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Abstract

The mechanical characteristics of paddy straw and wheat Straw were evaluated in 
terms of shearing strength, specific shearing energy and cutting force with the change in 
moisture content, loading rate and inter node position. The parameters were determined 
at three moisture levels: 1%, 7.5% and 19.5% wb, three loading rates: 15, 20 and 25 
mm. min-1 and three internodes: first (IN1), second (IN2) and third (IN3) position. The 
results showed that shear strength and specific shearing energy increased with an 
increase in moisture content and loading rate from first to third internode position. The 
shear strength of the paddy straw increased from 5.49 to 13.29, 6.28 to 14.69 and 6.98 
to 18.26 MPa and for wheat straw 7.59 to 21.76, 8.16 to 23.8 and 8.77 to 24.8 MPa 
from first to third internode position. The corresponding value for specific shearing 
energy were 22.13 to 94.71, 29.86 to 115.6 and 35.02 to 158.6 mJ for paddy straw 
and 44 to 106.7, 49 to 101.3 and 54.3 to 119.3 mJ for wheat straw, respectively. The 
cutting force for paddy and wheat straw varied between 13.4 to 24.6 N and 14.8 to 
27.5 N for different loading rates and at different inter node positions. Thus, variable 
load application at different inter node positions can ensure the saving of energy for 
harvesting and threshing machines.
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1.  Introduction

Paddy–wheat systems are critically important for global food 
security, providing the staple grain supply for about 8% of 
the world’s population (Timsina and Connor, 2001). Rice and 
wheat together contribute more than 70% of the total cereal 
production with 13.5 mha area under Indo-Gangetic Plain 
(Ladha et al., 2003). India contributes 9.6 mha (Sharma et al., 
2003) resulting in the generation of crop residues to the tune of 
350×106 kg year-1, with 27% share of wheat and 51% of paddy 
residues (Mandal et al., 2004). The generation of huge agro-
residues serves as a reminder to find the suitable methodology 
for its effective management. The straw is usually employed as 
feed for animals or burnt in open fields to prepare the land for 
next crop or enhancement of soil fertility by incorporation into 
the soil as mulch. However, the commercial utilisation of paddy 
and wheat straw prompts the necessity of having adequate 
details about their mechanical properties (Yore et al., 2002).
It is imperative to determine the mechanical properties of paddy 
and wheat straw to design the equipment for harvesting and 
threshing effectively. Moreover, it will also help to analyse 
the behaviour of the product during handling and agricultural 
processing operations. The studies on the mechanical properties 

have been carried out with strong emphasis on failure criteria 
(force, stress and energy) or young’s modulus and modulus of 
rigidity. The mechanical properties were determined by Skubisz 
(2001) on rape stem, Skubisz (2002) on pea stem, Chen et al. 
(2004) on hemp stems, Ince et al. (2005) on sunflower stalk 
and Nazari Galedar et al. (2008a) on alfalfa stems, Tavakoli 
et al. (2009a) on wheat straw and Tavakoli et al. (2009b) on 
barely straw. Crop specific parameters like plant anatomy, 
lodging processes, harvest optimisation, animal nutrition, 
industrial applications and decomposition pattern in soil can be 
effectively utilized to characterize the properties of paddy and 
wheat straw (Annoussamy et al., 2000). The failure of the crop 
structure and its separation occurs by compression, tension, 
bending, shearing, density and friction which depends on crop 
species, variety, stalk diameter, maturity, moisture content and 
cellular structure (Persson, 1987) and are different at different 
heights of the plant stalk (Nazari Galedar et al., 2008b). The 
design of effective machine necessitates the analysis of the 
properties of the crop like diameter, length, variety, maturity 
and structure (Bright and Kleis, 1964; Persson, 1987). The 
chemical composition of paddy and wheat straw also affect 
the performance of size reducing machines (Agarwal et al., 
2008). The cross sectional area and moisture content of the crop 
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Table 1:	 Physical Properties of Paddy straw (PS) at different 
inter node positions
Param-
eters

