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Drying is an essential step in the manufacturing process of bamboo culms which 
enhances its quality. Even though in the case of Ethiopia, effective bamboo culm 
drying has not been practiced. This is due to limited information/technology 
regarding bamboo culm drying. Therefore, this study aimed to investigate the 
effective drying technologies and the effect of site and culm height on the drying 
characteristics of Oldeania alpina (O. alpina). For this study, matured 3-5 years old 
samples of O. alpina culms sectioned into three segments were collected from 
Hagere-Selam and Rebu-Gebeya, Ethiopia. The culms were stacked and dried using 
kiln and air-drying methods. The mean values of basic density in O. alpina 
collected from Hagere-Selam and Rebu-Gebeya sites were 0.65 and 0.63 gcm-3, 
respectively. The average initial moisture content (MC) of Hagere-Selam and Rebu-
Gebeya culms were 91.78% and 80.32%, respectively. The Hagere-Selam culm 
kiln-dried within 6.5 days while air-dried within 75 days to attain the final MC for 
kiln (10.15%) and air-drying (14.13%). The Rebu-Gebeya culm kiln dried within 
5.4 days while they required 61 days for air-drying to attain the final MC for the 
kiln (10.60%) and air-drying (13.01%). The MC and drying time needed for drying 
the culms were significantly affected by site, culm height, and drying method. 
Drying O. alpina culms using kiln and air-drying methods was successful without 
significant drying defects. Well-seasoned culms of Hagere-Selam and Rebu-Gebeya 
are recommended for wider utilization in Ethiopia including furniture, flooring, 
handcrafts, etc. 

 

INTRODUCTION 
Bamboo is the fastest-growing plant currently 

known on earth which abundantly, grows in most of 
the tropical, subtropical, and mid-temperate zone 
(Chaowana, 2013; Srivaro, 2018; Das et al., 2018). 
Bamboo has good properties that enable it as the 
best alternative source of wood fiber (Kaur et al., 
2016). Unlike timber, bamboo culms need a short 
rotation period (3-5 years) to be matured and used 
for furniture, flooring, and engineered bamboo 
products (Liese & Köhl, 2015; Atienza et al., 2020). 
In addition, bamboo has a higher strength-to-weight 
ratio compared to wood, which enables easy 
harvesting, transporting, and manufacturing of 
products (Anokye et al., 2014; Adewuyi et al., 2015 
Chaowana et al., 2021).  

The highland bamboo or African alpine 
bamboo called Oldeania alpina is indigenous to 
Ethiopia and endemic to tropical Africa (Bahru & 
Ding, 2021). It is also available in the highlands of 
some East African countries (Bahru & Ding, 2021). 
Oldeania alpina is the most cultivated and 
widespread bamboo species in - Ethiopia compared 
to Ethiopian lowland bamboo (Oxytenanthera 
abyssinica) (Mulatu & Kindu, 2010; Mekonnen et 
al., 2014). This is due to its suitability and ease of 
processing the culm which, is easily convertible into 
different products. The utilization of bamboo culms 
for different industrial and construction applications 
in Ethiopia has been limited to lower-value products 
such as the construction of traditional houses, 
rudimentary furniture, handcrafts, mats, fencing, 
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beehives, and household utensils (Yigardu et al., 
2016; Mathewos, 2017).  

Globally, bamboo species can provide more 
than 1500 different uses (Zhaohua & Wei, 2018). It 
can be used for different applications from 
traditional utilization in rural areas up to industrial 
productions and other versatile uses (Muche & 
Degu, 2019). However, the multiple uses of bamboo 
in industrial applications in Ethiopia have not been 
getting the most economic advantage and are 
limited to domestic uses. This is due to limited 
studies on the bamboo culms' properties. Similar to 
other woody materials, the utilization of bamboo 
culms for various applications is governed by its 
properties such as anatomical, physical, mechanical, 
drying, etc. These properties vary among bamboo 
species, age, site, and culm positions (Wahab et al., 
2009; Santhoshkumar, Bhat 2015). Previously 
studies were done on the anatomical, physical, and 
mechanical properties of O. alpina culms grown in 
Ethiopia (Muche & Degu, 2019; Dessalegn et al., 
2021). Nevertheless, sufficient research has not 
been done on the proper drying of Oldeania alpina 
bamboo culms grown in Ethiopia. 

Similar to timber, freshly cut bamboo culms 
may have more than 100% moisture content (MC) 
on a dry weight basis which influences the 
dimensional stability, density, strength, working 
properties, and durability characteristics of the 
bamboo culms (Liese & Köhl, 2015; Adam & 
Jusoh, 2019). As a result, this moisture could be 
reduced to equilibrium moisture content (EMC) by 
the process of drying/seasoning. Drying is an 
essential step for the manufacturing process of 
bamboo culm and bamboo-based products. If 
bamboo products are manufactured un-dried to the 
desired EMC then they develop high split, extreme 
shrinkage, dimensional changes, susceptibility to 

biological and physical degradations, and low 
quality (Anokye et al., 2014a; Lv, 2018; Lv, 2019 ).   

