                   Date
4. ----------------------------                      ------------------------               --------/------/--------- 
      Chairman, Dept.                                     Signature                                   Date




















	
i

[bookmark: _Toc199633075]ACKNOWLEDGEMENTS

I am incredibly grateful to Dr. Yashwant Singh Rawat, my graduate research advisor, for his persistent tolerance, insightful comments and guidance during the preparation of this research thesis. In addition to offering assistance with thesis writing, his wise counsel and creative remarks regarding the organization and rearrangement of the thesis writing have been extremely helpful.









































TABEL OF CONTENTS
Contents
APPROVAL SHEET	i
ACKNOWLEDGEMENTS	ii
LIST OF TABLES	iv
LIST OF FIGURES	v
ABSTRACT	1
CHAPTER ONE	2
1.	INTRODUCTION	2
1.1.	Background of the Study	2
1.2.	Statement of the Problem	4
1.3.	Objective	5
1.3.1	General Objective	5
1.3.2.	Specific Objectives	5
1.4.	Research Questions	5
1.5.	Significance of the Study	5
1.6.	Scope of the Study	7
CHAPTER TWO	8
2.	LITERATURE REVIEW	8
2.1.	Sawmill	8
2.2.	Small Scale Sawmill Industries	8
2.3.	Sawmill Production System	9
2.1.	Sawmill Machinery	9
2.2.	Sawing Methods	10
2.3.	Lumber Recovery	11
2.4.	Factors Influencing Lumber Recovery Rate	12
2.5.	Sawmill in Ethiopia	13
CHAPTER THREE	15
3	MATERIALS AND METHODS	15
3.1.	Description of the Study Area	15
3.2.	Survey and Sampling	15
3.3.	Sample Logs Selection	16
3.4.	Determination of Log Characteristics	16
3.5.	Data Collection and Processing	17
3.6.	Determination of the Volume of the Logs	17
3.7.	Log Conversion Process	18
3.8.	Sawn Lumber Dimension	19
3.9.	Determination of the Volume of Sawn Lumber	19
3.10.	Determination of Sawn Lumber Recovery Rate (LRR)	19
3.11.	Determine the Volume of Sawdust and Slabs	20
3.12.	Research Design and Data Analysis	21
CHAPTER FOUR	22
4.	Results and Discussion	22
4.1.	Volume of Log	22
4.2.	Lumber Recovery	22
4.3.	Percentage Volume of Sawdust and Slabs	23
4.4.	Factors That Affect the Lumber Recovery Rate	24
4.4.1.	Diameter of the log	25
4.4.2.	Log Taper	25
4.4.3.	Sawing Method	26
4.4.4.	Effect of Log Defects on Lumber Recovery Rate	28
4.4.5.	Brittle heart	29
5.	CONCLUSION AND RECOMMENDATIONS	30
6.	REFERENCES	31


[bookmark: _Toc199633076]LIST OF TABLES
Table 1: Log diameter classification	16
Table 2: Dimensions of lumber produced kolfe keraniho Phillipos industry cluster sawmills	19
Table 3: Means and standardizations for volume of log, lumber, residues in sawmill and the resulting recovery rates for lumber and wood residues generated	22
Table 4: Analysis of variance results for the effect of diameter classes of volume of log, lumber, residues in sawmill and the resulting recovery rates for lumber and wood residues generated	23
Table 5: Analysis of variance for the effect of sawing method the volume of lumber, residues in sawmill and the resulting recovery rates for lumber and wood residues generated	27
































[bookmark: _Toc199633077]LIST OF FIGURES
Figure 1: Conceptual framework	14
Figure 2: Map of Addis Ababa	15
Figure 3: Plain (through and through) (a) and Quarter (b) sawing methods	18
Figure 4: Log conversion using bandsaw and edging lumbers using circular saw edger	18
Figure 5: Effect of diameter on the volumes of log and lumber of G. robusta	25
Figure 6: Log Tapering of Grevillea robusta	26
Figure 7: Effect of sawing method on lumber recovery and percentages of sawdust and slabs generated	28



Investigation on the Lumber Recovery of Grevillea robusta at Kolfe Keranio Phillipos Industrial Cluster Sawmills Addis Ababa, Ethiopia
Tamerat Abera
Email: tameratabera1624@gmail.com 
[bookmark: _Toc199633078]ABSTRACT
Lumber recovery rate is a critical indicator of efficiency in sawmills operations, directly impacting both economic performance and the sustainable use of forest resources. The objective of this study was to investigate the lumber recovery rate of Grevillea robusta and identify the factors that affect it at Kolfe Keranio Phillipos Industrial Cluster Sawmills in order to improve sawmill efficiency and timber utilization. This study employed both qualitative and quantitative data. Surveys were conducted to collect the relevant information from owners and employers of sawmill industries, using questionnaires and structured interviews that focused on challenges, opportunities, management practices, and history of the sawmills. A total of 105 G. robusta logs of 25-year-old with straight, knot-free, and healthy logs were selected from the log yard of Philipos sawmills. The selected sample logs were categorized into three diameter classes >10 cm < 30 cm, > 31cm < 50 cm and > 50 cm. Each diameter class logs characteristics including log diameter, length and taper were measured using diameter tape and caliper. The volumes of each log diameter class were calculated based on smalian’s formula. The sample logs of >10 cm < 30 cm diameter class were sawn by applying plain or through and through sawing method using bandsaw machine; while the diameter classes of > 31cm < 50 cm and > 50 cm were sawn by applying quarter sawing method using the same bandsaw machine. The volumes and percentages of lumber, sawdust and slabs during converting the sample logs of G. robusta were determined based on diameter class and sawing method. During qualitative and quantitative data factors that affected the lumber recovery rate of G. robusta logs were investigated. The result showed that the total volume of processed G. robusta logs obtained was 1.734 m3, while the output in terms of volume obtained in lumber was 0.892 m3. The average lumber recovery rate for G. robusta obtained was 51.67%. The analysis of variance revealed that the diameter class had significant effects on the volumes of log, lumber and sawdust of G. robusta at P < 0.0001 level. The percentages of lumber and sawdust also significantly affected by the diameter class P < 0.0001 level. The lumber recovery rate of G. robusta was increased in line with the increment of diameter classes. In contrast, the percentages of sawdust and slabs obtained were declined as the diameter classes increased. The results shows that the lumber recovery rate of G. robusta was significantly affected by log diameter, taper, sawing method, quality of logs, type of machines and skill of operators. Generally, larger log diameter had less taper and resulted in high yields of log and lumber compared to the smaller log diameter. In addition, even if sawing method is depend on the purpose of the lumber, the sample logs diameter greater than 30 cm is better if sawn using quarter sawing method. In fact plain sawing method produced high yield of lumber with less quality, and generated less percentages of sawdust and slabs compared to the quarter sawn lumbers.