Paddy Straw
1% MC 7.5% MC 19.5% MC

IN1 IN2 IN3 IN1 IN2 IN3 IN1 IN2 IN3

Thick-
ness, 
mm

5.88 8.9 10.5 6.12 6.45 10.3 6.03 7.51 11.06

Diam-
eter, 
mm

2.42 5.5 6.02 2.60 3.1 3.9 2.27 4.38 4.89

X-sec-
tional 
area, 
mm2

4.61 24.1 28.4 5.3 7.6 11.9 4.04 15 18.7

and ensure easy operability. The square box carries holes of 
different sizes to accommodate the PS of varying diameter and 
thickness. The shear box was fixed on the lower resting place on 
the TA+Di texture analyzer. A sliding plate with blade screwed 
at the top ensures the deflection of straw internode towards 
centre. The download motion of the blade through shearing box 
causes shearing action. The sliding plate was loaded at three 
loading rates of 15, 20 and 25 mm min-1. The testing apparatus 
was similar to the one developed by O’Dogherty et al. (1995), 
Ince et al. (2005), Nazari Galedar et al. (2008a), Annoussamy 
et al. (2000); Nazari Galedar et al. (2008b); Tavakoli et al. 
(2009b); Zareiforoush et al. (2010) to measure the shearing 
properties of paddy and wheat straw. The shear force was 

significantly affect the cutting energy and maximum cutting 
force requirement of the crop stalks (Prasad and Gupta, 1975). 
The shear strength of the alfafa stem internodes using direct 
shear method varied from 4.08 to 183.5 kg cm-2  (Halyk and 
Hurlbut, 1968). The mean ultimate shear strength for five 
varieties of winter wheat ranged from 5.39 to 6.98 MPa and 
8.53 Mpa for spring wheat at moisture levels ranging from 10 
to 15 % wet basis (O’Dogherty et al., 1995). The location of the 
impact of forces on the internode position and number of stems 
are significant factors in determining the cutting properties 
of paddy straw (Summers et al., 2002). A shear box method 
was used to measure the shear strength of different varieties 
of foliage materials and it was found that the moisture range 
of 20 and 35% corresponds to shear value of 25 to 88 and 59 
to 128 MPa (Dernedde, 1970). The mean shear strength value 
of six varieties of wheat straw ranges between 5.4–8.5 MPa. 
(O’Dogherty et al., 1995). The experiment on the field grasses 
reveal that mean shearing stress was 16 MPa and mean shearing 
energy was 12.0 mJ mm-2 (McRandal and McNulty, 1980).
It seems that there is not much published work relating to 
effects of moisture content, internode position and loading 
rate on physical and mechanical properties of paddy and wheat 
straw. Therefore, the study was taken to investigate the effects 
of moisture content, internode position and loading rate on 
mechanical properties (shear strength, specific shearing energy 
and cutting force) of paddy and wheat straw. The physical 
parameters like diameter, thickness, cross-section area were 
also considered to check their effect on mechanical properties. 

2.  Materials and Methods

After the harvest, paddy and wheat straw were collected from 
the experimental fields located at latitude 28.38 N, 77.2 E at 
an altitude of 228.7 m above sea level. The experiment was 
conducted in 2014-15 employing the service of random block 
design. The straw was subjected to manual chopping to divide it 
into three lengths (200, 140, 120 mm) according to the presence 
of inter node at specific intervals and labelled as IN1, IN2 and 
IN3 respectively (Figure 1 and 2). The moisture content was 
varied as 1 %, 7.5 % and 19.5 % by the addition of water. The 
idea behind varying the moisture content was to simulate the 
conditions due to unseasonal rains at the time of harvest. The 
moisture content was determined by placing the samples in an 
oven at 105 °C for 24 h and then reweighed (ASABE, 2006). 
The Leaf blades and sheaths were removed from main stem 
and straw internodes were separated out according to their 
position down the ear (Annoussamy et al., 2000). In each inter 
node, thickness, diameter, area were measured using a digital 
Vernier Calliper having least count of 0.01 mm (Table 1and 2). 
2.1.  Development of shearing box
The supple and tensile characteristic of PS necessitates the 
development of shearing box to overcome its flexibility 