Properly dried culms offer several benefits 
over green ones during further processing and when 
used to manufacture finished products (Wakchaure 
& Kute, 2012). For example, proper moisture 
reduction could minimize the shrinkage and 
swelling of culms to manageable amounts in service 
and further processing (Liese & Köhl, 2015; Lv, 
2019) and as well as improve their properties 
(Anokye et al., 2014). Furthermore, finished 
bamboo products manufactured from properly dried 
culms are not susceptible to harmful effects and 
enhance culms’ service life span (Liese & Tang, 
2015; Vetter et al., 2015). Therefore, the objective 
of this study was to investigate effective drying 
technologies and the effect of site and culm height 
on the drying characteristics of Oldeania alpina 
culms grown at Hagere-Selam (Sidama Region), 
and Rebu-Gebeya (Amhara Region) of Ethiopia. 

 
METHODS 

Matured 3-5-year-old Oldeania alpina culms 
samples were selected and harvested from Hagere-
Selam and Rebu-Gebeya, Ethiopia based on the 
potential availability of the bamboo species in the 
country (Table 1, Figure 1). The culms were cut at 
about 20 cm above the ground level during the dry 
season. Then, their branches were removed from the 
entire length of the culms and sectioned into three 
equal lengths (bottom, middle, and top) portions 
(Liese & Köhl, 2015). Finally, the culms were 
transported to the Forest Products Innovation 
Centre of Excellence at the green condition for 
further processing into samples for testing. Hagere-
Selam is located 6029'0''N, 38031'0''E; whereas 
Rebu-Gebeya coordinates 10033'0''N, 37046'0''E. 
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Figure 1. Bamboo stands grown at Hagere-Selam, Sidama Region 

Table 1. Altitude and climate of study areas and description of O. alpina culms  

Parameters 
                               Sites 

Hagere-Selam Rebu-Gebeya 
Altitude m.a.s.l (m) 1500-2850 2300-4100 
Annual average rainfall (mm) 1000-1600 900-1500 

Annual average temperature (C) 11-22 0-15 

Height (m) 13 12 
Diameter (cm) 7-9 5-8 

Culm thickness (cm) 0.72 0.60 
 

Basic density determination  
Three centimeters long specimens, 

representing two sites and three culm heights with 
six replications were cut from fresh O. alpina 
culms. The green weights of the specimens were 
measured using an analytical balance with an 
accuracy of 0.01 grams. The volume of each 
specimen was determined based on the water 
displacement method. Then, they were oven-dried 
at 103±2°C for 48 hours (h) until the attainment of 
constant weights was obtained. Basic density was 
determined based on ISO 22157-1; ISO 22157-2: 
2004) and IS 6874: (2008). Basic density was 
calculated using the following Equation.   

 asic  ensity  ven ry weight (g 
 reen volume (cm3                                                        

Method of drying and stacking of bamboo culms  
Most drying methods that apply to timber are 

also suitable for bamboo (Liese & Tang, 2015). For 
this study, kiln and air-drying methods were 
applied. For each drying method, bamboo culms 
were stacked horizontally in vertical alignments 
separated by stickers which, are well-dried with the 
standard dimension (Simpson, 1991). During 
stacking, pockets or spaces were left at different 
positions (top-bottom, left-right, and center) for the 
two drying methods to distribute the control 
samples in each pocket which represent the culms in 
the stack and the drying process.  

Culms for kiln drying were stacked out of the 
kiln on the transfer carriage having 2.7m length by 
1.6m width by 0.30m above the ground which was 
later guided into the chamber of the conventional 
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drying kiln machine (Figure 2a). While culms for 
air-drying were stacked under a shed in the air-
drying yard (Figure 2b). The air-drying yard has 
stacking beds standing on firm foundations having a 
clearance of about 45cm above the ground level 
with a stacked dimension of 1.80m width by 4m 
length.   

The kiln drying machine has a low drying 
temperature range of 40-70 ºC, controlled air 
circulation, and relative humidity that can be 
adjusted using psychrometers (dry bulb and wet 

bulb). It has also been equipped with reversible fans 
to force air circulation and air vents. A mild kiln 
drying schedule that was used for equivalently 
dense timber was used for this bamboo drying 
(Table 2). For the Kiln drying test, control culms 
were weighed, initial moisture contents (MC) and 
intermediate moisture contents were calculated, 
psychrometers regulated, steaming was done, and 
the direction of the fan changed three times in 24 h 
intervals. This process continued until the required 
final 12% MC was attained. 