Keywords: Grevillea robusta, Lumber recovery, Sawdust, Sawing method, Slab, Taper 
[bookmark: _Toc199633079]CHAPTER ONE
1. [bookmark: _Toc199633080]INTRODUCTION
1.1. [bookmark: _Toc199633081]Background of the Study
Forest is one of the most vital renewable resources on Earth, providing a wide array of ecological, economic, and social benefits (FAO, 2020). One of the primary outputs of forest management is timber, which forms a critical raw material for construction, furniture-making, and various industrial applications (FAO, 2020). The global demand for timber and wood products continues to rise due to population growth, urbanization, and industrial development (FAO, 2022). In Ethiopia, the forestry sector plays a crucial role in supporting the construction industry, furniture manufacturing, and other wood-based enterprises (Bekele, 2015). However, the country faces significant challenges in meeting domestic wood demand due to deforestation, unsustainable logging practices, and inefficient wood processing techniques (Mekonnen et al., 2020). As a result, optimizing lumber recovery in sawmills has become a critical factor in enhancing resource efficiency and reducing waste in the timber value chain.
Grevillea robusta, commonly known as silky oak, is an exotic tree species introduced to Ethiopia from Australia, primarily for agroforestry and timber production. It has adapted well to Ethiopia’s highland climate and is commonly planted for shade, windbreaks, and commercial wood production (Negash et al., 2021). It’s wood is known for moderate durability, workability, and a straight grain, making it suitable for furniture, construction, and interior joinery (Orwa et al., 2009; Nagaveni et al., 2011). As the use of G. robusta expands in Ethiopia’s timber industry, it becomes imperative to understand how efficiently this species is being processed into lumber in local sawmills. In Ethiopia, due to the decrease of the supply of valuable timber species such as Cupressus lusitanica and Pine species, G. robusta timber species utilization is increased as alternative. Recently, G. robusta wood has been used in construction, furniture, parquets, handles, and etc. on the other hand, this timber species used for fuelwood and charcoal production (Kaba et al., 2024). 
Despite its growing economic significance, there is a lack of detailed research on the lumber recovery potential of G. robusta under Ethiopian processing conditions. Most sawmills in the country, including those in Addis Ababa, operate using outdated technology and inconsistent processing standards, often resulting in high waste and low productivity (Tadesse and Desalegn, 2014). In many cases, log conversion rates can fall below international benchmarks, with some sawmills reporting recovery rates as low as 30-40% depending on species and equipment used (FAO, 2015). Therefore, the study focuses on the lumber recovery rate of G. robusta is essential for improving processing efficiency and guiding forest policy and investment decisions.
Lumber Recovery Rate (LRR) is a fundamental indicator of efficiency in sawmilling operations which is the ratio of the volume of sawn timber obtained from a log to the volume of the log itself, usually expressed as a percentage (Bashir et al., 2016). It is a key performance indicator for sawmills, influencing profitability and sustainability. Improving lumber recovery rate can reduce pressure on natural forests by maximizing output from available logs, thereby supporting sustainable forest management (Adeniran et al., 2018). A higher LRR indicates a more efficient conversion process, reducing waste and maximizing output (Bashir et al., 2016). Factors that influence LRR include log diameter, taper, sawing methods, operator skill, and the quality of sawmill equipment (Wathugi et al., 2012; Adeniran et al., 2018). The sawing process involving various machines such as bandsaw, circular saws, and other types of equipment, each of which may affect the overall yield of usable lumber (Bashir et al., 2016).  
Philipos Sawmill, located in Addis Ababa, is one of the many small to medium-scale wood processing facilities contributing to Ethiopia’s timber supply. However, it may face inefficiencies in log conversion due to outdated machinery, improper log sizing, and lack of optimized sawing techniques (Tsehaye et al., 2020). Investigating the lumber recovery of Grevillea robusta at Philipos Sawmill will provide valuable insights into current processing efficiencies, identify sources of waste, and suggest potential improvements. Previous studies in similar contexts have shown that adopting modern sawing technologies, proper log selection, and worker training can enhance recovery rates by 10-20% (Dessie et al., 2021). Similarly, investment in modern band saw technology resulted in increased lumber recovery and reduced waste (Mrema et al., 2016). 
This study aims to assess the lumber recovery efficiency of Grevillea robusta at Philipos Sawmill by analyzing the relationship between log dimensions, sawing patterns, and output volume. The findings will contribute to the broader discourse on sustainable wood utilization in Ethiopia and provide practical recommendations for sawmill operators to optimize resource use. By improving recovery rates, the study supports Ethiopia’s efforts to promote sustainable forestry practices and reduce unnecessary logging pressure on natural forests.
1.2. [bookmark: _Toc199633082]Statement of the Problem
Lumber recovery rate is a critical indicator of efficiency in sawmills operations, directly impacting both economic performance and the sustainable use of forest resources. In Ethiopia, Grevillea robusta is a fast-growing exotic tree species, widely used in sawmills for timber production. However, the lumber recovery rate of Grevillea robusta and the factors influencing it have not been extensively studied, particularly in the Ethiopian sawmills. This lacks of data limits the ability of sawmill operators and industry stakeholders to optimize their operations, reduce waste, and improve overall resource management.
Sawmills in Addis Ababa play a vital role in the local timber industry, yet challenges persist in maximizing recovery rates and minimizing inefficiencies. Factors such as log size, sawing techniques, machines/equipment used, and operator expertise can all significantly affect the volume of usable lumber extracted from raw logs. These factors are not well understood in relation to Grevillea robusta, which may have unique characteristics affecting the sawing process. Without a clear understanding of how these variables impact recovery rates, sawmills may continue to experience significant losses in timber production, affecting profitability and sustainability. 
This research seeks to investigate the lumber recovery rate of Grevillea robusta at Philipos sawmills in Addis Ababa and identify the factors that influence this rate. By examining operational, environmental, and material variables, the study aims to provide actionable insights that could help improve sawmill efficiency, reduce timber waste, and enhance the economic viability of the sawmilling industry in Ethiopia. Ultimately, the findings could contribute to the development of best practices for timber processing, supporting both the profitability of sawmills and the sustainable management of forest resources in the country.
7

1.3. [bookmark: _Toc199633083]Objective
1.3.1 [bookmark: _Toc199633084]General Objective
The general objective of this study was to investigate the lumber recovery rate of Grevillea robusta at Kolfe Keranio Phillipos industrial cluster, and identify the factors that affects the recovery rate in order to improve sawmill efficiency and timber utilization.  
1.3.2. [bookmark: _Toc199633085]Specific Objectives
i. To investigate the lumber recovery rate of G. robusta at Kolfe Keranio Phillipos industrial cluster. 
ii. To identify the factors that influences the lumber recovery rate of G. robusta at Kolfe Keranio Phillipos industrial cluster.
1.4. [bookmark: _Toc199633086]Research Questions
· Which sawing method appropriate to produce quality lumber from G. robusta using band and sawmilling?
· What factors influence the lumber recovery rate of G. robusta at selected sawmills using band sawmill machine?
1.5. [bookmark: _Toc199633087]Significance of the Study
The significance of this study lies in its potential to enhance the efficiency of sawmill operations at Kolfe Keranio Phillipos industrial cluster sawmills in Addis Ababa, Ethiopia, by providing empirical data on the lumber recovery rate of Grevillea robusta and identifying the factors that influence this rate. As the demand for timber increases with urbanization and industrialization, optimizing lumber recovery has become essential for minimizing waste, improving profitability, and ensuring the sustainability of the timber industry (Tadesse and Desalegn, 2014). By investigating how various factors such as sawing techniques, equipment quality, and operator skill affect recovery rates, this study will offer valuable insights that sawmill operators can use to optimize their processes and reduce resource wastage (Mrema et al., 2016).
In addition to its practical implications for sawmill efficiency; the study will contribute to sustainable forest management practices in Ethiopia. Efficient lumber recovery reduces the pressure on natural forests by ensuring better utilization of fast-growing species like Grevillea robusta and minimizing the need for additional logging (Bekele, 2015). This research is particularly relevant in the context of Ethiopia’s ongoing efforts to balance economic growth with environmental conservation, as poor recovery rates often lead to increased deforestation and loss of biodiversity (FAO, 2015).
Furthermore, the findings from this study will help inform policy decisions related to the timber sector and sustainable forest resource management. By providing data on how sawmills in Addis Ababa are performing, the research can guide the development of industry standards and best practices aimed at improving operational efficiency and promoting environmental sustainability in Ethiopia’s timber sector. This could contribute to the broader goal of ensuring a sustainable and economically viable timber industry that supports both local economies and environmental preservation.

