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Investigation Best Number of Tanks  
for Hydrological Tank Model for  
Rural Catchment in Humid Region

(Date received:29.6.2010/Date accepted:3.8.2011)

ABSTRACT
Hydrological Tank model has proven more capable than many other models in modeling the hydrologic responses from a wide 
range of humid watershed. Many hydrologists are using this model due to its simplicity of concept and computation while 
achieving forecasting accuracy comparable with more sophisticated models. Throughout the years, various types of Tank 
model have been developed. The best was found to be storages series type. However, there is no general agreement regarding 
the best number of series storage tanks for rural catchment in humid region. In this study, three types of series storage tanks 
were selected to model the daily and hourly runoff for Bedup Basin, a rural catchment in humid region. These three Tank 
models that consist of three, four and five series storages tanks are named as 3-Tank-D, 4-Tank-D, 5-Tank-D respectively for 
daily model, and 3-Tank-H, 4-Tank-H, 5-Tank-H respectively for hourly model. The model performance is evaluated with 
coefficient of correlation (R) and Nash-sutcliffe coefficient (E2). Results revealed that the best number of tank is four, where 
average R and E2 yield to 0.6833 and 0.6620 respectively for daily runoff simulation, 0.8985 and 0.8214 respectively for 
hourly runoff simulation. Besides, sensitivity analysis also demonstrated the infiltration coefficient from forth to fifth tank  
(C9) has minor impact to runoff peak discharge and side outlet coefficient for fifth tank (C10) doesn’t have any significant 
impact to runoff peak discharge for both daily and hourly runoff simulation. Thus, these two parameters can be ignored. This 
result further confirmed that the best number of tanks for daily and hourly runoff simulation for rural catchment in humid 

region is four.  

Keywords: Coefficient of Correlation (R), Conceptual Rainfall-runoff Model, Hydrological Tank Model, Nash-Sutcliffe 
Coefficient (E2)

1.0 Introduction

Hydrologic Tank model, a conceptual rainfall-runoff (CRR) 
model, was developed by Sugawara and Funiyuki (1956)[1].  
It consists of a set of linear storages in series or parallel with  
side and bottom outlets. This CRR model presents the 
complicated and nonlinearity of rainfall-runoff processes through 
interconnected storages and simple equations to represent the 
water movement among the storages tanks. 
	 Tank model has proven more capable than many other 
models in modeling the hydrologic responses from a wide range 
of humid watershed. Many hydrologists are using this model 
[2-5] due to its simple analytical structure and computation 
while achieving forecasting accuracy comparable with more 
sophisticated models. Department of Irrigation and Drainage 
Malaysia (DID) [6] used Tank model to forecast flood levels  
of the Kelantan River at the Guillemard Bridge during the 
Northeast Monsoon. Huang et al. (2006)[7] applied Tank model 

for application of middleware technique in web of flood 
forecasting System of Gan River, JiangXi province, China. 
Sothea et al. (2006)[8] applied the “3*4+1” type Tank model 
to calculate the runoff of the Lower Mekong River Basin 
from Chiang Saen to Kompong Cham and its sub catchments 
at Mekong Delta, Cambodia. Besides, Chen and Barry (2006)
[9] coupled semidistributed Tank model with ANNs to explore 
the nonlinear transformation of the runoff generated from the 
individual subcatchments into the total runoff at the entire 
Miyun reservoir outlet, Beijing, China. However, Tank model 
is not designed to use parameters that are directly measured  
in field. Their parameters are usually obtained by calibration. 
	 Prior conducting the calibration process, the structure and  
the best number of tanks for Hydrological Tank model for the  
study area need to be determined. The determination of best 
number of tanks will ensure and lead to the best fit between 
the observed and estimated flow hydrograph. As review 
back the history of Tank model, Sugawara (1957)[10] had 
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developed various types of Tank model to derive discharge from 
precipitation. Among the types of Tank model developed are a) 
Exponential Type, b) Parallel Exponential Type, c) Overflow 
Type, d) Storage Type and e) Series Storage Type. Sugawara 
(1957)[10] proclaimed that the best type of model was the  
series storage type Tank model.
	 The original development of the model was based on 
the assumption that two water storage tanks were required to 
represent both surface runoff and intermediate runoff. Despite 
the original Tank model is generally considered to be lacking  
of physical meaning, as the model undergoes various 
developments, the physics of the model has been enhanced. 
The evolution of the Tank model has occurred over decades  
and variations of the model have been proposed. 
	 In the subsequent development of the model (Sugawara 
1967)[2], four storages tank were introduced. According to 
this configuration, runoff generated from side outlets of the top 
tank is considered as surface runoff, runoff from the second 
tank as intermediate runoff, whereas runoff generated from the 
side outlets of the third and fourth tanks are referred to subbase  
runoff and base flow, respectively. 
	 Besides, Sugawara (1974)[11] also proposed the 4*4 type 
Tank model to be applied for the watershed having dry season. 
The model also modified by Sothea et al. (2006)[3] to form the 
“3*4+1” type Tank model to forecast the flow at Lower Mekong 
River Basin, Cambodia. Meanwhile, Sugawara (1984)[4] also 
further developed the Tank model with including the snow 
component. In an attempt to consider variations in soil moisture 
content especially in the arid or semiarid areas, additional 
structures were added to the bottom layer of the top tank to 
represent effect of the primary and secondary soil moisture 
storage [5]. 
	 Meanwhile, Cooper et. al. (1997 and 2007)[12, 13] had 
calibrated 2-Tank series storage type to simulate runoff in  
Canada. A simple 2-Tank model with an upper and lower tank 
was also used by Chen and Barry (2006)[9] for simulating 
surface and groundwater generation. Concurrently, used four-
layered Tank model for simulating runoff in their respective 
studies [14-21].
	 From that above statement, there is no general agreement 
among the researchers the best and appropriate number of tanks 
for simulating runoff accurately. Therefore, the present study 
was undertaken to determine the best number of tanks of Tank 
model that provide reliable and accurate estimates of runoff 
for rural catchment in humid region. Manual trial and error  
method is selected for Tank model calibration. 

2.0 Study Area

The selected study area is Sungai Bedup Basin in humid region. 
It is located at upper stream of Batang Sadong where tidal is 
unreachable. The basin area is approximately 47.5 km2 and the 
elevation varies from 8m to 686m above mean sea level [22]. 
The vegetation cover is mainly of shrubs, low plant and forest. 
Sungai Bedup’s basin has a dendritic type channel system. The 
maximum stream length for the basin is approximately 10km, 
which is measured from the most remote area point of the  
stream to the basin outlet.

	 This basin is selected as there are five rainfall stations within 
the catchment and a water level stations at basin outlet. The 
historical long series, good quality rainfall and water level data 
are available since 1977. Moreover, the rating curve for Bedup 
Basin is available from Department of Irrigation and Drainage 
(DID) Sarawak [6].  
	 The locality plan of Sungai Bedup Basin was presented in 
Figure 1. Figure 1a shows the location of Sadong Basin. Main 
boundary of the Sadong Basin, rainfall and river stage gauging 
stations within Sadong Basin, are shown in Figure 1b. Figure 
1c presents the 5 rainfall gauging stations available in Sungai 
Bedup Basin, namely, Bukit Matuh (BM), Semuja Nonok (SN), 
Sungai Busit (SB), Sungai Merang (SM) and Sungai Teb (ST), 
and one river stage gauging station at Sungai Bedup located at 
the outlet of the basin. 

Figure 1: Locality map of Bedup basin, sub-basin of Sadong basin, 
Sarawak, Malaysia

	 For Tank model calibration, the input data used are 
weighted areal daily or hourly rainfall data obtained from 
Thiessen Polygon Analysis. The daily or hourly rainfall data 
from the 5 rainfall stations are processed, formatted and fed 
into the Thiessen Polygon analysis worksheet to calculate an 
weighted areal rainfall throughout the catchment. The area 
weighted precipitation for BM, SN, SB, SM, ST are found to 
be 0.17, 0.16, 0.17, 0.18 and 0.32 respectively. The weighted 
areal daily or hourly rainfall data for that time step is then fed 
into the Tank model. The calibrated Tank model will then carry 
out computations to simulate the daily or hourly discharges for 
Bedup Outlet.

Sadong basin

a) Location map of Sadong 
Basin in Sarawak, Malaysia

b) Sadong basin and River network [5]

c) Bedup basin with stations
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Figure 4: Schematic diagram of 5-Tank model

4.0 Methodology

4.1  Model Development and Learning Mechanism
In general, the model development for both daily and hourly 
runoff simulation can be categorised into calibration stage and 
validation stage. During calibration stage, a pair of rainfall 
runoff data was calibrated to search for the optimal parameters 
through trial and error method. The optimal parameters obtained 
are validated using different pairs of rainfall-runoff data to 
ensure the parameters obtained will provide the best fit between 
the observed and simulated runoff. 
	 Daily rainfall-runoff data from January to March 2000 in 
Table 1 is used for model calibration. The optimal parameters 
obtained are then validated with three different pairs of daily 
rainfall-runoff data dated April to June 2000, July to September 
2000 and October to November 2000 as tabulated in Table 2. 

3.0 Selection Number of Tanks

Since different catchment required different number of tanks 
for flow simulation, it is important to find the most suitable 
and appropriate Tank model for the study catchment. Through 
preliminary study, 2-Tank model was found unable to simulate 
runoff accurately for rural catchment in humid region. Thus,  
the investigation of 2-Tank model was not presented in this 
study. 3 types of series storage Tank models selected for  
manual calibration are named as 3-Tank, 4-Tank and 5-Tank. 
Specifically, 3-Tank-D, 4-Tank-D, 5-Tank-D for daily runoff 
simulation and 3-Tank-H, 4-Tank-H, 5-Tank-H for hourly runoff 
simulation. The schematic diagrams for investigated 3-Tank, 
4-Tank and 5-Tank models are presented in Figures 2, 3 and 4 
respectively. The complexity of Tank model increased as the 
number of tanks increased from 3 to 5. 10 parameters need to be 
calibrated for 3-Tank model are named as C1, C2, C3, C4, C5, 
C6, X1, X2, X3 and X4. Meanwhile, the parameters calibrated 
for 4-Tank model are C1, C2, C3, C4, C5, C6, C7, C8, X1, 
X2, X3, X4 and X5. Besides, 16 parameters are calibrated for  
5-Tank model namely C1, C2, C3, C4, C5, C6, C7, C8, C9, 
C10, X1, X2, X3, X4, X5 and X6. However, the values for 
X3, X4, X5 and X6 always found to be 0 through preliminary 
study. Thus, these parameters are not calibrated for investigation 
of best number of tank for rural catchment in humid region.  
The description of Tank model parameters are presented in  
Table 1.

Table 1: Description of tank model parameters

Parameters Description

C1 Site outlet coefficient No.1 for first tank

C2  Site outlet coefficient No.2 for first tank

C3 Infiltration coefficient from first tank to second tank

C4 Site outlet coefficient for second tank

C5 Infiltration coefficient from second  to third tank

C6 Site outlet coefficient for third tank

C7 Infiltration coefficient from third to forth tank

C8 Site outlet coefficient for forth tank

C9 Infiltration coefficient from forth to fifth tank

C10 Site outlet coefficient for fifth tank

X1 Height of side outlet No.1 for first tank

X2 Height of side outlet No.2 for first tank

X3 Height of side outlet for second tank

X4 Height of side outlet for third tank

X5 Height of side outlet for forth tank

X6 Height of side outlet for fifth tank

Figure 3: Schematic diagram 
of 4-Tank model

Figure 2: Schematic diagram 	
of 3-Tank model
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Table 2: Daily calibration and validation data used for  
determining best number of tanks

Item Data Period Data Description 

1 Jan to Mar 2000 Calibration

2 Apr to Jun 2000 Validation

3 Jul to Sep 2000 Validation

4 Oct to Nov 2000 Validation

	 Similarly for hourly Tank model calibration and validation, 
the optimal number of tank was calibrated and validated using 
the data as shown in Table 3. Hourly data from 1 to 7 January 
1999 in Table 3 is used for model calibration. The validation data 
used are Items 2 to 8 as presented in Table 2.

Table 3: Hourly calibration and validation data  
used for determining best number of tanks

Item Data Period Data Description

1 1-7 Jan 99 Calibration

2 5-8 Apr 99 Validation

3 5-8 Feb 99 Validation

4 8-12 Aug 98 Validation

5 9-12 Sep 98 Validation

6 15-18 Mar 99 Validation

7 20-24 Jan 99 Validation

8 26-31 Jan 99 Validation

4.2   Sensitivity Analysis

Sensitivity analysis is important for better understanding and 
estimating values and thus reduced uncertainty [23]. Knowing 
the sensitivity of parameters can also reduced the time spent 
on the non-sensitive one. Therefore, sensitivity analysis is an 
technique used for the assessment of the input parameters with 
respect to their impact on model output, which is useful not 
only for model development, but also for model validation and 
reduction of uncertainty[24].  
	 In this study, sensitivity analysis is conducted for 3-Tank, 
4-Tank and 5-Tank models for both daily and hourly runoff 
simulation. The parameters investigated for 3-Tank model are 
C1, C2, C3, C4, C5, C6, X1 and X2. Meanwhile, the sensitivity 
for C1, C2, C3, C4, C5, C6, C7, C8, X1 and X2 are investigated 
for 4-Tank model. Subsequently, 12 parameters named as C1, C2, 
C3, C4, C5, C6, C7, C8, C9, C10, X1 and X2 are investigated for 
5-Tank model. 
	 While conducting the sensitivity analysis, the parameter 
investigated is changing from ±5%, ±10%, ±20%, ±30%,  
±50% to ±75%, while the other parameters are remained  
constant.  The effect of each parameters investigated to model 
outputs are recorded. The sensitivity for daily runoff is analysed 
based on coefficient of correlation (R) and Nash-Sutcliffe 
coefficient (E2) values, whereas sensitivity analysis for hourly 
runoff is based on the runoff peak discharge. 

4.3   Performance Criteria

R and E2 will measure the overall differences between the 
simulated and observed runoff. R and E2 values of 1.0 implies 
a perfect fit. The formulas of these two coefficients are given in 
Table 4.     

Table 4: Statistics for model comparison

Coefficient Symbol Formula

Coefficient of 
Correlation

R

Nash-Sutcliffe 
Coefficient

E2

where obs = observed value, pred = predicted value,     = mean 
observed values,      = mean predicted values and j = number 
of values.

Besides, the formula for peak discharge is presented is Equation 1.

                         

5.0   Results and Discussion

5.1	Determination Number of Tank for Daily 		
	R unoff

Table 5 shows the optimum parameters obtained for 3-Tank-D, 
4-Tank-D and 5-Tank-D using trial and error method. The 
performance of different configuration of Tank model as validated 
with three different time periods is presented in Table 6. Figure 
5 presents comparison between observed and simulated runoff 
for 4-Tank-D Model using optimal parameters that calibrated 
through trial and error method.

Table 5: Optimum parameters calibrated for different  
configuration of Tank models

Parameters 3-Tank-D 
Model

4-Tank-D 
Model

5-Tank-D 
Model

C1 0.001 0.001 0.001
C2 0.002 0.002 0.002
C3 0.34 0.42 0.62
C4 0.0005 0.055 0.055
C5 0.6 0.6 0.6
C6 0.05 0.055 0.05
C7 - 0.83 0.83
C8 - 0.000001 0.00001
C9 - - 0.00001

C10 - - 0.00001
X1 10.00 10.00 10.00
X2 20.00 20.00 20.00

	
  

runoff_peak_ 	 = 	 simulated_peak_observed_peak 	 × 100%      (1)
discharge		  observed_peak

obs

pred

--

--

ki

)2
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Table 6: Performance of different tank models validated with different data

Tank Configuration Data Period R E2

3-Tank-D Model

Jan to Mar 2000 0.714 0.7675

Apr to Jun 2000 0.565 0.5803

Jul to Sep 2000 0.511 0.3659

Oct to Nov 2000 0.744 0.5510

Average 0.6335 0.5662

4-Tank-D Model

Jan to Mar 2000 0.758 0.8238

Apr to Jun 2000 0.620 0.6920

Jul to Sep 2000 0.574 0.3860

Oct to Nov 2000 0.781 0.7461

Average 0.6833 0.6620

5-Tank-D Model

Jan to Mar 2000 0.714 0.7670

Apr to Jun 2000 0.566 0.5794

Jul to Sep 2000 0.512 0.2767

Oct to Nov 2000 0.738 0.5845

Average 0.6325 0.5519

(a) Calibration Data from Jan 2000 to Mar 2000                (b) Validation Data from Apr 2000 to Jun 2000

(c) Validation Data from Jul 2000 to Sep 2000                (d) Validation Data from Oct 2000 to Nov 2000

Figure 5: Comparison between observed and simulated runoff for 4-Tank-D model using optimal parameters calibrated manually



Journal - The Institution of Engineers, Malaysia (Vol. 72, No. 4, December 2011)6

KUOK KING KUOK, SOBRI HARUN AND PO-CHAN CHIU

	 The average R and E2 obtained for 3-Tank-D model 
through manual calibration are recorded as 0.6335 and 0.5662 
respectively, with configuration of X1=10, X2=20, C1=0.001, 
C2=0.002, C3=0.34, C4=0.0005, C5=0.6 and C6=0.05. The 
simulation result is improved significantly using 4-Tank-D 
model where average R and E2 yield to 0.6833 and 0.6620 
respectively with the configuration of X1=10, X2=20, C1=0.001, 
C2=0.002, C3=0.42, C4=0.055, C5=0.6, C6=0.055, C7=0.83 
and C8=0.000001. As the Tank model is further investigated 
using 5-Tank-D, the performance of 5-Tank-D model is 
slightly decreased to average R=0.6325 and E2=0.5519. The 
optimal configuration for 5-Tank-D model were found to be 
X1=10, X2=20, C1=0.001, C2=0.002, C3=0.62, C4=0.055, 
C5=0.6, C6=0.05, C7=0.83, C8=0.000001, C9=0.000001 and 
C10=0.000001. It was found that the parameters C9 and C10 
for 5-Tank-D Model are not improving the simulation results. 
Moreover, the optimum C9 and C10 values obtained through 
trial and error method are very small where both are depicted 
as low as 0.00001. Hence, it is concluded that the best number 
of tanks for simulating daily runoff in this study is 4 (4-Tank-D 
Model).