Table 2. Kiln Schedule used for O. alpina culms drying 

MC (%) 
Temperature (0C) 

Relative humidity (%) 
Dry-bulb Wet-bulb 

100-70 38 35 80 

70-60 42 37 70 

60-50 44 39 65 

50-40 50 40 60 

40-30 53 42 55 

30-20 55 43 50 

20-10 60 45 40 

 

 
Figure 2. Stacks of bamboo culms in kiln drying chamber (a) and under shed for air drying (b) 

 

For air drying tests, the control samples were 
weighed and placed into the stack and this was 
repeatedly weighed at one-week intervals, and MCs 
were calculated until the final MC of the stack was 
less than or reached about the EMC.   
Determination of initial and final moisture 
content 

A total of 48 culm samples representing (two 
sites, three culm heights, and two drying methods) 
were selected for the determination of their drying 
characteristics. From each selected culm, two small 

sections of 3 cm lengths were cut from the ends of 
the culm and the remaining middle part was the 
control sample having a length of 100 cm (Figure 3) 
and they were used to monitor and characterize the 
drying process of the bamboo culms in both cases 
of the drying experiments (Simpson, 1991). The 
green weight of the 3 cm sections and the control 
sample culms were weighed. Then the control 
samples were placed horizontally in both kiln and 
air-drying stack pockets. While the 3cm sections 
were oven-dried at 103±2 0C for 48 h till constant 

(a) 
(b) 
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weight was attained to determine the initial and 
final MC of the stacks (Tang et al., 2013). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Method of cutting moisture sections and control culm samples 

The moisture content of the sections was 
calculated using equations 1, 2, and 3. 

  1 ( ) 
 g1- o 1

 o 1
x100                 (1)                                                                 

  2 ( ) 
 g2-  2

 o 2
x100                                         (2)                                                                   

    (    
  1   2

2
                                                (3)                                                                      

Where: Wg: is green weight and Wod: is an 
oven-dry weight of the sections, AMC: is the 
average moisture content of MC1 and MC2 

To calculate the MC of bamboo stacks at 
different stages and the final moisture content, first, 
the analytically calculated oven-dry weight of 
control samples was determined. The analytical 
oven-dry weight of control samples (Woc) was 
computed using equation 4 and periodically, the 
control samples were reweighted and intermediate 
MCs were determined using equation 5.  

 oc 
 g

100     
x100                                            (4)                                                                         

Where: Wg: is the green weight of the control 
sample  

 urrent    ( )
 urrent weight- oc

 oc
x10                    (5)                                             

Determination of drying rate 
The drying rate of Oldeania alpina culm was 

determined by the relationship between moisture 
losses over drying time (Tang et al., 2013). The 
drying rate was calculated using equation (6).  

 rying rate ( ) 
 nitial   - inal    (  

 rying time (h 
x100          (6)                                    

Determination of drying defects 
A total of 48 culm samples (for two sites, three 

culm heights, and two drying methods) were 
randomly selected and their drying defects that 
occurred during dryings were visually inspected. 
The defects were expressed as a percentage of all 
samples in each drying method (Tang et al., 2013). 
Data analysis was performed using Excel Microsoft 
and R software, version 4.1.3. Descriptive statistics 
and analysis of variance (ANOVA) were conducted 
to analyze the  ata. Tukey’s Honestly Significant 
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 ifference (Tukey’s HS   was use  for mean 
comparisons at P < 0.05.  

 

RESULTS AND DISCUSSION 
Basic density 

Density is among the main factor that affects 
the utilization of bamboo culms as raw material in 
construction, industry, etc. The overall mean of 
basic density in Oldeania alpina culms collected 
from Hagere-Selam and Rebu-Gebeya sites were 
0.65 and 0.63 gcm-3, respectively. Normally, the 
basic density of bamboo culms ranges from 0.4 to 
0.9 gcm-3 depending on its anatomical structure 

(Huang et al., 2015; Zakikhani et al., 2017). 
Statistical analysis showed that the culm height had 
a significant effect on the basic density (Mean 
square (MS) = 0.023078, F= 10.903, and (P= 
0.000276 . However, the site  i n’t show a 
significant effect on basic density (MS = 0.0036, F= 
1.701, and P= 0.202103). The interaction effect of 
site an  culm height also  i n’t show a significant 
effect on basic density (MS = 0.000233, F= 0.110, 
P= 0.895984). In the case of both sites, the basic 
density significantly increased from the bottom to 
the top of Oldeania alpina culms (Figure 4).    