1.6. [bookmark: _Toc199633088]Scope of the Study
This study focuses on investigating the lumber recovery rate of Grevillea robusta in sawmills located in Addis Ababa, Ethiopia, and identifying the factors that affect this recovery rate. The study is limited to Sawmill Enterprise in the Kolfe Keranio Phillipos industrial cluster, Addis Ababa. The research was specifically examined the recovery rates of Grevillea robusta logs, considering log size, sawing techniques and the skill levels of operators that affect the recovery rate. Type of sawmill equipment also impact on the recovery rates, but due to time constraint not considered. This study also not addressed other timber species or sawmills outside the Kolfe Keranio Phillipos industrial cluster. By focusing on these variables, the research aims to provide actionable insights that can enhance sawmill efficiency and contribute to the sustainable management of forest resources in Ethiopia.

[bookmark: _Toc199633089]CHAPTER TWO

2. [bookmark: _Toc199633090]LITERATURE REVIEW
2.1. [bookmark: _Toc199633091]Sawmill
Sawing is a process of converting logs into lumber or cutting logs by using sawing equipment’s for the production of lumber, with sawdust, slabs and off-cuts as by-products. Sawing technology is the mechanization of man’s earliest activities towards human settlement and development by cutting wood into sizes useful for the satisfaction of human demand. Historically sawmilling start in 18th century with pit sawing as the earliest form of log conversion while the first power- driven sawmill was installed at the beginning of the 20th century (Antobre, 2010). Sawmill is a wood processing industry equipped with various wood processing machines like band saw and circular saws and the wood has to be converted into various sizes that was maximize profit and also satisfy the demand of the people (Aghimien et al., 2020). 
Sawmill is primary processing plant for converting logs into sawn timber by using different brands of sawmill technologies and specific sawmills are superior over others in terms of timber recovery and conversion efficiency, thereby reducing waste and increasing production capability of sawmill (Forest Resources Management Division, 2017). Sawmilling is a simple manufacturing process, which performs activities of cutting down a tree, sawing, and generating lumber. The most important wood products, produced, consumed and traded in wood industries are sawn wood, plywood, particle board, news-print, printing and writing paper and other paper boards that are gotten from sawmills (Adeoye et al., 2015).
2.2. [bookmark: _Toc199633092]Small Scale Sawmill Industries
Ethiopia being one of the fastest developing economies in Africa identified the development of micro and small manufacturing enterprises as key strategic sector to reduce poverty and unemployment and to transform the economy from agriculture based one to manufacturing based one. The country has been investing a large amount of money in Small and Medium enterprises, especially for manufacturing sectors with a view to improve the socioeconomic condition of the people. Small and micro enterprise plays a vital role in the improvement of the country gross domestic product (GDP), generating additional capitals, for ensuring flow of goods to the nation and reduce unemployment rate (Woldesilassie and Ivatury, 2020). SMEs have historically played an important role in contributing to employment generation of many countries around the world. Naturally, all businesses start as small businesses or even start out of small businesses initiated by individuals (Khatri, 2019).
2.3. [bookmark: _Toc199633093]Sawmill Production System
According to Gorgun and Unsal (2017), harvesting is the primary step in solid wood processing or sawmilling. Bucking is the next step and long trunks are bucked to 3 m – 6 m length then logs are sorted according to some features e.g., length, diameter, specie, quality, etc. (Sorting) and then barked. In sawmill, there are two main sawing stages: Primary and Secondary Log Break down. Primary log breakdown process has many variables such as log properties, operator behavior, sawing equipment and techniques and customer requirements, etc.
Even if logs have many differences like taper, curve shapes defects as knot, split, etc. Although cylindrical-shaped logs or smooth-edged and big-sized cants cut to slabs or four squared lumbers in primary log breakdown process. Outputs in primary breakdown process are semi-finished and need secondary breakdown to undergo sawing process like edging, trimming, planning, etc. Defects such as wane, split, etc. removed from the material in this process. However, some manufacturers do not need secondary breakdown process and utilize the pieces as “natural wooden products” or leave lumber without squaring.
According to Guyana Forestry Commission (2012), to achieve high production rates, sawmill requires a sawing system that was break down logs accurately to the desired final lumber thickness. The aim is to have the flexibility to break down each log using different sawing patterns to suit the varying quality of logs being fed in, adapt to defects found as the log is opened up and cut for product/products required by the market.
2.1. [bookmark: _Toc199633094]Sawmill Machinery
Eldred (2000), describes, sawmill grouped in to mobile or portable sawmills and static mills, static mills may be a small saw bench used on a farm for occasional use or a larger saw used at a timber yard and static mills are either circular or band saw mills. Conventional circular saw benches, Circular Double Slabbers and Vertical band saws grouped under static mills. Mobile sawmills are the type of mill that a small woodland owner is likely to use. There are many different models on the market from small, portable saws to trailer mounted saws. 
Mobile sawmills are useful for cutting round timber over 25 cm in diameter and 2 m in length. Power can be from the mill’s own engine, or from a tractor power take-off. Some of the sophisticated versions use a hydraulic system to load the timber and turn it to meet the saw. Chainsaw mills, mobile band saws, mobile circular saws and double-slabber are under mobile sawmills. Based on Gligoraş and Borz (2015), band sawmills are the basic technological alternatives are used for lumber production. Efficiency of band saw machine is mostly affected by the volume of logs to be processed. On the other hand, the recovery rate of green-off-saw (GOS) timber from logs and the speed at which the logs can be converted into lumber have a major impact over the costs of operating sawmills. 
2.2. [bookmark: _Toc199633095]Sawing Methods 
Sawing method is the pattern used to break down the log into lumber. Volume yield in sawmilling is determined by a confusing interaction of several variables such as kerf width, allowable widths, thickness and length, edging routines, and trimming routines, sawing method. Among them, sawing method is an important determinant of sawmill (Rongrong et al., 2014). Based on Munoz et al., (2013), size and quality of the logs determine the sawing pattern, and both size and sawing pattern affect the yield of high-quality sawn pieces. Logs are graded to identify the most suitable use for each, and the largest logs (logs more than 2.5 m long) with the fewest external defects are accepted by the veneer industry for decorative applications.
According to Gorgun and Unsal (2017), live-sawing, cant (prism) sawing and quarter sawing are the basic classifications for log sawing patterns. Cant (prism) sawing is sawing sideboards and slabs at first and sawing other sideboards and centerboards with turning the prism 90 o. The sawing stage of cant sawing is typically broken down into two separate steps. First, logs cut into large flat pieces called cants. The cant was broken down into lumber pieces through a specific sawing machine such as gang saw. In addition to the resulting lumber pieces, the remaining parts called flitches produced. These flitches may go on to the edger, trimmer or re- sawing stages in which dimensional lumber pieces can produce. Quarter sawing is sawing logs to obtain lumber with angel of annual rings to wider surface on cross-section is bigger than 45o.