5.2	Sensitivity Analysis for Daily Runoff

Sensitivity analysis was conducted for 3-Tank-D, 4-Tank-D and 
5-Tank-D models, to determine the effect and impact each of the 
parameters to model output in terms of R and E2. 

5.2.1   Sensitivity Analysis for 3-Tank-D Model

Figure 6 illustrates the results of sensitivity analysis of 3-Tank-D 
Model for R and E2 values.

	 From the results of sensitivity analysis, it appears that 
the change of C1 and C2 from 75% to –75% didn’t affect the 
accuracy of the simulation results. Besides, the accuracy of the 
simulation results is slightly affected by parameters C4 and 
C6 as these two parameters changed from 75% to –75%.  The 
infiltration parameters C3 and C5 have significant impact to 
the accuracy of the simulation results. Meanwhile, X1 and X2 
were found not affecting the accuracy of simulation results as 
these two parameters changed from –75% to 30%. However, the 
simulation results were decreased significantly as X1 and X2 
values increased to 50% and 75%.    

5.2.2   Sensitivity Analysis for 4-Tank-D Model

	

 

Figure 7: Sensitivity analysis of 4-Tank-D model for R and E2 values

Sensitivity analysis for 4-Tank-D (illustrated in Figure 7) presents 
that parameters C1, C2, C6, C8, X1 and X2 didn’t affect the 
simulation results significantly as these parameters changed from 
–75% to 75%. However, the infiltration parameters C3, C5 and 
C7 did show great impact to the accuracy of simulation results 
as these coefficients changed from –75% to 75%. Meanwhile, 
side outlet coefficient C4 has also affected the E2 result with the 
changes of C4 from –75% to 75%.  

5.2.3  Sensitivity Analysis for 5-Tank-D Model

The results of sensitivity analysis of 5-Tank-D Model for R 
and E2 values are illustrated in Figure 8. The results show that 
parameters C1, C9 and C10 are not sensitive to the change from 
75% to –75%. Coefficient C2, C6, C8, X1 and X2 are slightly 
affecting the accuracy of the simulation results with the change 
from 75% to –75% of these parameters. Meanwhile, parameters 
C3, C4, C5 and C7 had significant impact to the simulation 
results as these parameters changed from 75% to –75%.Figure 6: Sensitivity analysis of 3-Tank-D model for R values

% Change in Indicated Parameter

% Change in Indicated Parameter

% Change in Indicated Parameter

% Change in Indicated Parameter
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Figure 8: Sensitivity analysis of 5-Tank-D model for R and E2 values

Table 7: The optimum parameters calibrated for different configuration of tank models

Parameters 3-Tank-H Model 4-Tank-H Model 5-Tank-H Model

C1 0.010 0.010 0.001

C2 0.002 0.002 0.002

C3 0.100 0.100 0.070

C4 0.010 0.010 0.020

C5 0.080 0.080 0.040

C6 0.050 0.050 0.050

C7 - 0.030 0.030

C8 - 0.050 0.050

C9 - - 0.030

C10 - - 0.002

X1 10 10 10

X2 30 40 40

	 Since the result show that both C9 and C10 don’t have 
any impact to simulation results, these two parameters which 
are the infiltration coefficient from forth to fifth tank and side  
outlet coefficient for fifth tank respectively, can be ignored. 
Therefore, it is concluded that the best number of tank for  
daily runoff simulation for Bedup Basin is four.  

5.3	Determination Number of Tanks for  
	 Hourly Runoff

Three configurations of Tank model are investigated for hourly 
runoff simulation, named as 3-Tank-H, 4-Tank-H and 5-Tank-H.
The optimum parameters obtained for 3-Tank-H, 4-Tank-H and 
5-Tank-H models calibration are presented in Table 7. Table 8 
shows the performance of 3-Tank-H, 4-Tank-H and 5-Tank-H 
when simulating 8 separate storm events using optimal  
parameters obtained. Figure 9 presents comparison between 
observed and simulated runoff for 4-Tank-H Model using 
optimum parameters obtained.  
	 For hourly runoff simulation, all 3-Tank-H, 4-Tank-H and 
5-Tank-H are able to simulate hourly runoff accurately. The optimal 
parameters obtained for 3-Tank-H model are C1 = 0.01, C2 = 0.002, 
C3 = 0.1, C4 = 0.01, C5 = 0.08, C6 = 0.05, X1 = 10 and X2 = 30, 
where average R and E2 yield to 0.8916 and 0.7492 respectively. It 
was found that the performance of Tank model is slightly increased 
as the number of tank increased from 3 to 4.

% Change in Indicated Parameter

% Change in Indicated Parameter
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Table 8: The performance of different configuration of tank model

Tank Configuration Data Period R E2

3-Tank-H Model

1-7 Jan 99 0.945 0.8560
5-8 Apr 99 0.891 0.3901
5-8 Feb 99 0.864 0.7586

8-12 Aug 98 0.743 0.7720
9-12 Sep 98 0.984 0.8772

15-18 Mar 99 0.978 0.9473
20-24 Jan 99 0.836 0.8532
26-31 Jan 99 0.892 0.5388

Average 0.8916 0.7492

4-Tank-H Model

1-7 Jan 99 0.946 0.8399
5-8 Apr 99 0.916 0.5096
5-8 Feb 99 0.857 0.8979

8-12 Aug 98 0.776 0.8387
9-12 Sep 98 0.971 0.9701

15-18 Mar 99 0.977 0.9851
20-24 Jan 99 0.853 0.8966
26-31 Jan 99 0.892 0.6331

Average 0.8985 0.8214

5-Tank-H Model

1-7 Jan 99 0.947 0.8552
5-8 Apr 99 0.891 0.3901
5-8 Feb 99 0.864 0.7553

8-12 Aug 98 0.743 0.7720
9-12 Sep 98 0.986 0.8727

15-18 Mar 99 0.979 0.9456
20-24 Jan 99 0.836 0.8531
26-31 Jan 99 0.892 0.5388

Average 0.8923 0.7479

The average R and E2 were found improved to 0.8985 
and 0.8214 respectively with the configuration of C1 = 
0.01, C2 = 0.002, C3 = 0.1, C4 = 0.01, C5 = 0.08, C6 = 
0.05, C7 = 0.03, C8 = 0.05, X1 = 10 and X2 = 40. Besides, 
the best configuration obtained for 5-Tank-H model are  
C1 = 0.001, C2 = 0.002, C3 = 0.07, C4 = 0.02, C5 = 0.04, C6 
= 0.05, C7 = 0.03, C8 = 0.05, C9 = 0.03, C10 = 0.002, X1 = 10 
and X2 = 40.
	 However, the performance of 5-Tank-H model is slightly 
decreased with average R = 0.8923 and E2 = 0.7479. This reflected that 
the optimum numbers of Tank model for hourly runoff calibration is  
4 (4-Tank-H model) for Bedup Basin. 

5.4	Sensitivity Analysis for Hourly Runoff 

Sensitivity Analysis was conducted for 3-Tank-H, 4-Tank-H 
and 5-Tank-H models. The aim is to determine the effect and  
impact each of the parameters to runoff peak discharge. 

5.4.1   Sensitivity Analysis for 3-Tank-H Model
The result of sensitivity analysis of 3-Tank-H Model for 
Runoff Peak Discharge was illustrated in Figure 10. From the 
results of sensitivity analysis, it appears that the change of C1  

and C2 from 75% to –75% didn’t affect the runoff peak  
discharge. Besides, it was also observed that the parameter C4, 
X1 and X2 also not affecting the runoff peak discharge much. 
However, the sensitivity analysis shows that the infiltration 
coefficient C3, C5 and side outlet coefficient C6 are the three 
dominant parameters that control the runoff peak discharge. 
The results show that these three parameters have significant  
impact to the runoff peak discharge as these three parameters  
change from 75% to –75%. 

5.4.2   Sensitivity Analysis for 4-Tank-H Model
Figure 11 presents the results of sensitivity analysis of 4-Tank-H 
Model for runoff peak discharge. Sensitivity analysis for 
4-Tank-H illustrates that parameters C1, C2, C7, X1 and X2  are 
not sensitive to the runoff peak discharge as these parameters 
change from –75% to 75%.  Meanwhile, parameter C4 has minor 
effect to the runoff peak discharge. However, the results show 
that the four main parameters that controlled the runoff peak 
discharge are C3, C5, C6 and C8.
	 These four parameters did show great impact to the runoff  
peak discharge as the coefficients changed from –75% to 75%.  
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	 (a)   Calibration data from 1 Jan 1999 to 7 Jan 1999                        	 (b) Validation data from 5 Apr 1999  to 8 Apr 1999

 	 (c) Validation data from 5 Feb 1999 to 8 Feb 1999	 (d) Validation data from 8 Aug 1998 to 12 Aug 1998

	 (e) Validation data from 9 Sep 1998 to 12 Sep 1998                   	 (f) Validation data from 15 Mar 1999 to 18 Mar 1999

	 (g)  Validation data from 20 Jan 1999 to 24 Jan 1999              	 (h)  Validation data from 26 Jan 1999 to 31 Jan 1999 

Figure 9: Comparison between observed and simulated runoff for 4-Tank-H model using optimum parameters obtained
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5.4.3   Sensitivity Analysis for 5-Tank-H Model

The results of sensitivity analysis of 5-Tank-H Model for runoff 
peak discharge are illustrated in Figure 12. The results show that 
parameters C1, C2, C10, X1 and X2 do not affect the runoff peak 
discharge as these coefficients change from 75% to –75%. It was 
observed that coefficients C7 and C9 have minor impact to the 
runoff peak discharge as these values change from -75% to 75%. 
Results also show that five major coefficients that are controlling 
the runoff peak discharge are C3, C4, C5, C6 and C8. 
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	 As the result show that C9 has minor impact to runoff 
peak discharge and C10 doesn’t have any impact to runoff 
peak discharge, these two parameters which are the infiltration 
coefficient from forth to fifth tank and side outlet coefficient for 
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morphological characteristics of peat soil samples from Matang, 
Sarawak, Malaysia, for better understanding of the behavior of 
these peat soils. 

 

Figure 1: Peat soil distribution map in Sarawak, Malaysia [2]

2.0 	TEST MATERIALS AND METHODOLOGY

Different types of peat soils were collected from six different 
locations (e.g., L1 to L6) in Matang area (from 0.40 to 0.80 m 
depth) designated as M1 to M6, respectively. The locations of 
sampling are shown in Table 1, as global coordinate. First the  
peat soil was sundried, grinded and passed through specific  
sieve and used for various physical and engineering properties test. 
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ABSTRACT

In Malaysia, Sarawak has the largest area of peat-land in the country, covering approximately 1.66 million hectares. With the 
rapid industrialisation and population growth, construction is scheduled almost all over the place including the area of peat-
land. As peat or highly organic soil is a major problem in infrastructure development of the tropical and coastal regions, we 
should initially discern the physical and geotechnical properties of these soils. The current study describes the physical and 
geotechnical properties of tropical peat soils from Matang, Sarawak. Different physical properties e.g. organic content (OC), 
liquid limit (LL), fiber content (FC), and specific gravity (G

s
) and geotechnical properties e.g. compaction, and Unconfined 

Compressive Strength (UCS) test have been conducted on remoulded peat soil samples. The results show that peat has very 
high moisture content and organic content; low specific gravity, dry unit weight and UCS value. Also, Scanning Electron 
Microscope (SEM) images were taken for some peat soil samples in order to study their microstructures. 

Keywords: Geotechnical Properties, Physical Properties, SEM, Tropical Peat Soil

1.0	 INTRODUCTION

The state of Sarawak is crossed by deep rivers and contains 
extensive freshwater wetlands and salty mangrove peat swamps 
or soils. These peat soils have been identified as one of the major 
groups of soil found here and it has the largest peat land area in 
Malaysia which is about 16,500 km2, of which about 90% of the 
peat is more than 1 m in depth [1], which contributes difficulties 
in construction industries. High rain fall intensity of 120 inches 
per year makes peat soils become extremely soft and wet. Figure 1 
shows the distribution of peat land in Sarawak [2].

Peat soil is a major problem in the infrastructure development 
of the coastal areas in Sarawak and generally considered as 
problematic soil in any construction project, because of its high 
compressibility and very low shear strength [3]. With the rapid 
industrialisation and population growth, it has become a necessary 
to have infrastructure facilities in peat-land as well. Before 
endorsing any types of construction on it, we should determine the 
physical and geotechnical properties of these soils.

Several researchers have studied on the soft or peat soil 
stabilisation and their physical properties [4-12]. Few researchers 
have discussed on the morphological investigation of clay and 
peat soils [13-17]. However, most of these studies concentrate on 
the stabilisation and very few studies are available on physical 
or geotechnical properties of original peat or soft soil from East 
Malaysia especially from Sarawak. Hence, the present study 
concentrates on determining the physical, geotechnical and 

Matang area
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Table 1: Global coordinate or position of peat soil samples collected

Sample Location Designation Position

Taman Malihah-1 M1 N 01˚ 33.986'; 
E 110˚ 15.464'

Taman Malihah-2 M2 N 01˚ 33.997'; 
E 110˚ 15.415'

Kopodim-1 M3 N 01˚ 34.782'; 
E 110˚ 16.396'

Kopodim-2 M4 N 01˚ 34.914'; 
E 110˚ 16.400'

SMK Matang-1 M5 N 01˚ 34.030'; 
E 110˚ 15.326'

SMK Matang-2 M6 N 01˚ 35.730'; 
E 110˚ 16.440'

2.1 Physical Properties
The natural moisture content of peat soil samples has been 
determined as per BS 1377: Part 2: 1990 [18]. The Loss on Ignition 
has been determined as a percentage of oven-dried mass as per 
ASTM D 2974 [19]. The moist sample is first dried in the oven at a 
temperature of 105°C for 24 hours then the oven dried sample was 
kept in a muffle furnace at temperature of 550°C for 4 to 5 hours. 
The sample was then cooled at room temperature and the change 
in weight is calculated as Loss on Ignition. Organic content (H) is 
calculated according to an equation proposed by Skempton and 
Petley [20] as follows:

H % = 100 – C (100 – N)                (1)

Where, C is the correction factor (=1.04 for temperature 
550°C; Edil [21]) and N is the loss on ignition in percent. The 
degree of decomposition is generally assessed by means of the 
Von Post scale. There are 10 degrees of humification (H1 to H10) in 
the Von Post system [22]. The specific gravity (Gs) of the highly 
organic or peat soil is determined based on procedure stated in BS 
1377: Part 2: 1990 [18]. In this test, Gs is determined by using 
small pyknometer and the average Gs is obtained from the results 
of three tests. The fiber content (FC) is determined from dry weight 
of fibers retained on ASTM sieve no. 100 (>0.15 mm opening 
size) as a percentage of oven dried mass [23]. In this study, cone 
penetrometer method has been used to determine the liquid limit 
(LL) of peat soil sample. The LL and pH test have been conducted 
as per guidelines based on BS 1377: Part 2: 1990 [18]. 

2.2 Engineering Properties 
Standard Proctor test has been conducted as per BS 1377-1990: 
Part 4 [18] to determine the maximum dry density (MDD) (γd) and 
the optimum moisture content (OMC) of the peat soil sample. To 
determine the undrained shear strength of the original remolded 
peat soil, the UCS test has been conducted according to the 
guidelines provided by ASTM D 2166 [24]. The size of the mould 
used in this study was 38 mm in diameter and 76 mm in height. A 
rate of strain of 1.27 mm/min has been maintained throughout the 
tests. For the sake of consistent results, a minimum of 3 samples 
have been tested. The prepared specimens were kept for 1 hour at 
room temperature in open space and then tested. 

2.3  Microstructure Analysis
The SEM micrographs of only M1, M3 and M6 peat soil 
samples (with the highest, medium and lowest fiber/organic 
content, respectively) have been conducted to study the 
morphology of the samples. SEM can produce high resolution 
three dimensional image of specimen surface. SEM consists of  
an electron gun (V-shaped tungsten filament) which emits  
electron beam thermionically when heated to a certain  
temperature and because of the application of high negative 
voltage this electron beam is directed towards anode (electron 
gun acts as cathode). The electron beam is refined by a system 
of electromagnetic lenses before it strikes the specimen. The 
specimen is inserted in a ‘specimen stage’ which is located in  
the direction of impinging electrons. These beaming electrons 
after striking the specimen surface produce secondary electrons 
which are then collected by a ‘secondary electron detector’ 
to generate a variety of signals. These signals are processed 
and converted into a series of pixels which can be viewed on a  
cathode ray tube or monitor (Bozzola and Russell [25]). The  
oven dried peat soil samples used in this tests which were  
coated with gold before taking SEM images. The SEM test was 
conducted by using the instrument JEOL, Japan, with model no. 
JSM-6701F. The micrographs were taken at a magnification of 
1000 for all three samples. 

3.0 	RESULTS AND DISCUSSION
3.1  Physical Properties
The results of different physical properties of the peat soil  
samples are presented in Table 2. From Table 2, it is found  
that the moisture content of the peat soil is very high, this may 
attributed to the fact that, peat soils have high fiber content  
which is able to absorbed water. Huat [3] stated that the natural 
water content of West Malaysian peat varies from 200 to 700% 
and East Malaysian peat varies from 200 to 2207%. Our value 
also falls within the ranges. From the laboratory test, it has  
been observed that the sample M1 to M5 falls in the category 
with degree of humification H4 to H6 (Hemic) and sample M6 can 
be categorized as H7 to H10 (Sarpic); according to the Von Post 
scale. If the percentage of organic content (OC) in soil is more 
than 75% then the soil can be categorised as peat soil as per  
ASTM D 2607 69 [26]. In this study sample M4 and Sample 
M6 contain less than 75% OC and can be categorised as highly 
organic soil. The remaining soil samples can be categorised 
as peat. The result shows that M1 soil sample has higher fiber 
content (FC) than others soil samples and the sample M6 has 
lowest fiber content (FC).