281

Figure 1: PS inter node position a) 1%; b) 7.5%; c) 19.5% MC
IN1 IN1 IN1IN2 IN2 IN2IN3 IN3 IN3

(a) (b) (c)

Figure 2: WS inter node positions a)1%; b)7.5%; c)19.5% MC
IN1 IN1 IN1IN2 IN2 IN2

IN3 IN3 IN3

(a) (b) (c)



© 2016 PP House

G a l l e
y  

P r o o f

the blade to limit friction during analysis. 

3.  Results and Discussion 

3.1.  Shearing strength

The shear strength increased with an increase in moisture 
content and loading rate from 1N1 to 1N3 of RS and WS. The 
Shear strength of 1% PS varies between 5.49 to 8.22, 6.95 to 
10.21 and 9.54 to 13.29 MPa under loading rate of 15 mm. 
min-1, 20 mm min-1 and 25 mm. min-1 for IN1, IN2 and IN3 
respectively (Figure 3). The corresponding values for the 1% 
WS ranged from 7.59 to 18.5, 10.5 to 20.3 and 13.2 to 21.76 
MPa owing to its lower flexibility in comparison to 1% paddy 
straw. The moisture content, inter node position and loading 
rate along with their interactions had significant effect on the 
shearing strength at 5% probability level. The peak value of 
shear strength occurs at 19.5% moisture content at 25 mm min-1 
loading rate for both paddy and wheat straw. The uppermost 
value of shear strength (24.8 MPa) occurs at IN3 for WS and 
18.26 MPa for RS and least value were associated with 15 mm. 
min-1 at IN1. The average shearing strength value of RS and 
WS varies between 5.49 to 18.26 MPa and 7.59 to 24.8 MPa 
which compliance with the results obtained by Zareiforoush 
et al. (2010). Moreover, shear strength increases from IN1 to 
IN3 for both RS and WS, similar to the results obtained by 
Tavakoli et al. (2009a). The average shearing strength of 7 to 
22 MPa of wheat straw (Kushaha et al., 1983) for moisture 
content ranging from 5 to 30% confirms the validity of the 
results obtained in this study.

3.2.  Specific shearing energy 

The specific shearing energy showed an increasing trend with 
the increase in moisture content and loading rates from IN1 to 
IN3. The contrast in specific shearing energy with the variation 
in the moisture content was also found by Chen et al. (2004) 
for hemp stalk and Nazari Galedar et al. (2008a) for alfalfa 
stem. The shearing energy for 1% RS varied from 22.13 to 
86.35, 26.39 to 89.67 and 27.51 and 94.71 mJ from IN1 to 
IN3 at 15, 20 and 25 mm min-1 loading rates. For 1% WS, the 
values changed from 44 to 69.48, 57.21 to 79.9 and 67.82 to 

measured by S-type load cell and force-distance relation was 
recorded upto the failure of straw in TA+Di Texture Analyzer. 
The shear failure stress (ultimate shear strength) of the 
specimen was calculated from the equation below (Tavakoli 
et al., 2008; Tavakoli et al., 2009b; Zareiforoush et al., 2010).
Where, 𝝉s=shear strength, MPa;  Fs=shear force at failure, N;  

Table 2: Physical Properties of Wheat straw (WS) at different 
inter node positions
Param-
eters