According to Malik and Hopewell (2011), live sawing pattern is one of the sawing patterns, which fit and used for small diameter logs. This pattern is the simplest sawing method, the easiest to apply and obtains higher green-off-saw recovery rates as well as faster sawing time than alternative and more complex patterns which involve more handling time. Live sawing pattern generally produces sawn timber with low quality due to flat sawn timber that is susceptible to change its dimension (crook) and damage (crack) during the drying process. This method is often not suitable for fast-grown logs containing high levels of growth stress. Such logs needs a more balanced sawing pattern to minimize degrade or splits as stresses are relieved. This pattern produces flat sawn timber type, which is desirable for species such as teak to display the grain to best effect. No edging or re-sawing to make square was undertaken, therefore, the boards still have sapwood along both board edges.
Based on Bennett (2014), tapered log or butt log is a log with decreases in diameter from one end to the other. When a tapered log cut into lumber, there are generally is a yield loss at the large end, and the lumber lost is often the clearest wood on the log. Crosscutting logs into shorter segments and accepting shorter lumber, tapered sawing, and live sawing are the best methods for sawing tapered logs and improving lumber yield. Tapered sawing is the practice of adjusting the small end of a log on the sawmill deck until the outside of the log is in the same plane as the saw blade. Normal placement of a tapered log on the sawmill deck without adjusting the taper was result in the first slab being wedge shaped and possibly losing some quality boards on the thick end of the slab. Tapered sawing results in a wedge shaped (tapered) center cant where the lumber is usually of lower quality anyway. All four faces can be taper sawn. If the leftover cant is saleable, the cant faces straightened last. Successful tapered sawing requires additional care to the point of using a level to adjust a log or can’t face when turned to the saw blade and additional care associates to slightly longer sawing times.
2.3. [bookmark: _Toc199633096]Lumber Recovery
Ching (2013) describes, sawmill product are classified in to two basic groups, which are high- value product and low-value products. High quality lumber pieces are the high-value product, while the low-value product includes the lower quality lumber pieces, wood chips, sawdust and residual bark. The quality of lumber pieces is ranking through grade. The grading is based on the number and location of internal defects been the final dimensions. Although, the high-value products are more valuable however, the low-value product also important to supply other sectors of the forestry industry such pulp and paper, biofuel and pellet industries.
Wood and lumber recovery is an input and output ratio of lumber and one of the most critical applicable efficiency metrics for measuring the number of lumber produced from specific log and wood products generated from the amount of timber utilized in wood manufacturing industries. Improved lumber and wood recovery reflects a successful wood manufacturing operation as the improvement enhances margin through diminishing production costs by minimizing raw material expenditure and increasing production capacity (Prasetyo et al., 2019). Based on Lolila et al., (2021), lumber recovery rate and sawmilling productivity of sawmill machines are among the most important measures of sawmill conversion efficiency. Despite that, lack of information on appropriate technology makes a lot of sawmills rely on obsolete equipment and machines.
According to Alipon et al. (2016), log samples per site, age class and height, level (bottom, middle and top) sorted, properly numbered and then scaled to their diameter and length at the log yard. Then volume of lumber recovered from each log was tallied to determine the percent LR based on the gross volume: also, in relation to log characteristics, the lumber recovery factor (LRF) or the nominal board foot of lumber per cubic meter volume (bd ft/ m3) of log input was calculated. Production capacity or sawing capacity is the amount of work done per unit of time and the performance or ability of sawmill in a production unit to perform under certain conditions. Sawmilling capacity is not an isolated phenomenon, which could assess without specifying the impact of the relevant conditions, and particularly in their context of the productive time factor (Bomba et al., 2016).
2.4. [bookmark: _Toc199633097]Factors Influencing Lumber Recovery Rate
Lumber recovery factor is a measure of sawmill efficiency and defined as the percentage or a ratio of volume of sawn wood output to that of the volume input of logs processed in the sawmill, regardless of the types and kind of processing equipment adopted and species of wood involved. Log diameter, length, taper and quality; kerf width of the sawing machines; sawing variation, rough green-lumber size, and size of dry dressed lumber; Product mix; Decision making by sawmill personnel; Condition and maintenance of sawmill equipment; Sawing method are the major determinant factors for lumber recovery.
In sawmill large quantities of waste produced in form of slabs, sawdust and bark are regularly generated in sawmills. Wood waste generated in sawmills cannot be eliminated fully but can be significantly reduced by improving the processing techniques in sawmill. Log shape (i.e., crooked, taper, forked and straight), log sizes (i.e., girth and length), machine maintenance culture and availability of machine parts and experience of the operator are factors influencing the lumber recovery ratio from logs during conversion in sawmills. The sizes of log being processed, regardless of the species, have also important influence on lumber recovery (Aghimien et al., 2020).
Not every saw log is straight and cylindrical in shape. In fact, logs are commonly out-of-round, tapered, or crooked, and often a combination of these shapes. To produce free lumber sawyer needs to develop a sawing plan for each log that minimizes the potential yield loss that frequently results when sawing out-of-shape logs. This extra board footage can be the difference between a profitable and a nonprofit able log. If you are a sawmill operator, it is critical you know the economic value of your logs when converted into lumber or other end products, as well as the cost of buying logs and sawing logs into lumber. Lumber yield from a log is secondary to lumber quality, therefore each log placed on the sawmill deck must be evaluated and sawn to reduce the most valuable products possible (Bennett, 2014).
According to Guyana Forestry Commission (2012), securing log supplies, properly designed and engineered production facilities, environmental regulatory and power supply issues, constant training for professionals in management, operations, maintenance, sales, marketing, logistics and analysis of raw material resources and product lines are the major factors that influences sawmilling operations to maintain long-term profitability. Based on Lolila et al., (2021), lumber recovery rate and productivity vary across different sawmills because the factors affecting individual sawmills are rarely the same. Log diameter, length and volume are the main factors for recovery rate.
2.5. [bookmark: _Toc199633098]Sawmill in Ethiopia
Based on Abebe and Holm (2003), Sawmills in Ethiopia are typically characterized by low utilization capacity and outdated equipment, resulting in low recovery rates and Conceptual Frame Work the generation of a large amount of waste. Most of the mills are old and designed to convert large saw logs of indigenous species.
Scaling is the determination of the gross and net volume of logs by the customary commercial units for the product involved; volume may be expressed in terms of board feet, cords, cubic feet, linear feet, or number of pieces. Scaling is not guessing; it is an art founded on applying specific rules in a consistent manner based on experienced judgment as to how serious certain external indicators of defect are in a specific locality.
This study takes the Scribner Decimal C Rule as its main frame of references and analysis. This is one standard rule for Forest Service saw log scaling. This rule rounds contents to the nearest 10 board feet. For example: Logs that according to the Scribner rule have volumes between 136 and 145 board feet are rounded to 140 board feet and shown as Figure 1.