Den Haan [27] studied that, the specific gravity in organic or 
peat soils is affected by the organic constituents; e.g., cellulose 
and lignin which are having lower specific gravity, approximately 
1.58 and 1.40, which causes the reduction in specific gravity of 
peat soils. Huat [3] also reported that for tropical peat soil, Gs 
ranges from 1.07 to 1.7. In the present study, specific gravity 
(Gs) for the peat soil samples tested also falls within the ranges 
except for sample M6. The Gs value for sample M6 is higher 
as compared to the other samples tested. This may be attributed 
to the fact that sample M6 is highly decomposed and has lowest 
fiber content (FC).

The LL value is higher for M1 sample because M1 sample 
contains more fiber which results in high water absorption  
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capacity compared to the other samples. It is also found that all 
samples collected from Matang are non-plastic. The result also 
shows that sample M2 has lower pH value than other peat soil 
samples and sample M6 has the highest value. As a result, M2 
sample is more acidic due to the higher organic content.

Table 2: Physical properties for different peat soil samples

Property
Sample

M1 M2 M3 M4 M5 M6

Natural 
moisture 
content, (%)

620.14 473.70 360.72 787.04 623.76 605.63

Degree of 
decomposition H3 H5 H6 H4 H4 H7

Loss on 
Ignition, (N) 
(%)

85.67 79.70 67.88 83.08 81.59 44.74

Organic 
content, (H) 
(%)

85.10 78.88 66.60 82.40 80.85 42.53

Specific 
gravity, (Gs) 1.45 1.62 1.64 1.48 1.56 1.82

Fiber content 
(FC) (%) 65.00 63.45 61.40 64.25 63.55 31.98

Liquid Limit 
(LL) (%) 78.00 79.00 73.00 75.00 77.00 69.00

pH value 4.05 4.64 5.15 4.25 4.33 6.18

3.2  Engineering Properties
3.2.1 Standard Proctor Test
Standard Proctor test were carried out for peat soil samples 
and the results are presented in Figure 2 and Table 3. From  
Figure 2, it can be noticed that for the soil sample M6 has MDD 
of 0.88 gm/cm3 and the value of OMC is 54.95%. It can also 
be observed that this soil sample has the maximum dry density  
and minimum moisture content as compared to the other  
samples tested in this study. This may be attributed to the fact  
that sample M6 has lower fiber content (FC) and as a result, it 
has lower water absorption capacity compared to the remaining 
peat soil samples. 

 

Figure 2: Standard Proctor test for different peat soil samples

The maximum dry density of the peat sample tested in this 
study varies from 0.72 to 0.88 gm/cm3. Our result falls within 
the range as reported by Huat [3]. The bulk densities of peat  
are in the range of 0.8 to 1.2 gm/cm3 whereas the dry densities 
are 0.1 to 1.4 gm/cm3.

3.2.2 Unconfined Compressive Strength Test
The UCS tests have been conducted for all soil samples  
compacted at its MDD and OMC of the soil and the results 
are presented in Table 3. In this study UCS value for original 
remoulded peat soil sample varies from 14.23 to 21.62 kPa. 
Behzad and Huat [28] also mentioned in their study that the  
UCS value for remoulded peat is 22 kPa.

It can be noticed that considerably higher compressive 
strength has been obtained from M6 samples, it may be 
attributed to the fact that the sample M6 has lower fiber content 
(FC) (i.e., 31.98%) which results lower water holding capacity 
and higher compressive strength. Also M1 sample has lower 
UCS strength value it may be to the fact that, the M1 sample has 
higher fiber content (FC) and organic content (OC). 

Table 3:  Geotechnical properties for different peat soil samples

Property
Sample

M1 M2 M3 M4 M5 M6

Optimum moisture 
content (OMC) (%) 65.36 62.84 56.10 60.25 60.64 54.95

Maximum dry density 
(MDD) gm/ cm¬3 0.72 0.74 0.83 0.73 0.73 0.88

Unconfined 
compressive strength 
(UCS) (kPa)

14.23 17.25 19.15 18.00 14.85 21.62

3.3 Scanning Electron Microscope (sem)
Scanning electron micrographs of peat soil samples M1, M3 
and M6 are shown in Figures 3, 4 and 5, respectively. Figure 3 
shows that M1 soils are composed of fibers, woody and porous in 
nature compared with M3 and M6 samples. Figure 4 shows that 
M3 sample is more compact than M1 sample. From Figure 5 
(sample M6), it can be observed that the particles are plate/sheet-
like clay type structure. It may be attributed to the fact that,  
the more fibrous/organic content a soil is/has, the more porous 
space it has.

 

Figure 3: SEM micrograph of the peat soil sample M1
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Figure 4: SEM micrograph of the peat soil sample M3
 

Figure 5: SEM micrograph of the peat soil sample M6

4.0 	CONCLUSIONS
The present paper investigates the physical, geotechnical and 
morphological properties of different types of peat soil samples 
from Matang, Sarawak, Malaysia. From the laboratory tests 
results, the following conclusions can be drawn:

i.	 The ranges of the natural moisture content, Gs, and pH for 
peat soil samples are between 360 to 787%, 1.45 to 1.82 and  
4.05 to 6.18, respectively. 

ii.	 The result shows that, FC, OC and N are within the ranges, 31 
to 65%, 42 to 85% and 44 to 85%, respectively and according  
to the Von Post scale the sample M1 to M5 is Hemic and 
the sample M6 is falls in the category of Sarpic. 

iii.	 The standard Proctor test result shows that MDD and  
OMC ranges approximately between 0.72 to 0.88 gm/cm¬3 

and 55 to 65%, respectively. 
iv.	 The result of UCS test shows that, the strength for different 

peat soil samples is between 14.23 to 21.62 kPa. 
v.	 SEM result shows that the peat soil sample M1 contains 

more fibers, woody and porous as compared with the  
samples M3 and M6. From sample M6, it can be observed 
that the particles/fibers are so packed, plate or sheet-like and  
strongly bonded.
From the available data and to be established data bank  

on the region’s peat soil compiled by the Construction on  
Soft Soil (CoSS) Group of UNIMAS, it is hope that the local 
geotechnical engineers can easily understand the behavior of 
physical and geotechnical properties as well as morphological 
characteristics of Sarawakian peat soils.
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ABSTRACT

In order to explore the potential of optical multilevel signaling for high speed optical fiber networks, a novel multilevel 
multiplexing technique is demonstrated. Three users, each with data rates of 10 Gb/s were successfully multiplexed and 
transmitted over a single WDM channel, which can offer a possible transmission rate of 30 Gb/s per WDM channel. The 
performance of the proposed technique is examined, with comparison to 30 Gb/s Time Division Multiplexing (TDM). Based 
on the simulation results back-to-back receiver sensitivity of -29.2 dBm and -33.5 with OSNR of 22.5 dB and 18.3dB was 
achieved for the worst and best uses respectively, together with the chromatic dispersion tolerance ranging from 207 ps/nm to 
276 ps/nm. A comparison with conventional TDM technique shows a clear advantage of the proposed technique. 

Keywords: Dispersion Tolerance, Multiploxing, Optical Communication

1.0	INTRODUCTION

The advances in data communication and information technology 
allow tremendous amounts of data to be transferred through the 
networks. From one year to another, the required network capacity 
increases exponentially, which shows that Tb/s capacity is not far 
from reality.
	 Many kind of multiplexing such as Wavelength Division 
Multiplexing (WDM) technology, Time Division Multiplexing 
has recently shown their potential to support high bandwidth data 
transfer [1; 2; 3]. Time Division Multiplexing is a digital process 
that can be applied when the transmission capacity of a medium 
is larger than the transmitting and receiving devices data rate. 
In such case, multiple transmissions can occupy a single link by 
subdividing it into several slots.
	 Optical multilevel signaling is one of the candidates for these 
advanced signaling techniques used for future high speed long-
distance optical networks [4]. It can reduce the optical signal 
bandwidth to pack more signal channels in a single optical fiber  
by WDM technique, and improve the signal transmission 
performance such as chromatic dispersion tolerance. For example, 
four-level phase modulation, namely, differential quadrature 
phase-shift keying (DQPSK) [5] was thoroughly studied to realise 
ultrahigh capacity WDM networks. Obviously, there are other 
methods employed to provide more transmission capacity such  
as quadrature signaling and spectrum coding [6] so that more 
than one channel can be transmitted in a single wavelength.  

However these methods are not economical and are difficult to 
realise.
	 The proposed technique which is called Absolute Polar  
Duty Cycle Division Multiplexing (AP-DCDM) is a new 
multiplexing technique which uses return to zero duty cycle 
and bipolar signaling. In this technique, subsequent users at 
the multiplexer input have opposite polarity, which results in 
a unique multilevel pattern at the output of the multiplexer. As 
a result of bipolar signaling, the increment of the multiplexed 
signal amplitude with reference to the number of user is 
reduced, therefore, improving the receiver sensitivity, which is 
the main limiting issue in multilevel signaling. In this paper, we  
demonstrate that AP-DCDM is able to support multi-users 
transmission per WDM channel at acceptable performance.

2.0	 WORKING PRINCIPLE

AP-DCDM is a multiplexing technique that uses bipolar signal 
with different duty cycle to differentiate the channels or users. In 
this technique, each user transmits bit ‘0’ with zero volts and for 
the case of bit one, the odd users transmit ‘+A’ volts while the even 
users transmit ‘–A’ volts. Based on the linear distribution of duty 
cycle, the ith multiplexing user transmits bit 1 within Ti second, 
which is 

Ti 	 = 	i × 	(	 Ts	 )				    n + 1 		 (1)
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	 Where Ts is the symbol duration and n is the number of users. 
Therefore, different users share the communication medium to 
transmit in the same time period and at the same carrier wavelength, 
but with different duty cycles. The unique duty cycle for each 
channel helps to regenerate data at the receiver. Figure 1 illustrates 
the signal multiplexing process for three users system. In Figure 
1(a), 8 possible combinations of users’ data are shown which is 
referred to as Case 1 to Case 8. Figures 1(b), (c) and (d) show 
the duty cycle distribution of the three user system, where 25%, 
50% and 75% duty cycle are used to represent User1 (U25), User2 
(U50) and User3 (U75) respectively. Noting that the second user 
has opposite polarity to the first user, and similarly, the third user 
has opposite polarity relative to the second user. Based on the 2n 
possible bits combination in Figure 1(a), each of these combinations 
produces unique symbols with both positive and negative polarity 
[Figure 1(e)]. The process ends by taking the absolute value of 
the signal in Figure 1(e) to produce absolute polar DCDM signal. 
Figure 1(f) shows the absolute polar signal for the eight possible 
combinations of bits for three users. Having the knowledge about 
this uniqueness at the receiver side, the original data for each user 
can be recovered.

 

Figure 1: (a) eight possible combination of bits for three users, (b) U25 
data stream, (c) U50 data stream, (d) U75 data stream, (e) bipolar mul-
tiplexed signal and (f) absolute polar multiplexed signal

3.0	SI MULATION SETUP

Figure 2 (a) shows the simulation setup. Three users each at 10 
Gb/s with PRBS 210-1 are carved with three electrical RZ pulse 
carver at 25%, 50% and 75% duty cycle respectively. The voltages 
for all users at the multiplexer input are identical. All users’ data are 
multiplexed via a power combiner (electrical adder) resulting in a 
bipolar signal. Subsequently, the absolute circuit is used to produce 
an absolute polar signal.
 	 The signals are modulated onto a laser diode (LD) signal which 
operates at 1550 nm wavelength using a Mach-Zehnder Modulator 
(MZM). The eye diagram of the modulator output is shown in 
Figure 2(b). At the receiver side, the optical signal is detected by a 
photodiode and passed through a low-pass filter (LPF) and Clock-
and-Data-Recovery (CDR) unit. The Gaussian low-pass filter is set 
at 0.75 of the null-to-null bandwidth, which is determined by the 
smallest duty cycle, to eliminating the photodiode noises. 

	 In the CDR unit, the received signal is fed into the  
sampling circuit. The samples are taken at three sampling points 
of S1, S2 and S3 at the first three slots in every symbol [Figure 
2(b)]. Outputs of the sampling circuit are fed into the decision  
and regeneration unit. In this unit, the sampled values are  
compared against two threshold values, thr1 and thr2 [Figure 2(b)] 
and the decision is performed based on the operations shown in 
Tables I, II and III. These tables contain the regeneration rules  
that the data recovery unit uses to regenerate original data for  
each user, which are based on the multiplexed signals shown in 
Figure 1(f). For example, for U25, binary 0 is regenerated when 
sampling values at S1 and S2 are less than thr1 (Table I rule 1) 
or values at S1 is in between thr1 and thr2 while values in S2 are 
greater than thr1 (Table 1 rule 2). Binary 1 is regenerated when 
sampled amplitude at S1 is in between thr1 and thr2, while 
amplitude at S2 is less than thr1 (Table I rule 3) or values 
in S1 is less than thr1 and values in S2 are greater than thr1 
(Table 1 rule 4) or values in S1 and S2 are greater than thr1 and thr2 
respectively (Table 1 rule 5).

 

. 

Figure 2: (a) AP-DCDM simulation setup for multiplexing three users, 
(b) Transmitted eye diagram including sampling points and threshold 
values

Table 1: Data recovery rules for U25

No Rules Case

1 if (S1 < thr1) and (S2 < thr1) then U25 = 0 Case: 1, 7

2 if (thr1 ≤ S1 < thr2) and (S2 ≥ thr1) then U25 = 0 Case: 3, 5

3 if (thr1 ≤ S1 < thr2) and (S2 < thr1) then U25 = 1 Case: 2, 8

4 if (S1 < thr1) and (S2 ≥ thr1) then U25 = 1 Case: 4

5 if (S1 ≥ thr2) and (S2 ≥ thr1) then U25 = 1 Case: 6

thr2

th1

S1    S1    S3

clock 
and data 
recovery
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Table 2: Data recovery rules for U50

No Rules Case
1 if (S2 ≥ thr1) and              (S3 < thr1) then U50 = 1 Case: 3,4
2 if (S2 < thr1) and (S3 ≥ thr1) then U50 = 1 Case: 7,8
3 if (S2 < thr1) and (S3 < thr1) then U50 = 0 Case: 1,2
4 if (S2 ≥ thr1) and (S3 ≥ thr1) then U50 = 0 Case: 5,6

Table 3: Data recovery rules for U75

No Rules Case
1 if (S3 <thr1) then U75 = 0  Case: 1, 2, 3, 4

2 if (S3 ≥ thr1) then U75 = 1  Case: 5, 6, 7, 8

4.0	RESULTS  AND DISCUSSION

Figure 3 shows the back-to-back pre-amplified receiver  
sensitivity for the three users, 30 Gb/s (3 x 10 Gb/s) AP-DCDM 
system. They are compared against conventional 30 Gb/s 
TDM. In AP-DCDM system, the three users show different  
performance.  At bit-error-rate (BER) of 10-9, U25 has the receiver 
sensitivity of around -29.2 dBm with OSNR of 22.5 dB, while 
U50 and U75 have the same receiver sensitivity of -33.5 dBm  
with OSNR of 18.3 dB. In comparison to 30 Gb/s TDM, our 
proposed system shows better sensitivity for U50 and U75, in  
the order of 1 dB. 
	 Figure 4 shows the effect of chromatic dispersion to the 
performance of 30 Gb/s conventional TDM and 30 Gb/s TDM 
over AP-DCDM. Using AP-DCDM, all users show almost  
similar behavior of positive and negative chromatic dispersions. 
U25 and U50 have the same ability to tolerate chromatic  
dispersion of ±103.5 ps/nm while U75 has the dispersion tolerance 
of ±138 ps/nm at BER of 10-9. For the 30 Gb/s conventional  
TDM, dispersion tolerance is around ±86.5 ps/nm. This result 
shows that 30 Gb/s TDM over AP-DCDM is more robust to 
dispersion in comparison with 30 Gb/s conventional TDM. This 
is because of smaller spectral width of the former technique. The 
simulated time-averaged eye diagrams at various dispersions are 
shown in Figure 5. 

 
Figure 3: Pre-amplified receiver sensitivity for three channels 30 Gb/s 
TDM over AP-DCDM and 30 Gb/s conventional TDM

 

Figure 4: Chromatic dispersion tolerance comparison between AP-
DCDM and TDM at the same transmission power

 

Figure 5: Eye diagrams for TDM over AP-DCDM and conventional 
TDM at different dispersions

5.0	CONCLUSIONS

The principle of the AP-DCDM technique and the proof of its 
viability are discussed. Using this electrical multiplexing or 
demultiplexing technique, more than two users can be carried  
over a WDM channel. Therefore, the capacity utilisation of 
the WDM channels can be increased tremendously at tolerable  
penalty. Performance of AP-DCDM was examined with back-
to-back receiver sensitivity, OSNR and chromatic dispersion 
tolerance. AP-DCDM system shows better sensitivity for U50 
and U75, in the order of 1 dB in comparison to conventional 
TDM at 30 Gb/s. For chromatic dispersion, AP-DCDM shows 
higher dispersion tolerance in comparison to conventional 
TDM at the same capacity. The results confirm the ability of  
AP-DCDM to become an alternative multiplexing technique in 
optical fiber communications. 
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ABSTRACT

The strength and deformation characteristics of cement treated soft Bangladesh clays are evaluated through a series of 
experimental investigations. Based on the rate of strength development, the unconfined compressive strength and cement 
content relationship can be divided into 3 zones: Inactive Zone, Active Zone and Inert Zone. The stiffness of the cemented 
clay is a function of cement content and curing time, as the higher cement content and curing time results higher stiffness. 
The significant increase in apparent preconsolidation pressure and reduction in apparent compression index are observed 
from consolidation tests for cement treated clay. This implies that the treated clay undergoes structuration (formation of 
cementation bond) up to their apparent preconsolidation pressure and afterward the destructuration (breaking of cementation 
bond) takes place. Ductile behavior is associated with lower strength and higher failure strain (high unit deformation). On 
the contrary, higher strength and lower failure strain (low unit deformation) correspond to brittle behavior. Generally, higher 
cement content and curing time are the main parameters to cause the stabilised mass become brittle. Effective stress paths 
correspond to different category of states such as normally consolidated, lightly, moderately and heavily overconsolidated 
states depend on amount of cementation. 