Wheat Straw
1% MC 7.5% MC 19.5% MC

IN1 IN2 IN3 IN1 IN2 IN3 IN1 IN2 IN3

Thick-
ness, 
mm

5.43 8.5 7.46 7.10 6.78 8.46 7.03 8.62 6.88

Diam-
eter, 
mm

2.80 3.96 4.51 2.79 4.24 4.27 2.96 3.48 4.59

X-sec-
tional 
area, 
mm2

6.15 12.3 15.9 6.1 14.1 14.3 6.8 9.5 16.5

τs= Fs
A

A=wall area of the specimen at the failure cross-section, mm2

2.2.  Specific shearing energy

The application of the force on the straw causes deflection to 
the point of failure stress, where breakdown of the individual 
particles causes its layers to get detached. The specific shearing 
energy was determined from force displacement curve by 
integrating the area from initial level to the point where 
failure occurs (Chen et al., 2004; Nazari Galedar et al., 2008; 
Zareiforoush et al., 2010) using a lab texture pro computer 
program of TA+Di Texture Analyzer and data acquisition 
system. 

2.3.  Cutting force

The Warner-Bratzler blade was used for determining the cutting 
force requirement of PS and WS. The blade was held in its place 
by two locking screws. A central slot allows free movement of 
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Figure 3: Shearing strength of PS and WS at different inter node positions and loading rates (a) 1% MC (b) 7.5% MC (c) 19.5% MC
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moisture content at 5% probability level. The shearing energy 
for RS at 19.5% moisture content varied from 35.02 to 115.01, 
40.47 to 148.3 and 43.18 to 158.65 mJ from IN1 to IN3 at 15, 
20 and 25 mm min-1 loading rate while for WS 54.3 to 78.2, 
70.2 to 92.5 and 81.4 to 119.3 mJ respectively. The increase 
in specific shearing energy from IN1 to IN3 was mainly due 
to accumulation of more mature fibres in the stem (Once et 
al., 2005).

3.3.  Variation in cutting force

The cutting force for 1% moisture content PS changed from 
13.4 to 16.38, 15.5 to 17.2 and 17.34 to 18.9 N and for 1% 
moisture content WS as 14.8 to 17.6, 17.4 to 19.7 and 19.3 to 
22.3 N from IN1 to IN3 at 15, 20 and 25 mm min-1 loading rate. 
Overall, the cutting force decreases with the increase in loading 
rate. Lowest cutting force occurs at first inter node position 
(IN1). Similar results were found by Annoussamy et al. (2000) 
for wheat straw and Nazari Galedar et al. (2008) for alfafa stem. 
The inter node positions had significant (p<0.05) effect on the 
amount of cutting force of RS and WS. At moisture content of 
19.5%, the cutting force of RS varied as 15.3 to 18.4, 18.1 to 
21.9 and 23.6 to 24.6 N while for WS 19.6 to 22.5, 20.78 to 
23.87 and 23.7 to 27.49 N respectively (Figure 5). 
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Figure 3: Force distance curve

106.7 mJ from IN1 to IN3 at 15, 20 and 25 mm min-1 loading 
rates respectively (Figure 4). With the increase in moisture 
and loading rates, the shearing energy starts to escalate due 
to viscous damping effect of the moisture, similar to the one 
reported by Persson (1987). Statistical analysis also proved 
that shearing energy were significantly (p<0.05) affected by 
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Figure 4: Specific Shearing Energy of PS and WS at different inter node positions and loading rates (a) 1% MC (b) 7.5% MC 
(c) 19.5% MC
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4.  Conclusion 

The increase in MC and loading rate from 1-19.5% and 15-25 
mm. min-1 increased shear strength from 5.49 to 18.26 MPa for 
PS and 7.59 to 24.8 MPa for WS from IN1 to IN3 position. The 
maximum specific shearing energy of 158.65 mJ for PS and 
119.3 mJ for WS necessitates recommending lower moisture 
content and higher loading rate as optimum conditions to 
minimize the energy requirement for shearing strength, specific 
shearing energy and cutting force.
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