 

 

Figure 4. Basic density variation in O. alpina culm at different sites and culm heights 
 

In the literature reported that the increase in 
basic density with increased culm height from the 
bottom to the top of bamboo (Daud et al., 2018; 
Gebremariam, 2018; Siam et al., 2019; Adam & 
Jusoh, 2019). The variation of the basic density 
from bottom to top could be associated with the 
increased proportion of fibrous tissue and frequency 
of vascular bundles; and also increased with the 
wall thickness of culms from the bottom to the top 
of bamboo (Santhoshkumar & Bhat, 2015; Vetter et 
al., 2015; Zhang et al., 2022). The density of 
bamboo influences its drying characteristics (Razak 
et al., 2010). Accordingly, the denser bamboo culm 
has a lower drying rate. This study confirmed that 
the Hagere-Selam bamboo culm was insignificantly 
denser than the Rebu-Gebeya culm. Consequently, 
the Rebu-Gebeya culm was an insignificantly faster 
drying rate than the Hagere-Selam culm. This 
variation could be associated with the wall 

thickness and initial MC of the bamboo culms 
(Liese & Tang, 2015).   
Initial and final moisture content 

The result revealed that the site and culm 
height had a significant effect on the initial MC of 
Oldeania alpina culms (P < 0.001) (Table 3). 
Whereas the initial MC was affected by the drying 
method at P < 0.05 level. However, there is no 
significant effect on the interaction effect between 
the site and the culm height on the initial MC of 
culms at P > 0.05 (Table 3). The interaction 
between the site and the drying method, the 
interaction between the culm height and the drying 
method, and as well as the interaction of all three 
factors/parameters  i n’t show significant effects 
on the initial MC of the culms at P > 0.05 (Table 3).  

The method of drying appreciably affected the 
final MC of the culms at P < 0.001 (Table 3). Table 
3 shows that the culm height had a significant effect 
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on the final MC (P < 0.1 . However, the site  i n’t 
show a significant effect on the final MC. The 
interaction effect between the site and the drying 
method had a significant effect on the final MC at P 
< 0.01 (Table 3). The interaction of site and culm 
height had a significant effect on the final MC at (P 
< 0.1). On the contrary, the interaction effect 
between culm height and drying methods, and the 
interaction of the three factors  i n’t show a 
significant effect on the final MC of O. alpina 
culms (Table 3). 

The results revealed that O. alpina culms 
collected from Hagere-Selam had a higher value of 
initial MC compared to the culms collected from 
Rebu-gebeya (Table 4). This difference may be 
associated with the age and season of felling of 
bamboo culms (Daud et al., 2018). For this study, 

the bamboo culm samples were collected during the 
same season from both sites. But the ages of the 
culms collected from the two sites were in the 
ranges of 3 to 5 years old. This may be the case for 
the variation of initial MC between the two sites of 
this finding.    

In the case of the two sites, the values of initial 
MCs were decreased from the bottom to the top of 
the culms (Table 4). Scholars reported a similar 
pattern of variation to this finding (Anokye et al., 
2016; Gebremariam, 2018; Adam & Jusoh, 2019; 
Awotwe-Mensah et al., 2023). The variation of 
initial MC with the culm height was associated with 
an increase in vascular bundle proportion and 
parenchyma cell distribution from the bottom to the 
top of the bamboo culms (Wahab et al., 2010; 
Kamruzzaman et al., 2008; Hartono et al., 2022). 

 

Table 3. Summary of ANOVA for drying characteristics of O. alpina culms 
  Mean-squares and statistical significances 
Source of variation df Initial MC (%) Final MC (%) Drying time (h) Drying rate (%) 
Site (S) 
Culm height (P) 
Drying method (DM) 
SxP 
SxDM 
PxDM 
SxPxDM 

1 
2 
1 
2 
1 
2 
2 

1576*** 

5490*** 

178.0* 

24.00ns 

0.000ns 

50.00ns 

5.000ns 

1.33ns 

2.05. 

122.46*** 

1.90. 

7.34** 

1.47ns 

1.38ns 

398216*** 

1057626*** 

26632261*** 

10007ns 

284592*** 

789255*** 

7501ns 

0.0015ns 
0.0007ns 
2.7004*** 
0.0001ns 
0.0008ns 
0.0004ns 
0.0001ns 

Note: ns-not significant at P > 0.05, *-significant at P < 0.05, **-significant at P < 0.01, ***- significant at P < 
0.001, .-significant at P < 0.1 Where: df- degree of freedom. 
 

Drying rate and drying time 
The analysis of variance showed that the 

method of drying had affected the drying rate (P < 
0.001) (Table 3). However, the site and culm height 
 i n’t show a significant effect on the  rying rate. 
The interaction effects between the site and culm 
height, the site and drying method, culm height and 
drying method, and as well as the interaction 
between the three factors  i n’t show a significant 
effect on the drying rate of Oldeania alpina culms 
(Table 3).  