Keywords: Cementation Bond, Deformation, Engineering Behavior, Fabric, High Water Content, Strength

1.0	 INTRODUCTION

Major geotechnical problems often arise for construction in 
Bangladesh involving soft clays containing high water content. 
Such soft clay formations are available in Bangladesh, especially 
when the in-situ water contents are high owing to its low shear 
strength and high compressibility [1]. There are three types of clay 
in Bangladesh on the basis of plasticity, namely high plastic (C1) 
clay, medium plastic (C2) clay and low plastic (C3) clay. Thus, 
suitable ground improvement techniques are needed for deep 
excavation projects in these soft clays to obtain strength stability 
and deformation control. Now a days, cement stabilisation is one 
of the commonly used methods of ground improvements. An 
increment in strength, reduction in compressibility (deformation) 
and improvement of swelling characteristics as well as reduction 
of creep properties of soil are the main aims of cement stabilisation 
method.

While the conventional cement stabilisation is mainly  
for surface treatment, the use of cement has recently been extended 
at greater depth in which cement column are being installed to act 
as a type of soil reinforcement [2 – 4]. These methods are termed  
as deep cement mixing and cement jet grouting which is currently 
being used in various countries to improve the strength and 
deformation properties of soft clay for most of the deep excavation 
projects.

To improve the strength and deformation properties of cement 
treated soft clay soils, they are investigated in laboratories as model 
tests [5 – 9].

Normally, cement stabilisation work is carried out before the 
start of excavation. The improved soil layer functions as a strut acting 
below the excavation level, which helps in limiting the movement of 
soil mass. Hence, in this application, the strength and deformation 
characteristics of stabilised clay need to be model investigated in 
soil laboratory. Thus, the effects of cement inclusion on strength and 
deformation characteristics of soft Bangladesh clays are described 
in this paper, in order to have a better understanding on stress-strain, 
stiffness and compressibility characteristics of cement treated clays. 

2.0	 EXPERIMENTAL INVESTIGATION

2.1. Soil Sample
Clays were collected in various districts of Bangladesh such as 
C1 clay from Gazipur, C2 clay from Gopalgonj and C3 clay from 
Khulna. The soils were collected from depth of 2-3 m from existing 
ground level with disturbed and undisturbed state. Its physical and 
engineering properties are listed in Tables 1 and 2 respectively. 
ASTM Type I Portland cement was used as a binding material in  
this study. Samples were prepared from these clays and cement 
slurries.
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2.2. Methodology of Testing
The clay paste was passed through a 2-mm sieve for removal of shell 
pieces and other bigger size particles. The intentional increase in 
water content is to simulate the water content increase taking place in 
the wet method of dispensing cement admixture in deep mixing and 
the significant increase taking place in jet grouting. The clay with its 
water content corresponding to the above simulating conditions and 
the quantity of cement resulting in clay-water or cement ratio (wc/c) 
of 2, 2.5, 4, 7.5, 10, 15 and 30. They were thoroughly mixed so as 
to ensure uniform dispersion of the cementing agent although the 
clay-water mixture. 

The clay-water content (wi) that used in this study was 120%, 
150%, 200% and 250%. The mixing time was arbitrarily fixed at 
10 minute. Such a uniform paste was transferred to cylindrical split 
moulds of 50 mm diameter × 100 mm height and 75 mm diameter 
× 100 mm height with connecting 50 mm height top collars and 
bottom ended cap taking care to prevent any air entrapment. 
Cylindrical moulds of 50 mm diameter × 100 mm height were used 
to prepare specimens for unconfined compression tests and triaxial 
compression tests. On the other hand, cylindrical moulds of 75 mm 
diameter × 100 mm height were used to prepare specimens for 
consolidation tests. 

	 After 24 hours the specimens were dismantled and they  
were wrapped with thick polythene bags and they were stored in  
a room of constant temperature and humidity until their  
respective curing time finished.

Unconfined compression (UC) tests were carried out after 1, 
2, 4, 12, 24, 52 and 104 weeks of curing period. Consolidation and 
unconsolidated undrained (UU) triaxial compression tests were 
run on samples after 4 and 12 weeks of curing. The rate of vertical 
displacement applied in UC tests was 1 mm/min. The effective 
confining pressures, po' for UU test was 200 kPa. A back pressure 
of 100 kPa was maintained to ensure high levels of degree of 
saturation during the triaxial test.

2.3 Parameters
According to Miura et al., and Horpibulsuk [5,6], the prime 
parameter governing the strength and deformation of cement  
treated clay has been proposed and which is designated as 
clay-water/cement ratio, wc/c. The clay water or cement ratio 
hypothesis was also introduced. It merits controlling the input of 
cement to attain the strength and deformation requirement with 
curing time and clay-water content. 

Properties Characteristics Values
Type of Soil C1 clay 

(LL > 50%)
C2 clay

(LL = 35 to 50%)
C3 clay

(LL < 35%)
Liquid Limit, LL, (%) 78 47 33
Plastic Limit, PL, (%) 31 25 20
Plasticity Index, PI, (%) 47 22 13
In-Situ Water Content, wn (%) 70 62 53
Liquidity Index, LI 0.83 1.68 2.54
*Clay (%) 73 63 56
*Silt (%) 23 29 34
*Sand (%) 4 8 10
Bulk Unit Weight, γt (kN/m3) 15.05 14.67 14.45
Dry Unit Weight, γd (kN/m3) 8.85 9.05 9.44
Specific Gravity, Gs 2.680 2.673 2.668
Activity of clays, Ac 0.64 0.35 0.23
Degree of saturation, Sr (%) 89 84 78
Unified Soil Classification System CH CL CL

Table 1: Characteristic values of the physical and index properties of the untreated base clays

Table 2: Characteristic values of the engineering properties of the untreated base clays

Properties Characteristics Values
Type of Soil C1 clay C2 clay C3 clay
Unconfined Strength, qu (kPa) 50 41 58.5
Strain at Ultimate Strength, εf (%) 3.67 3.65 4.00
Initial Void Ratio, eo 1.81 1.96 2.10
Preconsolidation Pressure, p'c (kPa) 70 65 61
Compression Index, Cc 0.737 0.781 0.863
Swell Index, Cs 0.124 0.127 0.131
Shear strength at po ' = 200 kPa, su (kPa) 98 92 89
Shear Strain at su, εu (%) 11 10.7 10.2
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The wc/c is defined as the ratio of initial water content of 
the clay (%) to the cement content (%). The cement content, c is the 
ratio of cement to clay by weight both reckoned in the dry state. To 
obtain the same value of wc/c, it is possible to vary the water content 
of the clay, or the amount of cement, or both as the case might be. 
In order to examine up to what extent the applicability of wc/c is 
varied; the water content of clay was varied over a wide range in 
this study.

3.0	 RESULTS AND DISCUSSION

The test results of the strength and compressibility (deformation) 
characteristics of cement treated clays were discussed in the 
following sections:

3.1. Strength Characteristics
Unconfined compression tests were performed to determine the 
stress-strain and stiffness characteristics of cement treated clay. The 

experiments were conducted with cement content (c) varies from 
4 to 60% and having curing periods of 1 to 104 weeks.

Table 3 shows the strength at 4 and 12 weeks with 120%, 
150%, 200% and 250% mixing water and 7.5, 10 and 15 clay-water 
or cement ratios for C1, C2 and C3 clays. Test results show that 
the increases of cement content and curing time result in significant 
improvement of unconfined compressive strength as well as 
stiffness of the treated clay. Figure 1 illustrates the effect of cement 
content on unconfined compressive strength of treated C1, C2 and 
C3 clays with different clay-water/cement ratios and at different 
curing periods. It is found that for 1 weeks strength, the effect of 
initial water content seems to be significant at all ranges of cement 
content. However, for 4 weeks strength, the effect of initial water 
content of all clay-slurry is insignificant if the cement content is less 
than 30%. In case of cement content more than 30%, samples of C1 
and C3 clays give the higher strength as compared to that of samples  
C2 clay with initial water content of 120%. For clay with high initial 
water content, the development of lower strength could be due to the 
lesser cement particles per unit volume of the treated mixture.

Table 3: Unconfined compressive strength qu in kPa for cement treated clays

Clay-water 
content
wc (%)

wc/c
Ratio

Cement 
content 
c (%)

C1 Clay C2 Clay C3 Clay
Curing Time Curing Time Curing Time

4 w 12 w 4 w 12 w 4 w 12 w

120
7.5 16 399 533 291 405 339 438
10 12 251 335 179 267 213 284
15 8 149 226 106 172 126 180

150
7.5 20 383 528 277 395 318 429
10 15 241 338 175 260 200 266
15 10 143 217 124 169 138 185

200
7.5 26.67 381 520 272 390 314 421
10 20 238 330 170 249 195 257
15 13.33 134 207 95 155 112 165

250
7.5 33.33 379 511 268 401 311 409
10 25 235 321 172 258 189 265
15 16.67 124 187 88 160 108 166

Another possible reason of low strength development is due to the 
increase of average distance between the reacting clays and cement 
particles. The efficiency of the diffusion of calcium ion concentration 
also reduces with the increase in initial water content of the clay- 
slurry. The conclusion has been supported by the investigation of  
Chew et al. [8] for cement treated Singapore marine clay.

The above results also suggest that the difference between  
the 1 to 104 weeks strength is significant, except when cement 
content is less than 4%. As the formation of cementation bonds  
due to the hydration and cementation reaction increases with the 
increase in curing time, the rate of development of strength also 
increases. 

Figure 1 also reveals that a larger rate of increase of unconfined 
compressive strength is noted with cement content in the range of 4 
to 40%; while a smaller incremental rate of strength is observed for 
cement content more than 40%. This is observed for curing periods 
of 4 to 104 weeks however, the incremental rate of UC strength was 
found uniform in the case of 1 and 2 weeks samples. This is probably 
because of the cementation becomes mature after 4 weeks curing 
periods. Based on this observation, the unconfined compressive 
strength and cement content relationship can be divided into 3 
zones; Inactive Zone, active Zone and Inert Zone. 

The cement content up to 4% shows only very marginal 
improvement of unconfined compressive strength and is termed as 
inactive zone. This implies that a certain percentage of cement (more 
than 4%) is required to complete the hydration reaction between 
cement and clay particles. The end result of complete cementation 
is to increase the shear strength. The cement content between 4 to 
40% is termed as active zone, as it shows significant improvement 
of strength with cement content. At this zone, the rate of hydration 
reaction is very high and thus the bridging (cementation) effect is 
very efficient. 

Hence, the increased amount of cementation reaction products 
CSH (calcium silicate hydrate) and CASH (calcium aluminum 
silicate hydrate) caused a sharp increase in shear strength. Beyond 
the cement content of 40%, the rate of increase of strength 
reduces and seems to be asymptotic. Such region is referred here 
as inert zone. This is because of the completion of cementation 
reaction (pozzolanic reaction) due to the exhaustion of cement. It 
is also possible that the reactions are going on but the calcium ion  
solutes diffuse very slowly within the treated clay matrix such that 
no further improvement of strength is observed. Similar results of 
clay-cement matrix were observed by Kamaluddin [10] and Chew 
et al. [8].
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3.2 Stiffness Characteristics

The stress-strain behavior of unconfined compression test for soils 
is generally non-linear. For this, initial stiffness or initial tangent 
modulus is defined as the slope of tangent at initial starting of non-
linear stress-strain curve and simply abbreviated as Ei. The stiffness 
was found to be a function of clay-water or cement ratio, wc/c 
and curing time. Generally, higher wc/c ratio (i.e., lower cement 
content) and lower curing time correspond to the smaller values of 
the stiffness. Figure 2 show the relationship between initial tangent 
modulus and clay-water/cement ratio of treated samples of C1, C2 
and C3 clays at mixing water content 120% used for clay slurries. 
A sharp increase of the modulus Ei can be noticed up to a wc/c ratio 
of 12, 10 and 9 for C1, C2 and C3 clays respectively and thereafter 
slow development occurs. The linear variations are attained at about 
wc/c 15 for all clays and high plastic clay undergoes high stiffness.

3.3 Compressibility (Deformation) Characteristics

Consolidation tests were carried out to explain the deformation 
characteristics of cement treated clay. Figures 3(a), (b) and (c) shows 

the e-logσv’ curve for the treated C1, C2 and C3 clays respectively. 
All three figures contain a e-logσv’ curve of corresponding 
remoulded specimen.The figures show that treated clay curves cross 
the untreated reconstituted clay curve before its preconsolidation 
pressure (σp') / yield stress (σy') and then it is displaced from the 
untreated reconstituted clay curve (dotted line) with increasing values 
of effective vertical pressure, indicating instinct characteristics of 
lower compressibility (deformation) of the treated mass. Beyond 
the σ'p value, obviously, higher compressibility (deformation) can 
be noticed and at higher pressure levels, the treated clay curve tends 
to proceed parallel to the lower part of the untreated clay curve.

The compressibility of the untreated reconstituted sample 
is much steeper than those exhibited by the treated clays. The 
compression index (Cc) and swell index (Cs) are the slope of the 
(e-logσ'v) plot at post yield stress during loading and unloading 
conditions respectively. The yield stress is obtained as the point of 
intersection of two straight lines extended from the linear portions 
on either end of the compression curve plotted as e against logσ'v [6].

Figure 1: Unconfined compressive strength and cement content 
relationship at different curing periods (wi = 120%) for (a) C1 clay, 
(b) C2 clay and (c) C3 clay

Figure 2: Relationship between initial tangent modulus and clay-water 
or cement ratio (wi = 120%) for (a) C1 clay, (b) C2 clay and (c) C3 clay

(a)

(b)

(c)

(a)

Clay-water/Cement Ratio
(b)

32

32
(c)
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10 000

Cl clay
wc/c Ratio = 7.5
curing = 4 weeks

Figure 3: Void ratio-vertical stress relationship of treated and untreated 
clays at loading and unloading conditions for (a) C1 clay and (b) C3 clay

Figure 4: Compressibility of cement-stabilised clays for C1 clay and 
curing, 4 weeks at wc/c ratio (a) 15 and (b) 10

Figure 5: Compressibility of cement-stabilised C1 clays and wc/c ratio, 
7.5 at curing (a) 4 weeks and (b) 12 weeks

Figure 6: Compressibility of cement-stabilised clays at wc/c ratio,  
7.5 and curing, 4 weeks for (a) C2 clay and (b) C3 clay
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Figures 4 to 6 shows the e-logσ'v and εv-logσ'v relationships of 
different treated clay samples with wc/c ratio 7.5, 10 and 15 and 
mixing clay-water content (wi), 120%, 150%, 200% and 250%. 
Table 4 shows the result of σy', Cc and Cs for C1, C2 and C3 clays 
at a curing period of 4 and 12 weeks. It is found that consolidation 
properties improved greatly by increasing the cement content and 
curing time. The addition of cement content increases the yield 
stress from about 61 to 70 kPa for the untreated clays and 350 to 
680 kPa for the treated clays. The void ratio for C1 clay is lower 
than that of C3 clay but the void ratio for C3 clay is higher than 
that of C2 clay while the yield stress for C1 clay is higher than 
that of C3 clay however, the yield stress for C3 clay is higher than 
that of C2 clay. The increase of apparent yield stress is due to the 
effect of structuration (existing of cementation bond) of treated clay 
particles. Test results reveal that the void ratio of the treated samples 
practically changes very small amount until reach the apparent 
yield stress. This implies that due to the effect of structuration, the 
volumetric compressibility of the treated samples is very small and 
the stiffness is very high as long as it is within its yield stress range. 
The e-logσ'v relationship graph also shows that beyond the apparent 
yield stress, the behavior of treated samples is almost parallel to the 
untreated clays. This could be due to the destructuration (breaking 
of cementation bond) of the cementation effect of the treated clay 
matrix when it is stressed beyond the yield stress. The conclusion is 
also similar to that observed by Miura et al. [5].

3.4 Compression Index (Cc) and Swell Index (Cs)

The deformation (compressibility and swelling) characteristics of 
treated clays are found to be quite different from the untreated ones. 
Test results show that the compression index and swell index reduce 
significantly due to the effect of cement inclusion in soft clay. 
This observation implies that the treated clay sample is consistent 
with the heavily over-consolidated soil behavior. The deformation 
characteristics of different treated clays in terms of Cc and Cs are 
calculated for different clay-water or cement content as shown in 
Figures 7 and 8 for 4 and 12 weeks curing time respectively. It is 
found that Cc value decreases significantly with the increase in 
cement content (decrease for wc/c ratio). For the specimens with wc/c 
ratio 10 or less, the reduction of Cc and Cs values are very marginal, 
more pronounced and approaching to zero. However, at wc/c ratio 
10 or more, almost smaller change of Cc and Cs are noticed. It is 
also noted that the compression index (Cc) of untreated clay is much 
smaller than that of the treated clay samples, while swell index (Cs) 
of untreated clay is higher than that of treated clay samples. This 
observation has been consistent with the findings of Chew et al. 
[7] which showed that during virgin yielding, the structured soil 
is less compressible than the reconstituted soil. This suggests that 
at higher stresses (beyond the apparent yield stress), the treated 
samples exhibit normally consolidated behavior with larger Cc. The 
effect of curing time on compression indices is rather significant. 