[bookmark: _Ref197968457][bookmark: _Toc199632985]Figure 1: Conceptual framework




















[bookmark: _bookmark21][bookmark: _Toc199633099]CHAPTER THREE
3 [bookmark: _Toc199633100]MATERIALS AND METHODS
3.1. [bookmark: _Toc199633101]Description of the Study Area
This research was carried out at kolfe keraniho Phillipos industry cluster sawmill in Addis Ababa region, Ethiopia's capital city, which is located in the country's central region. The Addis Ababa city is surrounded by the Special Zone of Oromia and is populated by people comes from the different regions of Ethiopia. The latitude of Addis Ababa is 9.005401, and the longitude is 38.763611. Addis Ababa is located at Ethiopia country in the City place category with the GPS coordinates of 9°0' 19.4436'' N and 38° 45' 48.9996'' E. The city lies at the foot of Mount Entoto and forms part of the watershed for the Awash. From its lowest point, around Bole International Airport, at 2,326 meters above sea level in the southern periphery, Addis Ababa rises to over 3,000 meters in the Entoto Mountains to the north. City has a subtropical highland climate with precipitation varying considerably by the month.  
[image: ]
[bookmark: _Toc199632986]Figure 2: Map of Addis Ababa (Source:)
3.2. [bookmark: _Toc199633102]Survey and Sampling 
This study employed both qualitative and quantitative data. Surveys were conducted to collect the relevant information from owners and employers of sawmill industries, using questionnaires and structured interviews that focused on challenges, opportunities, management practices, and history of the sawmills. A combination of closed-ended and open-ended questions was used in the questionnaires and interviews to gather comprehensive information from respondents. The data collected were analyzed to assess the challenges and opportunities at kolfe keraniho Phillipos industry cluster sawmills in Addis Ababa, Ethiopia. Additionally, the study explored factors influencing lumber recovery rates and sawmills production flows, with the aim of promoting green economic development and industrial transformation. The study also evaluated log sawing practices and lumber recovery rates. Log characteristics including diameter, length and taper were measured in sawmills.
3.3. [bookmark: _Toc199633103]Sample Logs Selection
A total of 105 sawn logs were selected from the log yard and measured using a caliper and tape measure, and recorded on a data sheet. The logs used in this study were sourced from a ≥ 20-year-old of G. robusta plantation for lumber production. The sample size was determined by the availability of sawn logs in the yard. To minimize the probability of selecting defected sample logs that were visually straight, knot-free, and healthy were selected and coded. Each log was marked and coded with visible paint or a permanent marker. The selected total of 105 logs were divided into three logs classes proportionately containing 35 logs in each group of diameter class based on average diameter ranges (Table 1). 
[bookmark: _Ref197979363][bookmark: _Toc199633037]Table 1: Log diameter classification
	No.
	Category
	Dimension (cm)
	Applied sawing method
	Number of logs

	1
	Grevillea robusta log
	>10 < 30
	Plain or through & through
	35

	2
	Grevillea robusta log
	< 31 < 50
	Quarter
	35

	3
	Grevillea robusta log
	> 50
	Quarter
	35


3.4. [bookmark: _Toc199633104]Determination of Log Characteristics 
Log characteristics including diameter, length and taper were measured in sawmills. 
Log diameter: Diameters of logs were measured using equations 1–3 at the log yard of kolfe keraniho Phillipos industry cluster sawmills. 

Where, DL = diameter at butt log end; DL1 = first measurement of butt log diameter at specified length; DL2 = second measurement of butt log diameter (perpendicular to the first measurement).

Where, DS = small end diameter; DS1 = first measurement of small end diameter; DS2 = second measurement of small end diameter (perpendicular to the first measurement).
The measured diameters of logs were obtained from the average of the two measurements at the larger and small end of the log as presented in Eq. 3.

Tree caliper and tape rule were used to measure the diameter and length of the logs. In order to calculate lumber yield of each diameter class; log samples were classified into three diameter classes: >10 to ≤ 30 cm, > 30 to ≤ 50 cm, and > 50 cm. These categories were commonly used for lumber production and helped to identify which class yielded the highest lumber recovery.
Log taper: Log taper was calculated for all logs as a ratio of the differences of larger and small end diameter to the distances between the two ends or length of the log as presented in Eq. 4.

Where, Taper = Taper value of a logs in cm/m; L = Length of logs in cm/m.
3.5. [bookmark: _Toc199633105]Data Collection and Processing 
The survey data was collected through questionnaire and observation checklists from sawmills industries. In this regard, using questionnaires the relevant information about the production and working conditions of sawmills were collected from owners and employers of Phillipos industry cluster sawmills. Whereas the quantitative data was collected from the three different sizes of G. robusta logs by taking thirty five samples from each log category. 
3.6. [bookmark: _Toc199633106]Determination of the Volume of the Logs 
Data were collected by measuring the volume of logs before conversion into lumber. Smalian equation was used to compute the log volume of G. robusta. All necessary data were collected and recorded in data sheets prepared for this study. The quantity, skill and adequacy of the sawmill personnel at the site of operation were also determined and recorded. According to Olufemi et al. (2012), both ends of diameter and the length of all logs of the three categories were measured with the use of a caliper and tape meter, respectively. The log volume was calculated following Smalian equation presented in Eq. 5. 

Where, VLi = volume of the ith single log (in m3) where the value ‘i’ ranges from 1 to 105; L = Length of the log (in m).

Where, VT = Volume of total logs.
3.7. [bookmark: _Toc199633107]Log Conversion Process
Small diameter of logs (under 31 cm) was sawn using plain or through and through sawing method (Figure 3a), whereas larger diameter of logs > 30 to ≤ 50 cm, and > 50 cm were sawn using the quarter sawing method (Figure 3b). The two sawing methods were used to obtain the optimum lumber yield. Plain (through and through) sawing method was preferred for small diameter classes of the logs because small diameter classes of the logs are easy to roll, while quarter sawing method was used for the larger diameter classes of the logs to make it convenient for sawing and obtain the optimum lumber recovery. The logs were sawn into lumbers using bandsaw machine (Figure 4). 
[image: ]
[bookmark: _Ref197974568][bookmark: _Toc199632987]Figure 3: Plain (through and through) (a) and Quarter (b) sawing methods
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[bookmark: _Ref199614033][bookmark: _Toc199632988]Figure 4: Log conversion using bandsaw and edging lumbers using circular saw edger
3.8. [bookmark: _Toc199633108]Sawn Lumber Dimension
Logs are the basic raw material of sawmill. Although, lumber is the main product of the sawmill operation, but it also produce the by-product such as wood chip, sawdust and residual bark to gain profit. The product is graded into high quality of products and low quality of products. There are different size of lumber, according the size specification to meet the customer need and demand. The collected data at kolfe keraniho Phillipos industry cluster sawmills shows that five types of lumber dimensions were produced (Table 2) and then at the end of production lumber can be sold for different groups of customers like lumber trader shop, individual users and furniture manufacturer and used for facial board construction, ceiling construction and furniture production.
[bookmark: _Ref198496752][bookmark: _Toc199633038]Table 2: Dimensions of lumber produced kolfe keraniho Phillipos industry cluster sawmills
	No
	Kinds of lumber
	             Dimensions of lumber produced

	
	
	Length (m) 
	Width (cm) 
	Thickness (cm)

	01
	G. robusta Lumber
	~ 4
	30
	0.25

	02
	G. robusta Lumber 
	~ 4
	25
	0.25

	03
	G. robusta Lumber 
	~ 4
	20
	0.25

	04
	G. robusta Lumber 
	~ 4
	15
	0.25

	05
	G. robusta Lumber 
	~ 4
	10
	0.25


3.9. [bookmark: _Toc199633109]Determination of the Volume of Sawn Lumber
Determination of green volume of sawn timber was calculated using Eqs 7 and 8. 