The site, culm height, and drying method 
highly affected the drying time (P < 0.001) (Table 
3). The interaction effects between the site and the 
drying method; as well as the interaction between 
the culm height and the drying method had a 
significant effect on the drying time of culms (P < 
0.001). However, the interaction effect of the site 
and the culm height and the interaction of the three 

(site, culm heigh, and drying method) factors  i n’t 
show a significant effect on the drying time (Table 
3). Table 3 showed that the culms collected from 
Rebu-Gebeya had an insignificantly faster drying 
rate than the Hagere-Selam culms. This may be 
associated with differences in density and structural 
features of the culms. Bamboo species with a higher 
density have a lower drying rate (Tang et al., 2013). 
Bamboo culms grown at Hagere-Selam had 
insignificantly denser than the Rebu-Gebeya culms 
(Figure 4). In the case of the two sites, the bottom 
portion had the slowest drying rate and longest 
drying time when compared to those of the middle 
and top positions (Table 4). This is due to the fact 
that the bottom portion had the thickest culm wall 
compared to the middle and the top ones (Vetter et 
al., 2015).   

During kiln and air-drying, the Hagere-Selam 
culms took a longer time (6.5 and 75 days, 
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respectively) than the Rebu-Gebeya culms (5.4 and 
61 days, respectively) (Table 4). These differences 
could be associated with the initial MC and the wall 
thickness of the culms. The present study found that 
the Hagere-Selam culms had a more initial MC 
(Table 4) and thicker culm-walls (Table 1) than the 
Rebu-Gebeya culms. For both kiln and air drying, 
the bottom portion of the culms took a long time to 
dry when compared to the mid and top portions for 

both of the sites (Table 4). This variation could be 
associated with the increase in wall thickness and 
initial MC along the culm height from the bottom to 
the top portions of bamboo (Liese & Tang, 2015). 
This finding confirmed that the bottom portion had 
the highest initial MC compared to the middle and 
the top portion of the culms in the case of the two 
sites (Table 4). 

 

Table 4. Drying characteristics variations of O. alpina culms between sites, drying methods, and culm 
heights (mean ± standard deviation) 

Site 
Drying 
method 

Culm height 
Initial MC 

(%) 
Final MC 

(%) 
Drying Rate per 

day (%) 
Drying time 

(hours) 
Hagere-
Selam   

Kiln 
 
 
 
Air 

Bottom 
Middle 
Top 
Mean 
Bottom 
Middle 
Top 
Mean 

108.60±4.56 
88.86±5.62 
71.92±5.86 
89.79±16.39 
115.07±6.55 
92.64±3.35 
73.58±5.92 
93.76±18.38 

10.13±0.30 
10.22±0.47 
10.11±0.61 
10.15±0.43 
14.35±1.18 
13.76±0.63 
14.28±0.95 
14.13±0.90 

0.504±0.024 
0.511±0.050 
0.518±0.060 
0.511±0.043 
0.043±0.0026 
0.045±0.0013 
0.047±0.0078 
0.045±0.005 

196±17 
155±11 
120±11 
157±34  
2336±239 
1764±99 
1302±252 
1800±480 

Rebu-
Gebeya    

Kiln 
 
 
 
Air 

Bottom 
Middle 
Top 
Mean 
Bottom 
Middle 
Top 
Mean 

93.46±9.77 
78.79±7.13 
63.11±5.55 
78.45±14.69 
101.60±8.27 
83.00±5.80 
61.94±7.85 
82.18±18.19 

10.71±0.33 
10.64±0.60 
10.46±0.93 
10.60±0.61 
14.24±1.31 
13.07±0.93 
11.73±0.96 
13.01±1.45 

0.516±0.037 
0.527±0.030 
0.548±0.034 
0.530±0.033 
0.046±0.001 
0.048±0.005 
0.050±0.0016 
0.048±0.0040 

160±9 
130±18 
96±7 
129±29    
1892±166 
1492±293 
1009±69 
1464±418 

 

In comparison to kiln drying, the air drying of 
Oldeania alpina culms appreciably took a longer 
time for both of the two sites (Table 4). The air 
drying depends largely on climatic conditions. 
During air drying method, there is little control of 
air circulation, temperature, and relative humidity 
because the weather cannot be regulated. While 
during kiln drying, air circulation, temperature, and 
relative humidity are regulated. Consequently, the 
dried bamboo culms are obtained at an optimal rate 
of drying and enhanced quality. 
Drying defects 

Defects may develop during and after drying 
bamboo culms (Wang et al., 2019). Some defects 
such as surface checks, collapse, and splits were 
observed during kiln and air-drying processes for 
Hagere-Selam (Figure 5a, Figure 5a), and Rebu-
Gebeya (Figure 6a, Figure 6a). The bamboo culms 

grown at Hagere-Selam were more susceptible to 
drying defects than the Rebu-Gebeya culms This 
may be associated with culm wall thickness and 
initial MC of the bamboo. According to Liese & 
Tang (2015), bamboo culms with thick culms has 
more susceptible to defects during the drying 
process.  