Table 4: Compressibility parameters for cement stabilised clays

Curing 
(weeks)

wi 
(%)

wc/c 
Ratio

C1 clay (PI = 47%) C2 clay (PI = 22%) C3 clay (PI = 13%)
σy' (kPa) Cc Cs σy' (kPa) Cc Cs σy' (kPa) Cc Cs

4

120
7.5 584 0.822 0.004 505 0.855 0.007 525 0.882 0.009
10 480 0.856 0.005 417 0.886 0.008 457 0.916 0.010
15 354 0.933 0.006 305 0.963 0.009 338 0.982 0.012

150
7.5 592 0.893 0.008 501 0.912 0.009 527 0.991 0.011
10 470 0.906 0.009 426 0.943 0.011 450 1.082 0.013
15 350 0.968 0.011 308 0.995 0.013 340 1.115 0.015

200
7.5 576 0.992 0.010 510 1.065 0.014 522 1.154 0.016
10 466 1.111 0.012 411 1.121 0.016 455 1.203 0.019
15 347 1.126 0.014 311 1.148 0.018 336 1.228 0.021

250
7.5 580 1.155 0.014 516 1.88 0.018 527 1.213 0.021
10 478 1.188 0.015 414 1.201 0.020 447 1.261 0.024
15 351 1.194 0.017 306 1.213 0.022 338 1.311 0.026

12

120
7.5 680 0.806 0.003 634 0.832 0.005 650 0.849 0.007
10 538 0.823 0.004 501 0.866 0.006 521 0.877 0.008
15 460 0.848 0.005 422 0.943 0.008 436 0.961 0.010

150
7.5 678 0.857 0.007 629 0.903 0.008 644 0.945 0.009
10 534 0.875 0.008 506 0.916 0.009 526 0.966 0.011
15 454 0.946 0.009 418 0.978 0.011 441 1.003 0.013

200
7.5 672 0.915 0.009 631 0.102 0.012 652 1.142 0.014
10 541 0.928 0.011 502 1.113 0.014 529 1.182 0.016
15 450 0.998 0.013 420 1.128 0.016 445 1.204 0.019

250
7.5 680 1.101 0.012 638 1.157 0.016 657 1.181 0.019
10 531 1.131 0.013 509 1.189 0.018 536 1.225 0.021
15 443 1.154 0.015 416 1.196 0.019 438 1.287 0.024
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The compression index and swell index decreases with increasing 
curing time. For treated clays, the apparent compression index 
increases with the increase in vertical stresses up to their apparent 
yield stress, and thereafter decreases. This implies that the treated 
clay undergoes structuration (formation of cementation bond) 
up to their apparent yield stress and afterward the destructuration 
(breaking of cementation bond) takes place. This result is also 
agrees with the results from the investigations of Chew et al. [8] for 
cement treated Singapore marine clay.

3.5 Stress-strain Characteristics
The stress-strain behavior of cement treated clay samples with 
curing time 4 and 12 weeks obtained from unconsolidated undrained 
(UU) triaxial compression tests are shown in Figures 9(a) and 9(b) 
respectively while Figures 10(a) and 10(b) show the stress-strain 
behavior from unconfined compression (UC) tests. The test results 
are described with comparing stabilisation effect for clay-water or 
cement (wc/c) ratio and curing time on strength (maximum stress at 
which sample failed) and strain (i.e., deformation per unit length).
	 Table 5 shows a comparison for strength and failure strain 
(failure unit deformation) from UC and UU tests of C1, C2 and  
C3 clays. The UU triaxial compression test results are compared 
with unconfined compression test results, it is found that strengths 
for UU triaxial compression test are increased to about 1.2 
times than that of unconfined compression test but strains (unit 
deformation) for UU triaxial compression test are increased to  
about 2 times than that of unconfined compression test. The results 
for UU triaxial compression test are increased because the specimens 
are tested in a confined pressure state.

Figure 7: Effect of clay-water or cement ratio on compression and swell 
indices of treated clays for (a) C1 clay and (b) C3 clay (curing = 4 w)

Figure 8: Effect of clay-water or cement ratio on compression and swell 
indices of treated clays for (a) C1 clay and (b) C3 clay (curing = 12 w)

	 From Table 5, it is observed that C1 
clay gained more strength than that of C3  
clay, on the other hand, C3 clay gained more strength than that  
of C2 clay. In general, the stress-strain curves of the treated  
samples were found to increase abruptly up to the  peak deviator 
strengths then suddenly decreased to low residual values upon 
further straining. The overall behavior of the treated samples can 
be categorised into brittle, quasi-brittle and ductile types. Brittle 
and quasi-brittle characteristics were observed for higher cement 
content such as wc/c ratio 7.5 and 10, rendering a comparatively 
lower value of strain at maximum strength (qmax) whereas ductile  
characteristics were observed for lower cement content such  
as wc/c ratio 15 and 30. Ductile samples were observed to 
be associated with a mild peak whereas brittle samples were  
observed to be associated with a sharp peak. The samples with 
higher cement content and curing time were observed to possess 
brittle behavior accompanied with low values of strains at qmax. 
The brittle samples always exhibited sharp peaks associated with 
abrupt falling characteristics. The residual strain of the brittle  
sample is much lower than that of the ductile sample.

It reveals that the lower the wc/c ratio, the greater the 
enhancement of the cementation bond strength inducing 
higher strength. The test results also show that the engineering  
behavior of cement-stabilised clay is dependent upon the clay- 
water or cement ratio (wc/c) and fabric (type of clay). For the 
improvement of soft Bangladesh clay at high water content by 
cement admixture form UC and UU tests, it is concluded that  
high plastic clay undergoes better improvement than low plastic  
clay but low plastic clay undergoes better improvement than 
medium plastic clay.

Clay water or Cement (wc/c ratio)

Clay water or Cement (wc/c ratio)

Clay water or Cement (wc/c ratio)

Clay water or Cement (wc/c ratio)

(a)

(b)

(a)

(b)
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Figure 9: Stress-strain typical relationships of cement-stabilised C1 
clays from UU test at different wc/c ratio for curing (a) 4 weeks and 
(b) 12 weeks

Figure 10: Stress-strain typical relationships of cement-stabilised C1 
clays from UC test at different wc/c ratio for curing (a) 4 weeks and  
(b) 12 weeks

Table 5: Comparison of undrained shear strength and axial strain at failure of cement treated clays  
(wi = 120%) from UC and UU tests (σ3 = 200 kPa)

Curing Time
(week)

Clay Type
wc/c 
Ratio

Undrained Shear Strength (kPa) Axial Strain at Failure (%)
UC test UU test UC test UU test

4 w

C1

7.5 200 240 1.94 1.83
10 126 151 2.16 2.00
15 75 93 2.33 2.17
30 34 56 2.69 2.46

C2

7.5 146 174 2.67 2.50
10 92 108 2.85 2.67
15 53 64 3.00 2.83
30 27 45 3.23 3.01

C3

7.5 170 219 2.40 2.33
10 107 142 2.50 2.50
15 63 91 2.83 2.67
30 32 48 3.15 2.93

12 w

C1

7.5 267 299 4.19 3.76
10 168 211 4.68 4.11
15 113 143 5.04 4.45
30 38 89 5.76 4.92

C2

7.5 203 237 5.26 5.00
10 134 160 5.64 5.14
15 86 103 6.02 5.36
30 30 69 5.64 6.43

C3

7.5 219 254 5.54 4.67
10 142 194 5.61 5.10
15 90 129 5.94 5.41
30 35 82 6.7 6.02

(b)

(a)
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3.6 Undrained Stress Path Characteristics

The effective stress paths are defined the path of straight lines or 
curve lines by plotting the deviator stress versus mean effective 
stress. Figures 11(a) and 11(b) illustrate the undrained effective 
stress paths for cement treated C1 and C3 clays respectively. Overall 
view of the figures seems to indicate that originated from the  
same untreated samples possessing normally consolidated state. 
Figure 11 consists of stress paths of treated clays for po' = 200 kPa. 	
	 The stress paths evidently, belong to different category ranging  
from a low OCR (over-consolidation ratio) value to a high OCR 
value. These stress paths, corresponds to different category of  
states such as normally consolidated, lightly, moderately and  
heavily over-consolidated state; though all of the samples have a 
cement content value. The clay-water or cement ratios are used 7.5, 
10, 15 and 30 with mixing water content 120% for each clay. 	
	 Effective stress paths for treated clays are similar to that of  
normally consolidated state for high wc/c ratio up to 30 (i.e, low 
cement content up to 4%), lightly over-consolidated state for wc/c 
ratio up to 15 (i.e, cement content up to 8%), moderately over-
consolidated state for wc/c ratio up to 10 (i.e, cement content 
up to 12%) and heavily over-consolidated state for wc/c ratio 
up to 7.5 (i.e, high cement content up to 16%). Very small pore  
pressures are developed and the stress paths propagate 
approximately at constant-po', i.e., sub-parallel to q-axis. Such a 
behavior is generally found from natural over-consolidated clays 
and this type of aspect strongly supports the elastic wall concept 
of the Cambridge stress-strain theories; the specimens remaining  
on elastic wall exhibits constant plastic volumetric strain  
[6].

4.0 	STRENGTH AND DEFORMATION 			 
	 RELATIONSHIP

Figure 12 illustrates the relation between εf (failure strain i.e., failure 
unit deformation) and qu (unconfined compressive strength) in an 
arithmetic plot in terms of wc/c ratio of cement stabilised samples 
for C2 clay while Figure 13 illustrates the relation between εf 
and qu in terms of curing time of cement stabilised samples for 
C3 clay. Such figures are meaningful to delineate the ductile and 
brittle behavior of the samples. The relationship has produced a 
definite trend of reduction of failure strain (unit deformation) with 
incremental values of cement content and curing time. At higher 
values of wc/c ratio such as 30 (i.e., lowest cement content such 
as 4%), significant large failure strains whereas samples with low 
strength produce higher values of εf with constraint in a narrow 
band. These samples exhibit ductile behavior during shearing. 

Ductile behavior is associated with low strength and higher 
failure strain (unit deformation). On the contrary, higher strength 
and low failure strain (unit deformation) correspond to brittle 
behavior. Generally, higher cement content and curing time are the 
main parameters to cause the stabilised mass brittle. In Figures 12  
and 13, the brittle characteristics can be seen at relatively higher  
values of qu, where samples cluster along the best fit line. 

On  the other hand, ductile behavior can be observed at the  
region of relatively lower values of qu where samples show 
comparatively less wide scatter. The best fit line shows the required 
expressions with coefficients  of correlation greater than 0.90. 

Figure 11: Undrained stress paths of cement treated clays (a) C1 clay 
and (b) C3 clay

Figure 13: Relationship between qu and axial strain at failure shown in 
terms of curing time of cement treated C3 clay

Figure 12: Relationship between qu and axial strain at failure shown in 
terms of wc/c ratio for cement treated C2 clay

700
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The expressions for relation of  εf (in %) and qu (in kPa) plot 
in terms of  wc/c ratio for cement stabilised Bangladesh clays are 
linear equations as follow: 

εf = 2.34 – 7.01 × qu/104 for high plastic (C1) clay

εf = 3.00 – 8.04 × qu/104  for medium plastic (C2) clay and 

εf = 2.83 – 7.60 × qu/104  for low plastic (C3) clay 

The mathematical expressions show that C1 clay has achieved 
lower failure strain than that of C2 clay and C3 clay. While, 
Kamaluddin [10] reported that the relationship (εf, qu) for cement 
stabilised Bangkok clay at low mixing water content, such as  
εf  = 3.3 – 19 × qu /104.

5.0	 CONCLUSIONS
Strength and deformations characteristics of cement treated 
soft Bangladesh clays are studied through a series of unconfined 
compression, consolidation and unconsolidated undrained triaxial 
compression tests. From the test results, the following conclusions 
can be drawn:

i)	 The unconfined compressive strength and stiffness of cement 
treated Bangladesh clay increases with the increase of cement 
content and curing time. The resulting effect of improvement  
of strength leads to the formation of more structured for 
cemented clay.

ii)	 Cement content of less than 4% does not show any effective 
improvement of strength and deformation properties of soft 
Bangladesh clays however, beyond 4% and up to 40% cement 
content can be envisaged as Active Zone. Beyond 40% cement 
content is defined as Inert Zone. These zonal demarcations are 
observed only for 4 weeks curing periods. However, further 
investigation needs to be conducted to verify the extended 
range of Inert Zone by adding higher cement content and at 
longer curing periods.

iii)	 The significant increase in apparent pre-consolidation pressure 
(pc')/yield stress (σy') and reduction in volumetric strain are 
observed from consolidation tests of cemented clay samples at 
in-situ stress range. This is due to the structuration (existing of 
bond strength) of clay particles due to the inclusion of cement.  
The consolidation behavior of cemented clay seems to be  
consistent with that of the over-consolidated clays. This  
implies that the cemented clay undergoes structuration up 
to their yield stress and then the progressive destructuration 
(breaking of bond strength) takes place.

iv)	 The higher the value of cement content (lower wc/c ratio), the 
greater is the enhancement of the yield stress and decrease 
of compression index and swell index accompanied with  
gradual reduction of compressibility. The (εv, logσ'v) 
relationships show that the higher the cement content and 
curing time, the lower the volumetric strain incurred by the 
cemented sample.

v)	 The reduction in compression index (Cc) and swell index 
(Cs) are observed from consolidation tests of cemented clay 
samples at in-situ stress range. This is due to the structuration 
of clay particles due to the inclusion of cement. The swelling 
behavior of cemented clays seems to be consistent with that  
of the overconsolidated clays.

vi)	 The characteristic shape of (q-εs) curve also suggests that 
the deviator stress increases to a peak value and then strain 
softens to a lower residual value. The stress paths evidently 
explain the strength and deformation behavior of clays that 
belong to different category ranging from a low OCR (over-
consolidation ratio) value to a high OCR value. These stress 
paths, correspond to different category of states such as 
normally consolidated, lightly, moderately and heavily over-
consolidated state depend on amount of cementation.

vii)	 For the improvement of soft Bangladesh clay at high water 
content by cement admixture in shallow and deep foundations, 
in which the water content of the clay varies from 120% to 
250%, the wc/c value is the prime parameter governing 
the engineering behavior of cement stabilised clays both in 
considered strength and deformation behavior, whereas the 
effect of fabric can be negligible.

viii)	Ductile behavior is associated with low strength and higher 
failure strain (unit deformation) while, higher strength and low 
failure strain (unit deformation) correspond to brittle behavior.

ix)	 The relations between unit deformation i.e., strain, εf (in %) 
and strength, qu (in kPa) plot in terms of wc/c ratio can be 
expressed as: 

	 εf = 2.34 – 7.01 × qu/104,
	 εf = 3.00 – 8.04 × qu/104  and 
	 εf = 2.83 – 7.60 × qu/104     

for stabilised high, medium and low plastic clays respectively.

x)	 For the improvement of soft Bangladesh clay at high water 
content by cement admixture, it is concluded that high plastic 
clay undergoes better improvement than low plastic clay. 
However, low plastic clay undergoes better improvement than 
medium plastic clay. 
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ABSTRACT

Resistance Spot Welding (RSW) is an important welding technology for joining two or more metals in various manufacturing 
industries. For instance, to date a car may contain an average of 3000-4000 spot weld joints and the nuggets’ joints are very 
important between metal sheets to ensure the aging factor of mechanical assemblies. As such the growths of spot welds create 
significance and it is determined by its’ main controlling parameters such as: current, weld time and force. However factors 
such as electrode deformation, dissimilar materials, materials with different thicknesses and corrosions are also affect weld 
growth. This study was conducted to look into the effects of different thickness (1 mm and 2 mm) on weld nugget growth of 
mild steel. The tensile test and hardness test have been carried out to characterise the formation of weld nugget growth for 
different weld schedules. The results of the experiments showed that the growth of spot weld nuggets was affected by different 
thicknesses. The microstructures of weld nuggets have also shown distinguishable differences in weld growth for the both 1 
mm and 2 mm thicknesses. The results have shown difference in yield strength as well, for the same welding schedules. This 
was happened due to the difference of resistive path of two thicknesses.
 
Keywords:  Mild Steel Weld Nuggets, Mild Steel Different Thicknesses

1.0 Introduction

Spot welding process is a joining process that joins two or more 
metal sheets together through fusion at a certain point [1]. It is a 
simple process that uses two copper electrodes to press the work 
sheets or base metals together and forces a high current to pass 
through it. The growth of weld nugget is then determined by its 
controlling parameters i.e., the current, force and weld time [2].
The other factors that influence the weld growth are electrode 
deformation, material properties, corrosion, gaps between work 
sheets and what not [3].

Automotive industry is one of the main industries that have 
been using spot welding mechanism to join its metal structures 
for long time. To date, a car’s body may contain an average of 
3000 to 4000 spot weld joints which do not alter the weight of 
materials very much as compared to traditional arc welding. 
The other industries such as marine, bridge and road, high rise 
buildings and aircraft engineering are also primarily anticipating 
the spot welding process for its small scale metal assemblies. So 
far the researchers have done many researches on spot welding 
for various materials such as low carbon steel, nickel, aluminum, 
titanium, copper alloy, stainless steel, austenitic stainless steel, 
galvanised low carbon steel, zinc coated steel, magnesium alloy 
and high-strength low alloy steel [1-6]. 

This research was focused on the spot weld growth of the 
low carbon mild steel and investigates the ability of producing 

sound welds as the metal seemed to be very common and cheap as 
compared to others. The welded specimens were later tested using 
tensile-shear [3-4] test and hardness test [5-6] to characterise the 
formation of weld nuggets of low carbon mild steel.

2.0	Experiment

The formation of weld is mainly influenced by controlling-
parameters of spot welding process, as stated before. In this 
experiment, the force is kept constant at 3 kN (2 Bar) and the other 
two important parameters (current and weld time) were varied for 
two different thicknesses to study the growth of weld nuggets. 
The test was conducted for two thicknesses (1 mm and 2 mm) of 
mild steel. Table 1 shows the chemical composition properties of 
materials and Table 2 shows the weld schedules that were used for 
this test. 

Table 1: Chemical properties of mild steel

Element Maximum 
wt %

C 0.23
Mn 0.90
P 0.04
S 0.05
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Table 2: Weld schedule

Samples 
Number

Thicknesses 
(mm)

Force 
(kN)

Current 
(kA)

Weld 
time 

(Cycle)

1-5 1 and 2 3 8 8

6-10 1 and 2 3 10 8

11-15 1 and 2 3 12 8

16-20 1 and 2 3 8 10

21-25 1 and 2 3 10 10

26-30 1 and 2 3 12 10

31-35 1 and 2 3 8 12

36-40 1 and 2 3 10 12

41-45 1 and 2 3 12 12

We have varied the parameters from lower range of weld 
schedules (force = 3 kN; current = 8 kA; time = 8 cycles) to  
higher range of weld schedules (force = 3 kN; current = 12 kA; 
time = 12 cycles) to analyse the nugget growth as well as the  
weld strength. It yields three by three matrixes with constant  
force. The sample size was maintained at the same size  
(25 mm x 200 mm) except thicknesses (Figure 1). The tensile- 
shear (Figure 2) test was carried out to determine the yield  
strength of spot welded samples and also analyse the strength of 
weld nuggets. The Ultimate Tensile Strength (UTS) was taken  
into consideration after which the breaking of weld occurred 
(Figure 2). 