Where Vgi = green volume of the ith sawn timber in m3, where ‘i’ ranges from 1 to the number of lumbers produced from each of the log; L = Length of sawn timber in m; T = Thickness of sawn timber in m; W = Width of sawn timber in m; Vtg = green volume of total sawn timber in m3. 
3.10. [bookmark: _Toc199633110]Determination of Sawn Lumber Recovery Rate (LRR)
The lumber recovery rate of sawn lumber was estimated based on Smith and Brown (2017) by the following Eqs. 9 and 10. 


Where, ∑ VL = (VL1 + VL2 + VL3 + . . . + VLn) or total volume of lumber recovered (m3);   ∑ VT = (VT1 + VT2 + VT3 + . . . + VTlogs) or total volume of all logs processed (m3). 
3.11. [bookmark: _Toc199633111]Determine the Volume of Sawdust and Slabs
Sawdust is a wood powder created by the movement of a saw blade through the log while lumber is being processed, or it is the residue produced by the teeth of a saw blade. According to Hanks (1977), the amount of sawdust produced is proportional to the saw kerf, i.e., blade thickness and teeth setting. To determine the volume of sawdust, a kerf-gage and vernier caliper were used to measure the teeth-set and thickness of band, edging circular saw, radial arm saw, was calculated separately for each of the three machines and the total sawdust volume was calculated by adding the volume of dust generated by these three machines (band saw, edging circular saw, and radial arm saw (Hanks, 1977). The volume of sawdust is equivalent to the volume of solid wood converted to wood, and it is determined by the size of the saw kerf and the number of saw blade passing through the logs (Fonseca, 2006; Malik and Hopewell, 2011). The proportion of sawdust is the volume of sawdust divided by the total volume of sawn logs (Olufemi et al., 2012).  The volume of sawdust from each log was estimated using Eq. 11.

Where, Vsd = volume of lumber turned to sawdust in m3; b = kerf of the saw blade in mm; l = length of the log in m; w = width of each plank at the point of cut in m.
The volume of wood slab produced during the log conversion process was estimated by the following Eq. 11.

Where, VSlab = volume of slab; Vlog = volume of log; Vsd = volume of sawdust; Vst = volume of sawn timber (lumber).
3.12. [bookmark: _Toc199633112]Research Design and Data Analysis 
This study was used both qualitative and quantitative type of data. Descriptive research design were used for analyzing on the log scaling and lumber recovery of Grevillea robusta using band saw machine at kolfe keraniho Phillipos industry cluster sawmills in Addis Ababa. Cross sectional study were used to collect the required data. After the data obtain from questionnaires, interview, and physical observation then the research data was analyzed. Descriptive and inferential methods of data analysis were used to achieve the required results of the investigation. The data was summarized and analyzed by using Microsoft Excel and SPSS software version 24 in terms of descriptive statistics such as Percentages and average. The difference between the means were done by using Tukey HSD mean comparisons at P < 0.05 level. Finally, the results presented by tables and graphs.

































[bookmark: _bookmark31][bookmark: _Toc199633113]CHAPTER FOUR
4. [bookmark: _Toc199633114]Results and Discussion
4.1. [bookmark: _Toc199633115]Volume of Log
The volumes of input (log) and output (lumber), lumber recovery rate and percentage of wastes (sawdust and slabs) generated during processing in sawmill for the three log classes are presented in Table 3. The results revealed that the diameter class had a significant effect on the log volume of Grevillea robusta at P < 0.0001 (Table 4). The results showed that the highest volume of log was obtained in the diameter class of > 50 cm (1.014 m3), followed by diameter classes of > 31cm < 50 cm (0.57 m3), and >10cm < 30 cm (0.15 m3), respectively (Table 3). This finding observed that the yield of logs was increased in line with the increment of log diameters of G. robusta (Table 3). Similar trend of variation to this finding were reported for Eucalyptus globulus and Eucalyptus saligna (Hambisa et al., 2022; Negeo et al., 2024). The trend of this finding also reported in the softwood Cupressus lusitanica (Singh et al., 2023).  
[bookmark: _Ref197716003][bookmark: _Toc199633039]Table 3: Means and standardizations for volume of log, lumber, residues in sawmill and the resulting recovery rates for lumber and wood residues generated  
	Log diameter Classiﬁcation
	Number of Logs
	Sawing methods
	Mean Diameter (cm)
	Tapering
	Log volume (m3)
	Recoveries

	
	
	
	
	
	
	Lumber recovery
	Sawdust
	Slabs

	
	
	
	
	
	
	Volume (m3)
	%
	Volume (m3)
	%
	Volume (m3)
	%

	>10cm< 30 cm
	35
	Plain
	21.62± 4.23
	0.78±. 091
	0.15± 0.05
	0.091± 0.051
	56.51± 13.86
	0.019± 0.01
	11.75± 2.88
	0.039± 0.013
	31.73± 16.74

	>31cm < 50cm
	35
	Quarter
	42.91± 3.25
	0.71± 0.101
	0.57± 0.085
	0.270± 0.051
	46.69± 6.76
	0.092± 0.026
	15.87± 2.30
	0.205± 0.026
	37.44± 9.06

	>50 cm
	35
	Quarter
	57.49±  3.12
	0.54± 0.097
	1.014± 0.118
	0.531± 0.103
	51.82± 3.91
	0.159± 0.031
	15.55± 1.17
	0.341± 0.068
	34.27± 9.41

	Overall 
	105
	
	
	