In the case of both sites, the bottom portion 
had significantly more drying defects compared to 
the mid and top portions. The bottom portion of 
culms with thicker walls was more susceptible to 
some defects than the top portion (Liese & Tang, 
2015). The surface checks and splits may occur due 
to too rapid drying and season of culm drying 
(Liese & Tang, 2015). In comparison to air-
seasoned culms, the kiln-dried ones were 
insignificantly more susceptible to drying defects in 
the case of the two sites. This may be due to the kiln 
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drying schedule used. For this study, the mid-drying 
schedule has been used. 

 

 

 

Figure 5. (a) Kiln and (b) Air-dried defects of O. alpina culm grown at Hagere-Selam 
 

 
Figure 6. (a) Kiln and (b) Air-dried defects of O. alpina culm grown at Rebu-Gebeya 

 

CONCLUSION 
The present study provides valuable insights 

into the drying characteristics and potential defects 
of Oldeania alpina culms in Ethiopia, offering 
significant implications for the bamboo industry and 
the broader field of sustainable materials. The 
research demonstrates the successful drying of these 
bamboo culms using both kiln and air drying 
methods, with minimal occurrence of significant 
defects. Key findings of this investigation reveal 
that moisture content and drying time are notably 
affected by factors such as site, culm height, and 
drying method, while the drying rate primarily 
hinges on the chosen drying method. This 
highlights the importance of selecting the 
appropriate drying technique based on the specific 
requirements of the bamboo material. The values of 
initial MC, drying rate, and drying time were 
decreased from the base to the top position of 
Oldeania alpina culms for both sites. This valuable 
information guides optimizing bamboo processing 

and product development. The practical 
implications of this research extend beyond the 
study areas, as the findings are pertinent to regions 
with similar bamboo species and agroecological 
conditions. To maximize the quality, productivity, 
and service life of bamboo culms and products, 
matured bamboo culms should be harvested timely 
and dried as soon as possible to the desired MC 
level using either a kiln or air-drying methods is 
recommended. Further research shall be conducted 
on Oldeania alpina culm splits and other potential 
bamboo species available in Ethiopia including 
lowland bamboo (Oxythenatera abyssinica) and the 
numerous introduced bamboo species' culms 
properties and utilization. This comprehensive 
approach will contribute to the sustainable 
utilization of bamboo resources, supporting 
economic growth and environmental conservation. 

 

  

0,00

0,50

1,00

1,50

2,00

2,50

S. check Collapse Split

K
iln

 d
rie

d 
de

fe
ct

s 
(%

) 

Drying defects 

Bottom Middle Top (a) 

0,00

0,50

1,00

1,50

2,00

2,50

S. check Collapse Split

A
ir 

dr
ie

d 
de

fe
ct

s 
(%

) 

Drying defects 

Bottom Middle Top (b) 

0,00

0,50

1,00

1,50

2,00

2,50

S. check Collapse Split

K
iln

 d
rie

d 
de

fe
ct

s 
(%

) 

Drying defects 

Bottom Middle Top
(a) 

0,00

1,00

2,00

3,00

S. check Collapse Split

A
ir 

dr
ie

d 
de

fe
ct

s 
(%

) 

Drying defects 

Bottom Middle Top
(b) 



Indonesian Journal of Innovation and Applied Sciences (IJIAS), 3 (3), 282-293 

291 
 

REFERENCES  
1. Adam, N., & Jusoh, I. (2019). Physical and 

Mechanical Properties of Dendrocalamus asper 
and Bambusa vulgaris. Trans. Sci. Technol, 6, 
95-101.  

2. Adewuyi, A. P., Otukoya, A. A., Olaniyi, O. A., 
& Olafusi, O. S. (2015). Comparative studies of 
steel, bamboo and rattan as reinforcing bars in 
concrete: tensile and flexural characteristics. 
Open Journal of Civil Engineering, 5(02), 228.  

3. Anokye, R., Bakar, E. S., Ratnansingam, J., & 
Awang, K. (2016). Bamboo properties and 
suitability as a replacement for wood. Pertanika 
Journal of Scholarly Research Reviews, 2(1), 
64-80. 

4. Anokye, R., Kalong, R. M., Bakar, E. S., 
Ratnasingam, J., Jawaid, M., & Awang, K. 
(2014a). Variations in moisture content affect 
the shrinkage of Gigantochloa scortechinii and 
Bambusa vulgaris at different heights of the 
bamboo culm. BioResources, 9(4), 7484-7493. 

5. Atienza, A. H., Peña, R. D., Eroles, R., & 
Fandiñola, E. (2020). Multi-Directional Forced 
Convection Kiln Oven Drying System for 
Bamboo Culms. In IOP Conference Series: 
Materials Science and Engineering (Vol. 739, 
No. 1, p. 012028). IOP Publishing. 