Figure 1:  Test sample

Figure 2: Tensile shear curve

The specimens are all welded using 50 KVA spot welding 
machine with an electrode tips of 5 mm (round) in diameter. The 
weld schedule was specifically increased by two parameters that 
of, firstly the current (8, 10 and 12 kA); secondly the time cycle  
(8, 10 and 12 cycles) while a constant force was maintained 
during the welding process takes place. As such a combination 
of 45 samples was developed with 5 samples in each weld  
schedule (Table 2). An average tensile strength value of the 5 
samples was taken into account. Moreover the welded nuggets 
have also been analyzed for hardness distribution along the  
welded zone (heat affected zone, fusion zone) and also for the 
hardness of un-welded areas. The hardness was measured for  
5 repetitions along the diameter of nuggets using Rockwell 
Hardness Tester using HRB scale. All the forty five samples  
were picked to undergo hardness test. The results are graphically 
shown in Figure 5.

3.0	  Results and discussion

3.1 Tensile Shear Test
The entire weld schedule is divided into 3 groups; as, group 1, 
2 and 3 to show the weld time increment (8, 10 and 12 cycle).  
Each group shows the weld current increments from 8 to 10 and  
10-12 kA. Each testing uses 5 samples to obtain an average of 
tensile strength and hardness. As for the 1 mm-mild steel and 
referring to weld schedule 1 (Figure 3), the tensile strength 
increases from the 1st weld schedule to the 2nd weld schedule 
(4452kN to 5962kN) and then drops at the 3rd weld schedule 
(5962kN to 5678kN). This is because from the 1st weld 
schedule to the 2nd weld schedule, weld current increases from  
8-10 kA. Therefore more heat is supplied at the weld zone which 
produces a stronger weld. However further increase in current  
(12 kA) causes expulsion which reduces the weld strength  
[1]. For the same 1 mm mild steel, comparing weld schedule 1, 
4 and 7 where the welding current is maintained at 8 kA but the 
weld time increased from 8 cycles to 12 cycles, the weld strength 
initially shows an increase (4452kN to 6302kN) due to sufficient 
time given for the weld to develop. 

However, at longer weld time (12 cycles), overheating causes 
the molten metal to expel from the weld zone therefore causing 
a reduction in weld strength (6302kN to 6127kN). The similar 
pattern was also found for the other set of welding schedules;  
i.e., 2, 5 and 8 (5962kN to 6903kN and to 6703kN) and also 3, 6  
and 9 (5678kN to 6760kN and to 6200kN) [2]. 

Furthermore, to 1 mm specimens; the 2 mm mild steel 
and referring to weld schedule 1, the tensile strength increases 
from weld schedule 1 till weld schedule 3 (1663kN to 9600kN 
to11355kN). This is because of the increase in weld current from 
8-12 kA which causes an increase in heat that is supplied to the 
weld zone. Comparing the weld pattern for 1 mm thickness and 2 
mm thickness (Group 1 or 8 cycles weld time), weld schedule 3 
shows a reduction in strength for 1 mm thickness due to expulsion. 
However with 2 mm thickness, expulsion was avoided because of 
the thickness (high resistance) of the mild steel path which was 
unable to cause overheating at the weld zone [1]. This is how the  
1 and 2 mm mild steel showed difference in strength.
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Figure 3: Tensile test result (1 and 2 mm)

In general an increase in weld strength was noticed for the 
2 mm thickness compared to the 1 mm thickness except for 
welding schedule 1 and 4. These welding schedules were done 
with the lowest weld current (8 kA) and probably the current  
was not sufficient to create melting at the given welding time  
due to thickness. However at high current and weld time, the 
amount of heat supplied was sufficient to produce a sound  
weld. This is because the increase of thickness of welded 
sheets. Mathematically the heat generated by electrode is given  
by:    

E = I2
ms . R . Ts = I2

ms .
 	ρl 	. Ts

 	 (1)
	 A                                                                                                             

Where: 2
rmsI = The true rms welding current; R = The sheet 

resistance; ρ = The sheet electrical resistivity; ℓ = The total  
sheet thickness; A = The spot area; Ts = The total welding 
cycle.

Since total sheet thickness is proportional to heat  
generation, strength achieved in 2 mm thickness sheets was  
higher than 1 mm thickness sheets mathematically. Similar 
observation was also discussed by Oikawa et al. (2007). 
By physical observation of the tensile-tested samples, three  
different weld failures were noticed. Firstly interfacial  
fracture (a), Secondly tear from edge of one side of metal sheet  
(b) and thirdly tear from both side of metal sheet (c). It was  
seen that the interfacial fracture occurred because of the  
insufficient supply of weld time and current, here. The tear from 
edge of one side of metal sheet occurred because of the gradual 
thermal distribution along the Heat Affected Zone (HAZ) and 
therefore the HAZ produces lower strength than the welded  
area. That’s why the break occurred at the HAZ rather than 
the center of welded area. Lastly, tear from both side of metal 
sheet occurred because of the over-thermal gradient at the heat  
affected zone on which the tear off easily happens when pull out 
force is applied [8-10]. Figure 4 shows the different weld failures 
of test samples.

Fo
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N
)

Weld Schedule

(1 mm Samples)

(a)                                     (b)                                      (c)

(2 mm Samples)

(a)                                     (b)                                      (c)

Figure 4: Tensile tested samples.
(a) Interfacial fracture (I = 8 kA; T = 8 cycle); 
(b) tear from edge of one side of metal sheet (I = 10 kA; T = 10 cycle); 
(c) tear from edge both side of metal sheet (I = 12 kA; T = 12 cycle)

3.2 	Hardness Test
Hardness test was done using the Brinell-Rockwell Tester to 
study the hardness of weld obtained for both 1 mm and 2 mm 
mild steel. Hardness of welded area versus un-welded area  
yields a distinguishable difference on hardness values. The  
welded area has higher hardness compared to the un-welded.  
This is because of the heat treatment characteristics of mild  
steel. The hardness of mild steel can be increased by heat  
treatment. As such the welded areas are giving higher hardness 
values as compared to unwelded areas. However the increment 
of weld schedules with respect to hardness distribution along the 
welded areas, seemed not proportional. It fluctuated along the 
areas of weldment (Figure 5). This observation seemed true for 
both 1 and 2 mm thickness sheets. 

Figure 5:	Rockwell hardness results (HRB values Vs group samples)
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                                                                                   Table 3: Micro structures of weld nuggets

Base Metal (1 mm) Base Metal (2 mm)

MS-1 mm  (8 kA, 10 cycles, 3 bars) MS-2 mm  (8 kA, 10 cycles, 3 bars)

MS-1 mm (10 kA, 10 cycles, 3 bars) MS-2 mm  (10 kA, 10 cycles, 3 bars)

MS-1 mm  (12 kA, 10 cycles, 3 bars) MS-2 mm  (12 kA, 10 cycles, 3 bars)

3.3 	Micro Structures
The metallurgical studies have shown thorough details 

about the nugget formations and expansions. Macro structures of  
nuggets were observed by varying current and force but only 

some (current based) of it included here for simplicity. Finally 
it supports the tensile and hardness test results by showing  
increment in diameters (Table 3).
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4.0 	Conclusions
This experiment looks into the RSW characteristic of low  
carbon mild steel of 1 and 2 mm of thickness. It concludes  
that:
1.	 Increase in current and time resulted increment in tensile 

strength until expulsion limit occurred.
 
2.	 Increasing the thickness of base metal caused strong  

bounding between base metals and consequently increased 
tensile force is required to break the nuggets.

  
3.	 The diameter of nuggets was increased with increase in 

current and time which supports the tensile strength increment 
on tensile tests.

4.	 The hardness values of welded area were increased (from 
55 to 72 HRB in average) due to the electrical and thermal 
conductivity of mild steel.

  
5.	 When the thickness of nuggets was reduced due to expulsion 

it also resulted in reduced tensile strength.
 
6.	 Macro structure of nuggets exhibits the coarser area  

(fusion zone), fine area (heat affected zone) and base metal 
clearly.
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1.0 	INTRODUCTION

The investigation on shock or turbulence interaction is an important 
feature due to its complexity to determine the characteristics of 
the turbulence by experimentally and numerically. Experimental 
realization of a homogeneous and isotropic turbulent flow 
interacting with a normal shock wave in the laboratory is a difficult 
task due to generation of compressible and isotropic turbulent flow 
and the generation of a normal shock wave interacting with flow. 
Experimentally and numerically many researchers got many results 
on shock or turbulence interaction. The outcomes of the interactions 
of shock wave with homogeneous and isotropic turbulence are the 
amplification of longitudinal velocity fluctuation, the amplification 
of turbulent kinetic energy level and substantial changes in length 
scales. The selection of homogeneous and isotropic turbulent field 
interactions is the easier phenomena than the other types of turbulent 
field like turbulent boundary layer interactions, turbulent wake-
shock interaction. Turbulence amplification through shock wave 
interactions is a direct effect of the Rankine-Hugoniot relations. 
The study of the interaction of turbulence with a shock wave is of 
fundamental importance in engineering applications. For designing 
aero-mechanism system such as transport aircraft of supersonic 
and hypersonic speed, the shock wave and turbulence interaction 

ABSTRACT
A numerical code has been developed to solve the shock/turbulence interaction using grid adaptation technique. For the 
code validation test, shock wave propagations through nozzle are studied experimentally and numerically for the incident 
shock Mach number 1.60. The experimental photographs, taken by double exposure holographic interferometry, are used for 
the code validation test and a comparison is conducted between the experimental photographs and the numerical images. 
The shock wave propagation through a nozzle of small throat area is selected where laminar flow structures, transition 
phenomena, flow separation line as well asviscous boundary layer separation, wave propagation through the throat of the 
nozzle and shock wave reflection from converging area of the nozzle are observed numerically. The numerical results agree 
well with the experiment results. The numerical code is used to solve the two-dimensional Navier-Stokes equations with k-ε 
turbulence model for the solution of the shock wave propagation through the nozzle and this code later has been extended 
to develop a three-dimensional code. The three-dimensional code is used to solve the shock or turbulence interaction for 
a compressible fluid. A grid convergence study has been performed to validate the interaction results. The Navier-Stokes 
Simulation (NS) results for the shock wave interaction with turbulence are compared with the Navier-Stokes Simulation (NS) 

results with k-ε turbulence model and the comparison results are good enough to validate the present simulation works.

Keywords: Navier-Stokes Equations, Shock or turbulence Interaction, Shock Wave, Turbulent Flow, Turbulence Model

effects are the important phenomena. The shock or turbulence 
interaction effects are generally seen in aero-mechanism system and 
in combustion process as well as high-speed rotor flows.

The study of the interaction of turbulence with a shock wave 
began in the early 1950s with the development of linear theories. 
Ribner [1-3] investigated how a shock wave is perturbed by an 
impinging single shear wave. The theory, later on called Ribner’s 
theory, is, in fact, mostly based on the mode theory developed by 
Kovasznay [4] and extended to the shock problem by focusing 
mainly on the acoustic field generated by the interaction with 
the shock wave. Using his general theory of aerodynamic sound 
generation, Lighthill [5] estimated the acoustic energy scattered 
from the interaction of turbulence with a shock wave. Analytical 
studies of shock-turbulence interaction (Ribner [1]; Moore [6]; 
Kerrebrock [7]) were developed using a linearised description of 
the interaction of plane disturbances interacting with a shock wave. 

These disturbances were represented as waves of vorticity, 
entropy, or sound (Kovasznay [4]) and these disturbances  
interacting with the shock wave generates the fluctuations 
downstream of the shock wave. Ribner [1] investigated the  
passage of a single vorticity wave through a plane shock and its 
modification, with simultaneous generation of a sound wave in a 
reference frame fixed on the shock wave. 
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This analysis was later extended to study turbulence 
amplification due to a shock wave (Ribner [2]), the flux of acoustic 
energy emanating from the downstream side of the shock (Ribner 
[3]), and the one-dimensional power spectra of various fluctuations 
downstream of the shock (Ribner [8]). Moore [6] analysed the 
flow field produced by oblique impingement of weak plane 
disturbances on a normal shock wave in a reference frame fixed 
on the mean upstream flow. Anyiwo et al [9] revisited the linear 
analysis to identify primary mechanisms of turbulence enhancement 
– amplification of the vorticity mode, generation of acoustic and 
entropy modes from the interaction, and turbulence ‘pumping’ by 
shock oscillations. 

The shock or turbulence interaction considerably modifies 
the fluid field by vorticity and entropy production and transport. 
Experimental evidence from shock wave/boundary layer interaction 
indicates amplification in Reynolds stresses and turbulence 
intensities across the shock wave. The physics, however, of the 
phenomena associated with this amplification is not well understood. 
The first attempt to predict such turbulence amplification across the 
shock is attributed to Ribner [1]. His predictions were verified by 
experiments conducted by Sekundov [10] and Donsanjh et al [11]. 
Several analytical and numerical studies of this phenomenon show 
very similar turbulence enhancement. 

Chu et al [12] indicated that there are three fluctuating 
modes, which are coupled and are responsible for the turbulence 
amplification. Acoustic (fluctuating pressure and irrotational 
velocity mode), turbulence (fluctuating vorticity mode) and entropy 
(fluctuating temperature mode) are the three fluctuating modes 
which are nonlinearly coupled and the Rankine-Hugoniot jump 
conditions across the shock indicate that when any one of the three 
fluctuation modes is transferred across a shock wave, it not only 
generates the other two fluctuation modes, but it may itself also be 
considerably amplified.

Many researcher conducted experiments on the interaction of 
turbulent boundary layers with an oblique shock wave. A general 
finding from the experiments is that Reynolds shear stress and 
turbulence intensities are amplified across the shock wave. The 
interaction of an oblique shock wave with a turbulent boundary 
layer involves several complex phenomena like, unsteady flow 
separation in the interaction region, oscillation of the shock wave in 
the longitudinal direction, streamline curvature, and inhomogeneity 
effects due to walls. Due to above complications, it has been difficult 
to determine through these experiments the effect of shock wave on 
turbulence. 

Experiments on the interaction between the shock wave and 
grid-generated turbulence, were conducted by Debreve et al [13] 
and they measured velocity and temperature spectra upstream 
and downstream of the shock wave and concluded that turbulent 
fluctuations are amplified and Taylor micro scales increase during 
the interaction. Jacquin et al [14] investigated the interactions of a 
normal shock wave with grid-generated turbulence and a turbulent 
jet and they observed that turbulence amplification was not 
significant for the grid-generated turbulence and that the decay of 
turbulent kinetic energy was accelerated downstream of the shock 
wave. 

Their experiments treated the interaction of a shock with 
quasi-incompressible turbulence where fluctuations in pressure and 
density are not significant. They have observed that the data obtained 
from grid-generated turbulence are not sufficient to characterise the 
turbulence properly. They have analysed the flow by means of laser 

Doppler velocimetry. The obtained supersonic flow is shocked by 
means of a second throat creating a pure normal shock wave or free 
turbulence interaction. On other hand, Debreve et al [13] obtain a 
quasihomogeneous turbulence by generating perturbations in the 
settling chamber of a supersonic wind tunnel at Mach 2.3.

They show that, after the expansion in the nozzle, the turbulent 
field becomes strongly non-isotropic and that the turbulence level is 
drastically decreased leading to experimental difficulties. Debieve 
et al [15] analysed the evolution of turbulence through a shock, and 
separated the effects of the specific turbulent sources from the effects 
of the mean motion-convection and production. Their prediction of 
the longitudinal velocity fluctuation was in good agreement with the 
experimental results. An experimental work was performed on the 
interaction of weak shocks (Ms = 1.007, 1.03 and 1.1) with a random 
medium of density in homogeneity by Hesselink et al [16]. 

They observed that the pressure histories of the distorted shock 
waves were both peaked and rounded and explained these features 
in terms of the focusing or defocusing of the shock front due to in 
homogeneity of the medium. The Richtmyer- Meshkov instability 
(Richtmyer [17] and Meshkov [18]) provides an important example 
of the interaction of a shock wave and a material interface. This 
instability is observed when a shock wave passes normally through 
a perturbed interface between two fluids of different densities. 
Experiments of such an instability show that a single shock wave 
will cause the perturbation’s amplitude to grow linearly with time. 

However, interaction of the perturbation with a second shock 
stimulates the growth of the mixing zone between the gases. One 
interpretation of the experiments is that mixing is enhanced, that is 
the mixing zone between the two fluids grows, by the interaction of 
the shock wave with the turbulent or random flow field left behind 
the first shock wave.

In the present validation test of 2D code for the solution of 
Navier-Stokes equations, shock wave propagations through nozzle 
are studied experimentally and numerically. The shock wave 
propagation through a nozzle of small throat area is selected where 
laminar flow structures, transition phenomena, flow separation line 
as well as viscous boundary layer separation, wave propagation 
through the throat of the nozzle and shock wave reflection from 
converging area of the nozzle are observed numerically. 

A good numerical simulation for nozzle flow depends on the 
throat area and the converging or diverging angle of the nozzle 
and the strength of the shock wave propagate through the throat of 
the nozzle. After the validation test of the 2D code, the extended 
code for the solution of three-dimensional Navier-Stokes equations 
with k-ε turbulence model is developed to solve almost all types 
of shock or turbulence interaction problems. For the better solution 
of the flow field, the improved three-dimensional grid adaptation 
technique is applied in these computations.