	1.734
	0.892
	51.67
	0.27
	14.39
	0.585
	34.48


4.2. [bookmark: _Toc199633116]Lumber Recovery 
The results revealed that the diameter class had a significant effect on the volume of lumber and lumber recovery rate of G. robusta at P < 0.0001 level (Table 4). Table 3 shows that the rate of lumber recovery was increased in line with the increase of the diameter of the study tree, which had sawn using the same sawing method (Table 3). This noticed that the larger diameter class had more contributed in the lumber recovery rate compared to the smaller diameter class of lumber recovery rate of G. robusta. The increased sawn timber rate with the increase of log diameter was reported for E. globulus and E. saligna (Hambisa et al., 2022; Negeo et al., 2024). A similar trend to this finding also obtained in the softwood of C. lusitanica (Singh et al., 2023). This correlation maybe associated with the value of log taper of the tree species. According to Worku et al. (2022), less taper tree logs had more volume lumber and resulted in high recovery rate of lumber compared to those having higher log taper tree. This finding confirmed that the lumber recovery rate of G. robusta was high in the log which had less taper compared to those logs with higher taper (Table 3).  
At kolfe keraniho Phillipos industry cluster sawmills, the total volume of processed G. robusta logs was 1.734 m3, while the output in terms of obtained volume of lumber was 0.892 m3 (Table 3). The lumber recovery rate for G. robusta at kolfe keraniho Phillipos industry cluster sawmills using bandsaw was 51.67%. The overall lumber recovery rate of this finding was related to the lumber recovery rates of Eucalyptus globulus wood (49%) and E. saligna wood (53.51%) as reported by Negeo et al. (2024) and Hambisa et al. (2022), respectively. However, more lumber recovery rate than this finding was reported for Gmelina arborea which is 67.80% (Alagbada, 2021). This variation maybe due to the difference in species of trees, log sizes, and log form, type of sawing machine used, and sawing method and other factors such as wood defects including splits, checks, spiral grains, decay, curvature borer holes and wane may also lead to reduction in the lumber quality and that affects the lumber recovery rate (Alagbada, 2021). 
[bookmark: _Ref197718975][bookmark: _Toc199633040]Table 4: Analysis of variance results for the effect of diameter classes of volume of log, lumber, residues in sawmill and the resulting recovery rates for lumber and wood residues generated
	
	Sum of Squares
	df
	Mean Square
	F
	P-value

	Log volume
	13.108
	2
	6.554
	816.495
	< 0.000***

	Lumber volume
	3.433
	2
	1.716
	270.852
	< 0.000***

	LRR%
	1689.259
	2
	844.630
	10.014
	< 0.000***

	Sawdust volume
	0.346
	2
	0.173
	298.665
	< 0.000***

	Sd%
	367.067
	2
	183.534
	36.783
	< 0.000***

	Slab volume
	 1.600
	2
	0.800
	439.249
	< 0.000***

	S%
	571.239
	2
	285.619
	1.901
	       < 0.155ns

	Diameter
	22776.380
	2
	11388.190
	893.217
	< 0.000***

	Taper
	1.116
	2
	0.558
	59.430
	< 0.000***


Where, LRR: is lumber recovery rate, S: is slab, Sd: is sawdust, Significance levels: ***P < 0.001, **P < 0.05, ns P > 0.05
4.3. [bookmark: _Toc199633117]Percentage Volume of Sawdust and Slabs 
The result showed that the diameter class had significant effects on the volumes of sawdust and slabs generated during production of lumbers from G. robusta at Philipos sawmill (P < 0.0001).  On the other hand, the percentage of sawdust generated was significantly affected by diameter class at P < 0.0001 while the percentage of slabs generated during processing was not affected by the diameter class at P > 0.05 level (Table 4). The total volumes and percentages of sawdust and slabs generated during producing lumbers were 0.27 m3 (14.39%) and 0.585 m3 (34.48), respectively (Table 3).
Table 3 shows the volume and percentage of sawdust generated during producing lumbers from the diameter classes of > 50cm, > 31cm < 50 cm and >10 cm < 30 cm were 0.019 m3 (11.75%), 0.092 m3 (15.87%) and 0.159 m3 (15.55%), respectively. This was noticed that the volume of sawdust generated was increased in line with the increased diameter classes (Table 3). The lowest percentage of sawdust was obtained in the diameter class of >10 cm < 30 cm, because this diameter class logs were sawn using through and through or plain sawing method which resulted with highest lumber recovery rate compared to the other two diameter classes that sawn using quarter sawing method. A similar trend of variation was reported for E. saligna wood (Hambisa et al., 2022). 
Slab is a result of logs that have made it to the mills but have not yet been turned into lumber or sawdust that includes rots, edged wanes, trims, and other item. The volume and percentage of slabs generated during producing lumbers from diameter classes of > 50 cm, > 31cm < 50 cm and >10 cm < 30 cm were 0.039 m3 (31.73%), 0.205 m3 (37.44%) and 0.341 m3 (34.27%) respectively (Table 3). The lowest slab was found in the diameter class of >10 cm < 30 cm, because this diameter class logs were sawn using through and through or plain sawing method that resulted with highest lumber recovery rate compared to the other remaining two diameter classes that sawn using quarter sawing method. Even though the diameter of the log is small and sawn through and through its lumber recovery rate is higher compared to the larger diameter sawn using quarter sawing method.  
The sawdust and slabs generated during the process in sawmill were used for various purposes (Ekhuemelo and Atondo, 2015; Balasso et al., 2022). Sawdust was used to make briquettes, pellets and as mulch for food crops in gardens whereas slabs were used to make handles, smaller products and as well as for ﬁrewood (Rawat et al., 2023). 
4.4. [bookmark: _Toc199633118]Factors That Affect the Lumber Recovery Rate
Increasing volume of lumber and value of lumber recovery from logs is one of the most common ways of improving the conversion efficiency and competitiveness of lumber production and the efficiency of sawmill decreased due to the common factors influencing lumber recovery of every sawmill during the sawmilling process include log diameter, length, taper and quality, kerf width, sawing variation, rough green-lumber size, size of dry-dressed lumber, product mix, decision making, condition and maintenance of mill equipment, and sawing method (Lin et al., 2020).
4.4.1. [bookmark: _Toc199633119]Diameter of the log
This study showed that the bigger diameter of logs resulted in a higher rate of lumber recovery. Figure 5 shows that volumes of log and lumbers increased in line with increased log diameters. A similar trend to this finding was reported by Ferreira et al. (2020). The result of this finding confirmed that the higher volumes of logs and lumbers resulted in higher lumber recovery percentage (Table 3). A similar trend to this finding reported for other hardwood species Eucalyptus regnans (Osei, 2010; Rozas et al., 2023). This means that as the average diameter of the logs increases, the percentage of lumber produced increases, while the percentages of sawdust and slabs produced drops.   
[image: ]
[bookmark: _Ref197782205][bookmark: _Toc199632989]Figure 5: Effect of diameter on the volumes of log and lumber of G. robusta
4.4.2. [bookmark: _Toc199633120]Log Taper
In sawmilling operation selecting appropriate types of log was the primary concern after that log measurement was conducting by calculating log tapering, which is the variation in the diameter of logs from large end to small end along a particular length of logs (Wiedenbeck et al., 2017; Lin et al., 2020). The log sizes being processed is the volume of log measured by using small-end diameter of log as a determinant factors for the final lumber size. Selecting and determining of small end diameter of log for sawing depends on the final lumber size means the width of lumber (Spelter and Alderman, 2005). 
The analysis of variance showed that the log taper significantly declined from lower to higher log diameter classes (Table 4). The log taper for diameter classes of > 50cm, >31cm < 50 cm and >10cm < 30 cm were 0.24, 0.41 and 0.48, respectively (Table 3; Figure 6). This noticed that the log taper was declined as increased of the diameter classes. Similar trend of variation for this study were reported for other hardwood E. saligna (Missanjo and Magodi, 2015; Hambisa et al., 2022). This result confirmed that the lower log taper, the higher yields of logs and lumbers which results in more lumber recovery that sawn using the same sawing methods. This finding supported by Balasso et al. (2022) reported for Eucalyptus nitens. The taper classes of timber are small (< 0.35 cm/m), Medium (0.35-0.75 cm/m) and High (> 0.75 cm/m). Accordingly, the log tapering of this species G. robusta was in the class of moderate tapering. 
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[bookmark: _Ref197982833][bookmark: _Toc199632990]Figure 6: Log Tapering of Grevillea robusta
4.4.3. [bookmark: _Toc199633121]Sawing Method
Sawing method is the pattern used to break down the log into lumber. The major point is that sawing method is an important determinant of lumber recovery in sawmill. The result revealed that sawing method had a significant effect on the lumber recovery rate of G. robusta (Table 5). A significant effect of sawing method on the lumber recovery rate of E. globulus wood was reported by Negeo et al. (2024). Figure 7 shows that the percentage of lumber recovery obtained in plain sawn lumbers was higher compared to the quarter sawn lumber of G. robusta. Higher yield of lumber was reported in plain sawn woods of E. saligna and E. globulus compared to the quarter sawn ones (Hambisa et al., 2022; Negeo et al., 2024). In contrast, the percentages of sawdust and slabs produced using quarter sawing method were higher compared to the plain sawing method (Figure 7).  
Because the entire taper is thrown to one sawing face rather than two opposite faces, the plain sawing approach yielded a greater timber recovery rate and the simplest and most straightforward sawing technique. Plain sawing yields faster saw recovery rates, higher green off-saw recovery rates, and shorter sawing times. The plain sawing pattern, on the other hand, results in low-quality sawn timber because the sawn timber is prone to deterioration (crack) and altered dimensions (crook) during the drying process.
[bookmark: _Ref197789508][bookmark: _Toc199633041]Table 5: Analysis of variance for the effect of sawing method the volume of lumber, residues in sawmill and the resulting recovery rates for lumber and wood residues generated
	