6. Awotwe-Mensah, M., Mitchual, S. J., Appiah-
Kubi, E., Dadzie, P. K., Mensah, P., & Donkor, 
M. B. (2023). Assessment of the drying 
behaviour of young and mature Bambusa 
vulgaris from Ghana. Advances in Bamboo 
Science, 100044. 

7. Chaowana, K., Wisadsatorn, S., & Chaowana, 
P. (2021). Bamboo as a sustainable building 
material—culm characteristics and properties. 
Sustainability, 13(13), 7376. 

8. Chaowana, P. (2013). Bamboo: an alternative 
raw material for wood and wood-based 
composites. Journal of Materials Science 
Research, 2(2), 90.  

9. Das, A., & Sarkar, S. (2018). Importance of 
bamboo in building construction. Int Res J Eng 
Technol, 5(6), 389-392.  

10. Daud, N. M., Nor, N. M., Yusof, M. A., Bakhri, 
A. A. M. A., & Shaari, A. A. (2018, February). 
The physical and mechanical properties of 
treated and untreated Gigantochloa Scortechinii 
bamboo. In AIP Conference Proceedings (Vol. 
1930, No. 1). AIP Publishing. 

11. Dessalegn, Y., Singh, B., & van Vuure, A. W. 
(2022). Morphological, chemical, and physical 
characteristics of the ethiopian highland 
(yushania alpina) bamboo. Materials Today: 
Proceedings, 50, 206-217. 

12. do Amaral, L. M., de Souza Rodrigues, C., & 
Poggiali, F. S. J. (2023). Assessment of 
physical, mechanical, and chemical properties 
of Dendrocalamus asper bamboo after 
application of wetting and drying cycles. 
Advances in Bamboo Science, 2, 100014. 

13. Gebremariam, Y. & Assefa, D. (2018). Effect 
of age and height on some selected physical 
properties of Ethiopian highland bamboo 
(Yushania alpina). International Journal of 
Scientific Research and Management (IJSRM), 
6(8), 70-74. 

14. Hartono, R., Iswanto, A. H., Priadi, T., 
Herawati, E., Farizky, F., Sutiawan, J., & 
Sumardi, I. (2022). Physical, chemical, and 
mechanical properties of six bamboo from 
Sumatera island Indonesia and its potential 
applications for composite materials. Polymers, 
14(22), 4868. 

15. Huang, X. Y., Qi, J. Q., Xie, J. L., Hao, J. F., 
Qin, B. D., & Chen, S. M. (2015). Variation in 
anatomical characteristics of bamboo, Bambusa 
rigida. Sains Malays, 44(1), 17-23. 

16. Iso, I. S. O. (2004). 22157-1: 2004 (E): 
Bamboo–Determination of Physical and 
Mechanical Properties–Part 1: Requirements. 

17. ISO, T. (2004). 22157-2. Bamboo: 
determination of physical and mechanical 
properties. Part 2. Laboratory manual. 
International Organization for Standardization.  

18. Kamruzzaman, M., Saha, S. K., Bose, A. K., & 
Islam, M. N. (2008). Effects of age and height 
on physical and mechanical properties of 
bamboo. Journal of Tropical Forest Science, 
20, 211–2017. 

19. Kaur, P. J., Pant, K. K., Satya, S., & Naik, S. N. 
(2016). Bamboo: The material of future. 
International Journal Series in 
Multidisciplinary Research, 2(2), 27-34. 

20. Kindu, M., & Mulatu, Y. (2010). Status of 
bamboo resource development, utilization, and 
research in Ethiopia: A review. Ethiopian 
Journal of Natural Resources, 1, 79-98. 

21. Liese, W. (1985). Anatomy and Properties of 
Bamboo. In: W. Liese, (ed.): Proceedings of the 



Indonesian Journal of Innovation and Applied Sciences (IJIAS), 3 (3), 282-293 

292 
 

2nd international Bamboo Workshop on Recent 
researches on Bamboo, Hangzhou, October 6-
14, 1985: 196-208. 

22. Liese, W., & Kohl, M. (2015). Bamboo. The 
plant and its uses. Springer.   

23. Liese, W., & Tang, T. K. H. (2015). 
Preservation and drying of bamboo. Bamboo: 
the plant and its uses. Springer. 257-297.   

24. Lv, H. F., Ma, X. X., Zhang, B., Chen, X. F., 
Liu, X. M., Fang, C. H., & Fei, B. H. (2019). 
Microwave-vacuum drying of round bamboo: a 
study of the physical properties. Construction 
and Building Materials, 211, 44-51. 

25. Lv, H., Chen, X., Liu, X., Fang, C., Liu, H., 
Zhang, B., & Fei, B. (2018). The vacuum-
assisted microwave drying of round bamboos: 
drying kinetics, color and mechanical property. 
Materials Letters, 223, 159-162. 