2.0 	NUMERICAL METHOD

The three-dimensional unsteady, compressible, Reynolds-averaged 
Navier-stokes equations with k-ε turbulence model are solved by 
shock capturing method. Without external forces and heat sources, 
the conservative form of non-dimensionalised governing equation 
in three-dimensional Cartesian coordinate system is:

	(∂Q) 	
+

 	∂ (F − Fv) 	
+

 	 ∂ (G – Gv) 	
+

 	∂ (H – Hv) 	
=  S(Q)	 ∂t 		  ∂x 		  ∂y 		  ∂z

where, 	Q = [ρ, ρu, ρv, ρw, e, ρk, ρε],
	 F = [ρu, ρu2, ρuv, ρuw, u (e + p), ρuk, ρuε],

(1)
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	 G = [ρv, ρuv, ρv2, ρvw, v (e + p), ρvk, ρvε],
	 H = [ρw, ρuw, ρvw, ρw2, w(e + p), ρwk, ρwε]

and, 	 Fv = [0, τxx, τxy, τxz, uτxx + vτxy + wτxz – qx, kx, εx],
	 Gv = [0, τxy, τyy, τyz, uτxy + vτyy + wτyz – qy, ky, εy],
	 Hv = [0, τxz, τyz, τzz, uτxz + vτyz + wτzz – qz, kz, εz]

Here Q is the vector of conservative variables which contains 
mass, momentum and energy. All variables are calculated in per  
unit volume. ρ is taken as the mass per unit volume. Three 
momentum terms in three-dimensional Cartesian coordinates  
system are ρu, ρv and ρw per unit volume. Total energy, e, turbulent 
kinetic energy, ρk and turbulent dissipative energy, ρε are the 
energy terms per unit volume in these computations. F, G and H 
are the three inviscid flux vectors in X-, Y-, and Z-axis 
respectively. Similarly Fv, Gv and Hv are the three viscous flux 
vectors in X-, Y-, and Z-axis respectively. Each flux vectors 
contain mass flux, momentum flux and energy flux. ρu is the 
mass flux and ρu2, ρuv, ρuw are the momentum flux and u (e 
+ p), ρuk, ρuε are the energy flux in the X-axis. Similarly ρv 
is the mass flux and ρuv, ρv2, ρvw are the momentum flux and 
v(e + p), ρvk, ρvε are the energy flux in the Y-axis and ρw is the 
mass flux and ρwu, ρvw, ρw2 are the momentum flux and w (e + 
p), ρwk, ρwε are the energy flux in the Z-axis. Also ρ is the fluid 
density and u, v and w are velocity components in each direction 
of Cartesian coordinates. While e is the total energy per unit 
volume, pressure p can be expressed by the following state 
equation for ideal gas

p = (γ –1)[e – 	1  ρ(u2 + v2 + w2)] 	 	 	

	
2
 	

where γ is the ratio of specific heats. From the relationship 
between stress and strain and assumption of stokes, non-dimensional 
stress components are as follows:

τxx = 
	 μ 	 2

 (2.
 	∂u 

–
	∂v 

–
 	∂w), τyy =

 	μ 	 2 (2.	∂v 
–
 ∂w 

–
 	∂u), τzz =

 	μ 	 2 (2.	∂w 
–
	∂u 

–
 	∂y).  	 Re 	3 	 ∂x 	 ∂y 	 ∂z 	 Re	 3 	 ∂y 	 ∂z 	 ∂x 	 Re 	3 	 ∂z 	 ∂x 	 ∂y

τxx = 
	 μ 	 ( 	∂v 

–
	 ∂u ), τyz =

 	 μ  	(	∂w 
–
 	∂v ), τxz =

 	μ 	 (	∂u 	
+

 	∂w ).  	 Re 	 	∂x 	 ∂y 	 	 Re		  ∂y 		  ∂z 	  	 Re 	  ∂z 		 ∂x

kx = 
	 1 	 ( 	μ1 +

	 μt  ) 	∂k
  , 	 εx = 	

1 	( μ1 +
	 μt  )	∂ε	  

	 Re 	 	 	 σk 	 ∂x		  Re			  σk	 ∂x

ky = 
	 1 	 ( 	μ1 +

	 μt  ) 	∂k
  , 	 εy = 	

1 	( μ1 +
	 μt  )	∂ε	  

	 Re 	 	 	 σk 	 ∂y		  Re			  σk	 ∂y

kz = 
	 1 	 ( 	μ1 +

	 μt  ) 	∂k
  , 	 εz = 	

1 	( μ1 +
	 μt  )	∂ε	  

	 Re 	 	 	 σk 	 ∂z		  Re			  σk	 ∂z

The expression of laminar viscosity is μl/μo = cv (T/To) 1.5 where 
μo, is the laminar viscosity at the ambient temperature (To) and the 
coefficient, cv depends on the temperature and the ambient gas. 
The total viscosity μ = μl + μt where μt is the turbulent eddy viscosity 
and the expression of turbulent eddy viscosity,

μt = cμ ρ
 	k2

	 ε

The element of heat flux vectors are expressed by Fourier law 
of heat conduction as

qx =
 	kc ∂T , 	qy = 	kc  ∂T , 	qz = 	 kc ∂T

	 Re cx  		  Re cy 		  Re cz
where T, is the temperature, kc is the thermal conductivity and 

it expresses by kc = kl + kt. The expression of the thermal 
conductivity of the laminar part is kl/ko = ck (T/To) 1.5 where ko is the 

thermal conductivity at the ambient temperature and the value of  
the coefficient, ck depends on the temperature and the ambient gas. 
The expression of the thermal conductivity of the turbulent part is  

kt = ctk 
	 μt   ,  where the value of the coefficient,  ctk  depends on the

	 Pr 
temperature and the ambient gas and Pr is the Prandtl number 
based on characteristic values. The Reynolds number of the flow 
is defined by Re = (ρcuclc/μo) where ρc, uc, lc and μo are respectively 
a characteristic density, a characteristic velocity, a characteristic 
length and the viscosity of the fluid.

The source term S (Q) of the k-ε turbulence model is written by

S(Q) = [0, 0, 0, 0, 0, Pk – ρε – Dk, (cε1.Pk – cε2 . ρε) 	ε ]
	 k

where the production term Pk, which is the three-dimensional 
formulation, developed from the two-dimensional formulation of 
Kunz et al. (1992), is given in Cartesian coordinates as

Pk = {2 μt
 ∂u – 	2 [ρk + μt (	∂u 

+
 	∂v + 	∂w)]} ∂u 

+ {2 μt
 ∂v 

–
 	 2

[ρk+ μt (
∂u 

+
 	∂v 

+
 ∂w

)]}	 ∂x 	 3	 ∂x 	 ∂y 	 ∂z	 ∂x	 ∂y	 3 	 ∂x 	 ∂y 	 ∂z

∂v 
+ {2 μt 

	∂w 
–
	2 

[ρk + μt (	∂u 
+

 	∂v 
+

 	∂w)]} + μt (	∂u + 	∂v)2

 + μt (	 ∂w + 	 ∂y)2

∂y 	 ∂z	 3	 ∂x	 ∂y	 ∂z		  ∂y	 ∂x	 ∂y	 ∂z

and the destruction term Dk is given as Dk = 	2ρ	kε
	 γT
The mass average turbulent kinetic energy and homogeneous 

component of turbulent kinetic energy dissipation rate are defined 

by as k = 	1 ct
2 (u2 + v2 + w2) and ε cm k2 	Re

	 2 	 100

The various constants in the k-ε turbulence model are listed as 
follows:

cμ = 0.09, ct = 0.03, cm = 0.09, cε1 = 1.45, cε2 = 1.92, σk = 1.00, σε = 1.30

3.0 	NUMERICAL DISCRETISATION AND 		
	 GRID ADAPTATION

The governing equations described above for compressible  
viscous flow are discretised by the finite volume method. A second 
order, upwind Godunov scheme of Flux vector splitting method 
is used to discretise the inviscid flux terms and MUSCL-Hancock 
scheme is used for interpolation of variables. Central differencing 
scheme is used in discretising the viscous flux terms. HLL  
Reimann solver is used for shock capturing in the flow. Two 
equations for k-ε turbulence model are used to determine the 
dissipation of turbulent kinetic energy and ε the rate of dissipation. 
The k and ε equations, each contains nonlinear production and 
destruction source terms, which can be very large near the solid 
boundaries. According to linear stability theory, such terms can  
also severely reduce convergence rates if a purely explicit scheme  
is used to discretise the equations. The above numerical  
discretisation and grid adaptation technique has been used by T. 
Kuribayashi et al [19] for numerical simulation of their experimental 
works.

Three dimensional hexahedral cells with adaptive grids are  
used for these computations. In this mesh, the cell-edge data 
structures are arranged in such a way that each cell contains six 
faces which are sequence in one to six and each face indicates  
two neighboring cells that are left cell and right cell providing all 
faces of a cell are arranged in a particular way by positions and 
coordinates in the mesh. The sequential six faces in Figure 1(i) are 
abod, adhe, abfe, efgh, bogf, dogh. 

(2)

(3)

(4)

(5)

(6)

(7)
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(i)                                    (ii)

Figure 1: (i) Three-dimensional cell with six faces; (ii) Each face addresses 
the center of two neighboring cells, i and j

The grid adaptation is one of the improved and computational 
time saving techniques, which is used in these computations. The 
grid adaptation is performed by two procedures, one is refinement 
procedure and another is coarsening procedure. The refinement and 
coarsening operations are handled separately in computation. The 
criterion used for grid adaptation is based on the truncation error 
(ЄT) of the Taylor series expansion of density. The truncation error 
indicator ЄT is defined for every face of a cell and given by the 
ratio of the second-order derivative term to the first order one of the 
Taylor series of density so that

ЄT = max [ 	|(∇ρ)lc – (∇ρ)i|	 , 	 |(∇ρ)lc – (∇ρ)j|	 ]	 (af ρc)/dl + |∇ρ|i 		 (af ρc)/dl + |∇ρ|j 
where c represent in Figure 1 (ii) the location of any face of a cell 

and i and j represent left cell and right cell of that face, dl is the center 
distance between cell i and j, (∇ρ)i and (∇ρ)j are the density gradient 
for cell i and j, (∇ρ)lc = (ρi - ρj)/dl, ρc is the density at the interface 
of right cell and left cell and αf is the constant which is initially 
designed to prevent a zero denominator. In these computations, the 
value of αf is used 0.02 and it is problem-independent parameter. 
The refinement and coarsening operation for any cell depends on 
ЄT value and this ЄT value is determined for each face of a cell. The 
criterion for adaptation for any cell is

Refinement = maximum ЄT of six faces of a cell > εr

Coarsening = maximum ЄT of six faces of a cell < εc

where εr and εc are the threshold values for refinement and 
coarsening. In these computations, the values of εr are used 0.16~0.48 
and the values of εc are used 0.12~0.44 and the higher values are 
used for higher shock Mach number. The level of refinement, used 
in all types of computation, is 2 or 3, depending on the number of 
cell per unit volume. The original 5 x 5 x 5 (mm) cell size will be 
1.25 x 1.25 x 1.25 (mm) if refinement level is 2 and 0.625 x 0.625 x 
0.625 (mm) if refinement level is 3.

In refinement procedure, the cells are selected for refinement in 
which every cell is divided into eight new sub cells and these new sub 
cells are arranged in a particular sequence so that these sub cells are 
used suitably in the data-structure. In threedimensional adaptation, 
the volume of new sub cells is 1/8 of primary cell where in two 
dimensional, this fraction is 1/4. To avoid unlimited cells refinement 
around shock waves, either the maximum level of refinement or the 
minimum cell volume or both are prescribed. When either the level 
or the volume of cell reaches the given limit, further refinement is 
prohibited. In the refinement procedure, it is required that no two 
neighboring cells differ by more than one refinement level. This 
one level-difference rule has accepted by many authors because it 
simplifies adaptation procedure and prevents pathologically large 

volume ratios under certain circumstances. However, in unsteady 
calculations, the rule may be mismatch moving refined regions, say 
shock wave regions. To overcome this problem, pre-refinement is 
introduced. Once a cell cannot be refined due to the level difference 
between itself and one or a few neighboring cells, the neighboring 
cells are refined no matter what values of their refinement and 
coarsening are. In the coarsening procedure, the eight sub cells, 
which are generated from the primary cell, are restored into primary 
cell. The cell adaptive techniques are shown in Figures 2 (i) and  
(ii). The above three-dimensional adaptation strategy is based on 
an in-house 2-D solution adaptive code developed by Sun and 
Takayama [20].

(i)                                    (ii)

Figure 2: (i) Primary cell before adaptation where the center of the cell, cc 
is shown; (ii) Sequence of the eight cells after refinement of the primary cell 
as shown in Figure 2 (i)

4.0 	TWO-DIMENSIONAL NUMERICAL 		
	 VALIDATIONS

The experimental photographs, taken by double exposure 
holographic interferometry, are used for the code validation test 
and a comparison is conducted between experimental photographs 
and numerical images. The optical setup, present in the ISWRC 
laboratory, was used for the photographs and similar optical setup 
was also used by Sasoh et. al. [21] and other researchers in this 
laboratory. Many researchers conducted their code validation works 
on Navier-Stokes equations by using the flow over a flat plate. 
Some researchers used high-speed fluid flow around a cubic body to 
determine the velocity at different points on the axis of the cubic body 
and they attempted to simulate the viscous effect after determining 
the velocity along the axis numerically and experimentally. 

In the present validation works, a visualisation technique is 
applied for the visualisation of the nozzle flow. For the purpose of 
code validation test, the shock wave propagation through a nozzle of 
small throat area is selected where laminar flow structures, transition 
phenomena, flow separation line as well as viscous boundary layer 
separation, wave propagation through the throat of the nozzle 
and shock wave reflection from converging area of the nozzle are 
observed numerically. The numerical code is used to solve the two-
dimensional Navier-Stokes equations for the solution of the shock 
wave propagation through the nozzle and this code later has been 
extended to develop a three-dimensional code. The diameter of the 
throat of the nozzle is 2 mm and the details of the dimensions of the 
nozzle are shown in Figure 3 (i). The initial total number of cell is 
10240 and the level of refinement is 3. All solid walls of the nozzle 
are taken as viscous solid wall boundary. 

The upstream of incident shock wave is set as an inflow 
boundary condition, the properties and velocities of which are 
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calculated from Rankine-Hugoniot conditions with incident shock 
Mach number. Shock wave propagations through nozzle are studied 
experimentally and numerically for the incident shock Mach 
number 1.60. The numerical results, shown in Figures 3 and 7 are 
compared with the experimental results, shown in Figures 4, 6 and 
8. Discussions on agreement/disagreement between experimental 
and numerical results are described below:
(a)	 An agreement is observed in the laminar part of this flow field, 

which is shown in Figures 3 to 8.

(i)

(ii)

(iii)

Figure 3: (i) Physical dimensions of the nozzle used in both experimental 
works; Numerical results (ii) Numerical density fringes at the time instant 
28 millisecond; (iii) Corresponding adaptive grids in which point of 
separation, slipstream and boundary layer separation line are visible clearly 

(b) 	 At the moment of flow separation, the point of separation and 
the separation line, shown in the numerical results in Figures 3, 
5 and 7, have some agreements with the experimental results 
in Figures 4, 6 and 8. It is observed that the flow separation is 
clearly appeared in Figure 3 (iii) and Figure 5 (ii) where high-
level refinement is observed along the separation line.

(c) 	 Wave propagation through the throat of the nozzle, shown in 
experimental results, has the good agreement with numerical 
results.

(d) 	 Boundary layer in different location of the flow field appears 
both in the experimental and numerical results and a good 
agreement is observed in both results. In gird adaptation, it 

is observed that the boundary layer separation line is clearly 
appeared in Figure 3 (iii) and Figure 5 (ii) where high-level 
refinement is observed along the boundary layer separation 
line.

(e)	 After the flow separation, an unsteady flow field appears and 
the flow transition period begins. In the transition period,  
some disagreement is observed between experimental  
results and numerical results. It may happen due to flow 
separation.

Figure 4: Experimental photo, taken by double exposure holographic 
interferometry; a shock wave propagating through nozzle at the same time 
instant 28 millisecond for viscous flow where the model of the nozzle is as 
Figure 3

(i)

(ii)

Figure 5: Numerical results (i) Numerical density fringes at the time 
instant 51 millisecond; (ii) Corresponding adaptive grids in which point 
of separation, slipstream and boundary layer separation line are visible 
clearly

Figure 6: Experimental photo, taken by double exposure holographic 
interferometry; a shock wave propagating through nozzle at the same time 
instant 51 millisecond for viscous flow where the model of the nozzle is as 
Figure 3
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Figure 7: Numerical result: Numerical density fringes at the time instant 
72 millisecond

Figure 8: Experimental photo, taken by double exposure holographic 
interferometry; a shock wave propagating through nozzle at the same time 
instant 72 millisecond for viscous flow where the model of the nozzle is as 
Figure 3

5.0 	THREE-DIMENSIONAL NUMERICAL 		
	 VALIDATIONS

5.1 Problem specifications

For the purpose of three-dimensional numerical code validations, 
the three-dimensional mesh with turbulence-generating grids is 
used, which is shown in Figures 9 (i), (ii). The physical size of 
each cell before adaptation is 5 x 5 x 5 (mm) and the initial number 
of cell is 1985. The adaptive grids and the selected turbulent 
region are shown in Figure 10, which are the two-dimensional 
sectional view of ZX-plane. The distance between the turbulence- 
generating grid and the end wall is 65 mm and in this distance, a 
turbulent region is selected so that there have no boundary effects 
in the turbulent region. The longitudinal distances (X/m) of any 
point on the centerline of the turbulent region are determined  
from turbulence-generating gird where m is the maximum 
dimensional length of a grid in the grid system. The distance, X 
= 0.0 mm at the position of turbulencegenerating grids. The value 
X/m = 3.776 is the starting point of the centerline of turbulent 
region and the value X/m = 11.376 is the ending point of the 
centerline of turbulent region. All turbulence parameters are 
measured before and after the shock or turbulence interaction in 
the selected turbulent region. In these computations, the threshold 
values for refinement are used 0.16~0.20 and the threshold values 
for coarsening are used 0.12~0.16 and the level of refinement is 
2. Based on characteristic values, Reynolds number is 21546 and 
Prandtl number is 0.722.