	Sum of Squares
	Df
	Mean Square
	F
	P-value

	Lumber volume
	2.238
	1
	2.238
	125.235
	< 0.000***

	LRR%
	1228.175
	1
	1228.175
	13.956
	< 0.000***

	Sawdust volume
	0.265
	1
	0.265
	195.946
	< 0.000***

	Sd%
	365.186
	1
	365.186
	73.635
	< 0.000***

	Slab volume
	1.280
	1
	1.280
	260.923
	< 0.000***

	S%
	396.570
	1
	396.570
	2.635
	   < 0.108ns


Significance levels: ***P < 0.001, **P < 0.05, ns P > 0.05

[image: ]
[bookmark: _Ref197789056][bookmark: _Toc199632991]Figure 7: Effect of sawing method on lumber recovery and percentages of sawdust and slabs generated 
Where; LRR is lumber recovery rate, Sd is sawdust, and S is slab


4.4.4. [bookmark: _Toc199633122]Effect of Log Defects on Lumber Recovery Rate
Log defects have a substantial impact on sawmill efficiency and profitability by reducing timber yield and quality. Log defects including knots, check, shaking, end splits were observed on the logs. Wood defects significantly lower the lumber recovery rates, according to a thorough research by Cahill and Cegelka (1989). New developments in scanning technology have increased lumber recovery by improving defect detection. For logs with major faults, Chang and Gazo (2009) showed that internal log defect scanning with X-ray computed tomography can boost lumber value recovery by up to 97%. In a similar vein, Reich et al. (2025) created a multimodal surface defect detection technique that combines RGB and point cloud data. This method maximizes knot detection accuracy and optimizes sawing angles to reduce the impact of defects. In Ethiopia, studies on species like Cupressus lusitanica and Eucalyptus saligna have shown that log taper and defects such as end-splitting and brittle-heart reduce lumber recovery rates (Missanjo and Magodi, 2015; Hambisa et al., 2022; Rawat et al., 2023). Implementing quarter sawing methods and upgrading sawmill equipment have been recommended to mitigate these effects and enhance recovery rate of wood.
4.4.5. [bookmark: _Toc199633123]Brittle heart
Variation in the rate of timber recovery was found even among logs in the same category. In this finding, the taper was decreased as log diameter increased. As the diameter of the logs increased, the proportion of the volume of timber produced increased as well, and it fluctuated due to factors like the sawmill operator's expertise and the machine. The 35-50 cm diameter range was the most productive for G. robusta lumber production; logs bigger than this range were prone to brittle heart and end splits, which decreased the rate of lumber recovery (Desalegn et al. 2012). Brittle heart due to end splits and brittle heart, the lumber recovery rate of G. robusta logs at kolfe keraniho Phillipos industry cluster was reduced in this study for the big diameter of logs (as average diameter exceeds above 50 cm). 
Logs of this species with larger diameters were found to be initially challenging to saw, and their inner sections were crushed and rejected from lumber, which had a detrimental effect on lumber recovery. Larger logs (diameters greater than 50 cm) are more likely to end split; the interior portion of these logs becomes weaker and is harder to cut, which reduces the rate of recovery. The pace of lumber recovery is negatively impacted by the fact that wood formed later in life in older G. robusta trees becomes dense and challenging to saw, while heartwood formed earlier in life becomes brittle and heart-brash and unusable as a result of rising stress (Desalegn et al., 2012). According to Skolmen (1974), when timber species ages, their inner heartwood becomes brittle (brittle heart-brash wood) and usually useless, and it develops a dense wood that is challenging to saw.






5. [bookmark: _Toc199633124]CONCLUSION AND RECOMMENDATIONS 
This study investigated the lumber recovery rate of the three diameter classes’ logs of G. robusta and factors that affected the lumber recovery at kolfe keraniho Phillipos industry cluster sawmills, Addis Ababa. The volumes of log and lumber were significantly increased in line with increased diameter classes of G. robusta which are sawn using the same sawing method. The lumber recovery rate of G. robusta also increased in line with the increment of diameter classes. In contrast, the percentages of sawdust and slabs obtained were declined as the increase of the diameter classes. The rate of lumber recovery of G. robusta was significantly affected by log diameter, taper, sawing method, skill of operator, and quality of logs. The larger mean log diameter had less taper and resulted in high yields of log and lumber compared to the smaller mean log diameter. G. robusta log had moderate taper which is decreased as the increase of the mean diameter. In addition, even if sawing method is depend on the purpose of the lumber, the sample logs diameter greater than 31 cm is better if sawn using quarter sawing method. In fact plain sawing method produced high yield of lumber with less quality, and less percentages of sawdust and slabs compared to the quarter sawn lumbers. The following are list of recommendations emanated from this study.
· Log sorting and grading are very crucial before sawing to enhance the recovery rates.
· If the quality is priority the larger diameter of G. robusta logs greater than 30 cm is better to saw using quarter sawing method; while if quantity priority better to saw the log using plain or through and through sawing methods for the three diameter classes.
· The byproducts (sawdust, offcuts, and slabs) of the sawmill is need to convert into value-added products such as fuel briquettes, pellets and other secondary products.
· In order to improve the efficiency or quality and minimize the wastes, recommended to upgrade the outdated machinery and equipments, and as well as train the operators.
· Further researches recommended on effects of the type of sawing machines technologies on the lumber recovery rate of G. robusta. 
· Conduct additional studies on assessment of market demand for Grevillea robusta lumber and other products.
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