26. Mathewos, M. (2017). Multiple uses of bamboo 
species and its contribution to forest resource 
management in Ethiopia. J Res Dev 
Manage, 32, 123-130. 

27. Mekonnen, Z., Worku, A., Yohannes, T., 
Alebachew, M., & Kassa, H. (2014). Bamboo 
Resources in Ethiopia: Their value chain and 
contribution to livelihoods. Ethnobotany 
Research and Applications, 12, 511-524. 

28. Muche, F. A., & Degu, Y. M. (2019). Test and 
Characterization of Tensile Strength of 
Oxytenanthera Abyssinica and Yushania Alpina 
Bamboos. In Advances of Science and 
Technology: 6th EAI International Conference, 
ICAST 2018, Bahir Dar, Ethiopia, October 5-7, 
2018, Proceedings 6 (pp. 160-169). Springer 
International Publishing. 

29. Razak, W., Mohd. Tamizi, M., Othman, S., 
Aminuddin, M., Affendy, H., & Izyan, K. 
(2010). Anatomical and physical properties of 
cultivated two- and four-year-old Bambusa 
vulgaris. Sains Malaysiana, 39(4), 571-579. 

30. Santhoshkumar, R., & Bhat, K. V. (2015). 
Variation in density and its relation to the 
distribution, frequency and percentage of 
tissues in bamboo culms, Dendrocalamus 
strictus Nees. The Journal of Indian Botanical 
Society, 94(1and2), 104-110. 

31. Siam, N. A., Uyup, M. K. A., Husain, H., & 
Awalludin, M. F. (2019). Anatomical, physical, 
and mechanical properties of thirteen 

Malaysian bamboo species. BioResources, 
14(2), 3925-3943. 

32. Simpson,  . T. (1991 .  ry kiln operator’s 
manual (Agriculture Handbook AH-188). 
Department of Agriculture, Forest Service, 
Forest Products Laboratory, Madison. 

33. Srivaro, S. (2018). Potential of three sympodial 
bamboo species naturally growing in Thailand 
for structural application. European journal of 
wood and wood products, 76(2), 643-653.  

34. Standard, I. (2008). Method of tests for 
bamboo. Timber and Timber Stores (IS 6874-
2008), First Revision. New Delhi: Bureau of 
Indian Standards.  

35. Tang, T. K. H., Welling, J., & Liese, W. (2013). 
Kiln drying for bamboo culm parts of the 
species Bambusa stenostachya, Dendrocalamus 
asper and Thyrsostachys siamensis. Journal of 
the Indian Academy of Wood Science, 10, 26-
31. 

36. Vetter, R. E., Sá Ribeiro, R. A., Sá Ribeiro, M. 
G., & Miranda, I. P. (2015). Studies on drying 
of imperial bamboo. European Journal of 
Wood and Wood Products, 73, 411-414. 

37. Wahab, R., Mohamed, A., Mustafa, M. T., & 
Hassan, A. (2009). Physical characteristics and 
anatomical properties of cultivated bamboo 
(Bambusa vulgaris Schrad.) culms. Journal of 
Biological Sciences, 9(7), 753-759. 

38. Wahab, R., Mustapa, M. T., Sulaiman, O., 
Mohamed, A., Hassan, A., & Khalid, I. (2010). 
Anatomical and physical properties of 
cultivated two-and four-year-old Bambusa 
vulgaris. Sains Malaysiana, 39(4), 571-579. 

39. Wakchaure, M. R., & Kute, S. Y. (2012). Effect 
of moisture content on physical and mechanical 
properties of bamboo.  

40. Wang, X., Song, L., Cheng, D., Liang, X., & 
Xu, B. (2019). Effects of saturated steam 
pretreatment on the drying quality of moso 
bamboo culms. European Journal of Wood and 
Wood Products, 77, 949-951. 

41. Yigardu, M., Asabeneh, A., & Zebene, T. 
(2016). Bamboo Species Introduced in 
Ethiopia: Biological, Ecological and 
Management Aspects. Ethiopian Environment 
and Forest Research Institute (EEFRI). 

42. Zakikhani, P., Zahari, R., Sultan, M. T. B. H. 
H., & Majid, D. L. A. A. (2017). 
Morphological, mechanical, and physical 



Indonesian Journal of Innovation and Applied Sciences (IJIAS), 3 (3), 282-293 

293 
 

properties of four bamboo species. 
BioResources, 12(2), 2479-2495.  

43. Zhang, Z., Rao, F., & Wang, Y. (2022). 
Morphological, Chemical, and Physical–
Mechanical Properties of a Clumping  Bamboo 
(Thyrsostachys oliveri) for Construction 
Applications. Polymers, 14(17), 3681. 

44. Zhaohua, Z., & Wei, J. (2018). Sustainable 
bamboo development. CABI.  