(i)                                   

 (ii)

Figure 9: Three dimensional mesh and the position of the turbulence-
generating grid plate are shown where different grid sizes are (i) 2 × 2 × 2 
grids/cm3; (ii) 4 × 4 × 4 grids/cm3

(i) 

(ii)

(iii)

Figure 10: Two-dimensional cuts of the three-dimensional adaptive grids: 
(i) Level one; (ii) Level two; (iii) Level three
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5.2 Grid convergence study
5.2.1 Using different level of refined grids

The study of the grid convergence on the present computational 
results has been carried out for different levels of grid refinement 
and for different grid sizes. The results, obtained for incident  
shock Mach number 1.50 are used for the study of the grid 
convergence. The refinement level one is used to solve the flow  
field with coarse grid and the refinement level three is used to  
solve the flow field with very refined grid. The results, obtained 
for level one, level two and level three refined grids, are compared 
with each other to observe the accuracy level of the computational 
results and such comparisons are used to determine the  
convergence behavior of the present simulation results. The two-
dimensional sectional views of adaptive grids of level one, level two
and level three refinements are shown in Figures10 (i), (ii) and (iii). 
	 The grid size for refinement level one is 2.5 x 2.5 x 2.5 (mm), 
the grid size for refinement level two is 1.25 x 1.25 x 1.25 (mm) 
and the grid size for refinement level three is 0.625 x 0.625 x 
0.625 (mm). The RMS (Root Mean Square) value of longitudinal 
velocity fluctuations or the longitudinal turbulence intensity, <u>/U 
are determined along the centerline of the turbulent region for the 
different levels of refined grids which is shown in Figure 11. 
	 It is observed that the longitudinal turbulence intensity  
profile, obtained from the refinement level one, has some deviations 
with the profiles for higher refinement level and the longitudinal 
turbulence intensity profile for the refinement level two has the good 
agreement with the longitudinal turbulence intensity profile for the 
refinement level three and some disagreements are observed at the 
position near the turbulence grids. Similarly the lateral velocity 
fluctuations, v´/U and w´/U are determined along the centerline of 
the turbulent region for the different levels of refined grids and it is 
observed that there have the good agreements between the lateral 
velocity fluctuations profiles, obtained for higher level of refined 
grids. Figure 12 shows the average pressure variations across the 
reflected shock wave for the different levels of refined grids. It is 
observed that there have the good agreements between the average 
pressure profiles across the shock wave, obtained for higher level of 
refined grids.

5.2.2 Using different grid sizes

The utilities of the grid refinement in grid convergence study are 
sometimes difficult if there have the more deviations between the 
results obtained by two successive levels of the grid refinement. 
In that case different sizes of the grid are suitable to use for grid 
convergence study. Different grid sizes are 2 x 2 x 2 grid and  
4 x 4 x 4 grid per cubic centimeter. For the size of 2 x 2 x 2 grid, 
the initial number of grid in the computational domain is 1985 and 
the computational domain is shown in Figure 9 (i). Similarly for  
the size of 4 x 4 x 4 grid, the initial number of grid in the  
computational domain is 15880 and the computational domain is 
shown in Figure 9 (ii). So, it is observed that different turbulent 
parameters in the turbulent region are determined for different 
number and size of the grids contain in the turbulent region. 
	 The lateral planes intersect the centerline of the turbulent region, 
are used to determine different turbulent parameters. Each lateral  
plane contains several grids and the number of grid depends on  
the number of grid per unit volume in the turbulent region. For  
4 x 4 x 4 grid, the number of grid in the lateral plane is  
approximately four times more than for 2 x 2 x 2 grid. 

	 The computational results for different grid sizes are compared 
and performed the independence test of grid size in the present  
simulation results. All the results, obtained before and after 
the shock/turbulence interaction, are used to determine the  
independence test of grid size. The longitudinal turbulence  
intensity, <u>/U are determined along the centerline of the 
turbulent region for different grid sizes of 2 x 2 x 2 grid and  
4 x 4 x 4 grid and the comparison between the characteristic  
profiles of the longitudinal turbulence intensity for different grid 
sizes are shown in Figure 13. It is observed in Figure 13 that the 
characteristic profiles for different grid sizes are simulated each 
other and the result indicates the independency on grid size in the 
present computations. Similarly the lateral velocity fluctuations, 
v´/U and w´/U are determined along the centerline of the turbulent 
region for different grid sizes of 2 x 2 x 2 grid and 4 x 4 x 4 grid 
and it is observed that the characteristic profiles of lateral velocity 
fluctuations for different grid sizes are simulated each other and the 
simulation results are independent on the grid size. 
	 The normalised average pressure variations are determined 
across the reflected shock wave for different grid sizes of 2 x 2 x 
2 grid and 4 x 4 x 4 grid and the comparison between the average 
pressure profiles for different grid sizes are shown in Figure 14. It is 
observed in Figure 14 that the average pressure profiles across the 
shock wave for different grid sizes are simulated each other and this 
result also indicates the independency on grid size in the present 
computations.

Figure 11: Longitudinal turbulence intensity (<u>/U) before and after the 
shock/turbulence interaction along the centerline of the turbulent region 
for different grid refinement levels

Figure 12: Average pressure (Pav/Po) variations across the reflected 
shock wave for different grid refinement levels, where the origin, Xc=0.0 
corresponds to the shock location and X/m =7.6
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Figure 13: Longitudinal turbulence intensity (<u>/U) before and after the 
shock/turbulence interaction along the centerline of the turbulent region 
for different grid sizes

Figure 14: Average pressure (Pav/Po) variations across the reflected shock 
wave for different grid sizes, where the origin, Xc = 0.0 corresponds to the 
shock location and X/m  = 7.6

Figure 15: Comparison between the present simulation results and the 
NS results for the longitudinal turbulence intensity (<u>/U) along the 
centerline of the turbulent region before and after the shock/turbulence 
interaction

5.3 	Comparison with the Navier-Stokes simulation 	
	 (NS) results
For the purpose of the numerical code validation test, the present 
simulation results are compared with the Navier-Stokes simulation 
(NS) results and the results, obtained for shock Mach number 
1.50, are used for this comparison. The comparison results  

indicate that the present threedimensional code with turbulence 
model is working very well for the present flow conditions. The 
turbulence model is used to solve some turbulence parameters 
directly and these turbulence parameters are used to determine the 
interaction effects properly. Navier-Stokes simulation (NS) is also 
performed for the shock or turbulence interaction with Ms = 1.50 
where shock wave is captured. The solution of the Navier-Stokes 
equations is used to compare with the present simulation results  
and the present simulation results have the good agreements with 
the NS results.

The longitudinal turbulence intensity, <u>/U before 
interaction and after interaction are characterised along the 
centerline of the turbulent region which is shown in Figure 15.  
The characteristic behaviors of the RMS value of longitudinal 
velocity fluctuations along the centerline of the turbulent 
region have the good agreements with the NS results and these  
agreements validate the present simulation results. The  
amplification of turbulent intensity and the amplification of  
turbulent kinetic energy level are determined for the shock wave 
interaction with turbulent field and these results are compared  
with the NS results, which are shown in Table 1.

Table-1: Comparison between the present simulation 
results and the NS results

Amplifications 
of

Incident shock 
Mach number

(Present 
simulation 

results)

(NS 
results)

Turbulent 
intensity 1.50 1.98~2.12 2.02~2.16

TKE level 1.50 3.08~3.41 3.20~3.55

Similarly the lateral velocity fluctuations, v´/U and w´/U are 
characterised along the centerline of the turbulent region and it 
is observed that the present computational results for the lateral 
velocity fluctuations, v´/U and w´/U have the good agreements 
with the NS results. The normalised pressure fluctuations 
characteristic curves before interaction and after interaction along 
the centerline of the turbulent region and it are shown that no 
substantial amplification of the pressure fluctuations occurs after 
interaction and it has good agreement with the NS results. The 
normalised average pressure, Pav/Po variations are characterized 
across the reflected shock wave when the position of the  
reflected shock wave is in the turbulent region, which is shown 
in Figure 16 and the pressure profile obeys the shock reflection  
theory and also has the good agreement with the NS results.  
Even though all pressure values are not suitable for code  
validation but these are carrying good information about the 
characteristics of the selected turbulent region in the wake of  
the turbulence grid.

The solution of Navier-Stokes equations provides the 
information of turbulent kinetic energy (TKE) level in the flow 
field where the TKE is computed from the equation, 1/2 (u′2 + v′2 
+ w′2) and in this case, the values of TKE are directly related to 
the velocity fluctuations of the fluid particles. On the other hand, 
the TKE is obtained from the solution of two equations of k-ε 
turbulence model and the accuracy of the TKE value depends  
on the modeling equations. The values of TKE obtained from 
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the velocity fluctuations of the fluid particles in the flow field 
are necessary to compare with the values of TKE obtained from 
the solution of two equations of k-ε turbulence model because 
all turbulence modeling equations are not ideal and it must have 
some deviations between these results. The comparisons between 
the TKE values obtained from the solution of Navier-Stokes  
equations and the solution of turbulence model are determined 
along the centerline of the turbulent region for Ms = 1.50 and 
the comparisons are shown in Figure 17. Using the equation,  
1/2 (u′2 + v′2 + w′2), Rotman (1991) computed the TKE level 
in the flow field and it was observed that the maximum  
amplification factor of TKE level was 2.00 in the two 
dimensional computational results inside the Mach number 
range 1.01-1.50. The amplification of TKE level obtained from 
the velocity fluctuations is compared with the amplification 
obtained from the solution of turbulence model, which is shown  
in Figure 18, and it is observed in Figure 18 that the deviations  
between these results are 10 to 20 %.

Figure 16: Comparison between the present simulation results and the 
NS results for the normalised average pressure (Pav/Po) variation across 
the shock wave when the position of the shock wave is in the turbulent 
region and where the origin, Xc = 0.0 corresponds to the shock location 
and X/m = 7.6

Figure 17: Comparison between the values of turbulent kinetic energy 
along the centerline of the turbulent region obtained from the velocity 
fluctuations and the turbulence model

Figure 18: Comparison between the amplification of turbulent kinetic 
energy level obtained from the velocity fluctuations and the turbulence 
model

6.0	CO NCLUSIONS

A good numerical simulation for nozzle flow depends on the 
throat area and the converging or diverging angle of the nozzle 
and the strength of the shock wave propagate through the throat of  
the nozzle. For small throat area of the nozzle, the flow separation 
will be high and blockage ratio will be low. In that case, it is 
necessary to select the shock wave strength comparatively high for 
good numerical simulations. So it is found that numerical results  
for higher shock Mach number have the good agreement with 
experimental results. Other flow parameters like fluid viscosity, 
Reynolds number also effect on the simulation results.

After the validation test of the Navier-Stokes equations, 
the extended three-dimensional Navier-Stokes equations with 
k-ε turbulence model are developed to solve almost all types of 
shock or turbulence interaction problems. Even though such type 
of computations is complex to get proper solution, but maximum 
simulated data agrees with the experimental results, performed 
by other researchers. In these computations, three-dimensional  
adaptive grids are used to get more accurate solution. Due to 
grid adaptation, the number of new cell, generated after refining 
operation, is twice the number of new cell, generated in two-
dimensional adaptation and also adaptation is happened in the 
direction of the three Cartesian Coordinates. So the total number  
of cell difference between two subsequent refinement levels 
increases sharply, as a result, increases the computational time. 
The advantage of three-dimensional code is to solve all the 
turbulent parameters in the three-dimensional space system because 
the shock or turbulence interaction effect is one of the three-
dimensional problems. The study of the grid convergence test has 
been performed successfully with different levels of grid refinement 
and also with different sizes of the grid. It is observed that all 
the simulation results are completely independent of the present  
grid system. The comparisons between the present simulation 
results and the NS results have been conducted successfully and  
it is observed that there have the good agreements between the 
present simulation results and the NS results. 
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Working posture is determined by the anthropometry of the 
operator, design of the workstation and the way the job is carried 
out. Dimensions, spatial position, orientation and design of 
workstation must be suited to the physical condition of the operator 
so that the operator can perform the task comfortably and safely in 
the workstation. The criteria for an ergonomic workstation design 
include locating materials and tools at appropriate height, thus 
making it easy to be reached by the operators. A proper workstation 
design will enable operators to practice safe working postures; 
otherwise it may contribute to awkward working postures [2].

In the design of a workstation, working height is very 
important. The height of the working surface should vary based 
on the operator’s elbow height, and the type of work. A previous 
study pointed out working height, in general, should be set at 5 
cm below the elbow level [3]. However, the working height can 
vary several centimeters, up or down, without any significant 
effect on performance [4]. A proper working height will allow a 
comfortable working posture. In contrast, inadequate posture from 
an improperly designed workstation can cause ergonomic injuries 
such as muscle strain, low back pain, and consequently decreased 
performance and productivity [5].

Popular methods to identify ergonomic risk factors in the 
workplace include observational method and direct technical 
measurement method. Usually, observational method is applied 
to obtain psychophysical feedbacks from respondents (operators) 
through personal interviews and questionnaire surveys. 
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ABSTRACT

In the new era of world industrialization, ergonomics plays an important role to improve occupational health and productivity 
in most industries including small and medium industries (SMIs). However, SMIs in Malaysia do not put any priority on 
ergonomics awareness, for an example, by not designing the workstation ergonomically. As a consequence, operators are 
exposed to various ergonomic risk factors and prone to have ergonomic injuries. The objectives of this study are to evaluate 
working posture, muscle activity, and oxygen consumption while operators perform metal stamping process in a workstation, 
before and after the workstation is modified. The Rapid Entire Body Assessment (REBA), surface electromyography (SEMG), 
and oxygen analyser are used to evaluate working posture, muscle activity, and oxygen consumption respectively. Results of 
evaluations found that the modified workstation has reduced the physiological stress such as extreme posture, work/loading 
in the muscles as well as energy expenditure. The study concluded that an ergonomic workstation design can contribute 
significantly to improve physiological performance of the operators. 

Keywords: Metal Stamping Process, Muscle Activity, Oxygen Consumption, Workstation Design, Working Posture

1.0	 INTRODUCTION

In Malaysia, Small and Medium Industries (SMIs) has been 
recognised as one of the contributors to the growth of the nation’s 
economy. Although the growth of Malaysian SMIs is rapid and 
their expansion is fast, they still face challenges that can affect 
their competitiveness. The companies under Malaysian SMIs 
have limitation in terms of ergonomics awareness, for examples, 
lack of materials handling equipment and improper workstation 
design. In addition, the efforts to enhance ergonomics awareness 
in Malaysian SMIs have several constrains in terms of manpower 
and availability of the service of ergonomits [1]. As a consequence 
of this, workplace conditions in the SMIs received very minimum 
intervention in ergonomics services. For example, the workstations 
for operators to perform the jobs are not designed ergonomically, 
thus exposing them to various difficulties such as extreme working 
posture, muscle fatigue, and the extra effort required to get the job 
done.

In industrial workplaces, designing a workstation is really 
important because it can contribute to feasible occupational health, 
job satisfaction, and work efficiency. Physiological factors such 
as posture, muscle activity and oxygen consumption should be 
critically studied when designing a workstation. Working posture 
can be defined as the orientation of body parts in space and in 
relation to each other while an operator performs a task [2]. 
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Other tools include Rapid Upper Limbs Assessment (RULA) 
[6] and Rapid Entire Body Assessment (REBA) [7]. REBA is an 
ergonomic assessment tool that is specifically designed to assess 
working postures and movements corresponding to the tasks 
and workstations. It was developed on the basis of Rapid Upper 
Limbs Assessment (RULA) analysis, but it is also appropriate for 
evaluating tasks where the working postures are dynamic, static 
or where there are gross changes in posture [7]. Similar to RULA, 
this survey tool is useful when investigating postural stress during 
performance of tasks.

On the other hand, direct technical measurement method is 
applied to acquire information on physiological and biomechanical 
responses of subjects (operators). Normally, direct technical 
measurement method uses scientific tools which can measure 
specific parameters such as frequency, and voltage during the 
evaluations. The surface electromyography (SEMG) is one of the 
scientific instruments that has been applied to quantify muscle 
fatigue among operators while they are performing jobs [8-11]. 

The SEMG measures and records electromyography signals 
associated with the contraction of the muscles. It has been used 
in ergonomics for evaluation of operator performance associated 
with workstation design, for example, in the analysis of working 
posture for sedentary task [12], sewing operation [2] and manual 
materials handling [13].

Other equipment categorised under the direct technical 
measurement method is oxygen analyser. It is used to measure 
oxygen consumption of workers. The measurement of oxygen 
consumption is aimed to quantify the energy demands posed by 
the workstation design and task. Oxygen consumption can be 
defined as the volume of oxygen that is consumed by the worker 
during performing the task. This volume is expressed as a rate, 
either liter per minute (l/min) or milliliter per kilogram per minute 
(ml/kg/min). From the measurement of oxygen consumption, the 
energy expenditure of worker also can be obtained. A previous 
study quantified that 1 liter of oxygen consumed by the worker 
while performing task is equal to 21.2 kJ of energy needed by the 
worker [14]. Table 1 presents the amount of energy expenditure 
with respect to workload category.

Table 1: Classification of energy expenditure while performing task [14]

Workload Category Energy Expenditure

Light task Up to 10 kJ/min

Medium task About 20 kJ/min

Heavy task About 30 kJ/min

Realising the needs of ergonomic workstation design, this 
study was conducted to evaluate working posture, muscle activity, 
and oxygen consumption while operators perform metal stamping 
process at their workstation (existing design), and later at the 
modified workstation.

2.0 	RESEARCH METHODS

Three metal stamping operators have participated as subjects in the 
study. The profile of the subjects:

•	 Age: mean = 20 years, SD = 2.0 years
•	 Gender: male
•	 Work experience: mean = 1 year, SD = 1.5 year
•	 Body mass: mean = 55.9 kg, SD = 3.3 kg
•	 Body height: mean = 1.7 m, SD = 0.07 m

The study was divided into two stages. During the first stage of 
the study, the evaluation was performed at the existing workstation 
(before the workstation design is modified). The second stage 
evaluation was carried out after the workstation was modified. 
Both stages analysed the same operators carrying out similar 
tasks. Before conducting the study, the researchers have obtained 
research approval regarding the methods and procedures from the 
Research Ethics Committee of Universiti Teknologi MARA.

2.1 Working Posture Evaluation
REBA [7] was used to analyse the working posture. The analysis 
can be done either using REBA Worksheet [7] or using computer 
programming to generate the results. Analysis using manual 
method (worksheet) may be time consuming and may lead to 
errors especially when large volumes of data have to be assessed. 
To overcome the shortcomings, computer programmed REBA was 
used to record, analyse and save all data and information regarding 
working posture analysis [15]. 

In the programmed REBA, the system has four graphical user 
interfaces. In the first graphical user interface, it records the profiles 
of operator to be assessed. This interface captures the information 
about personal particulars such as operator’s identification 
card number, operator’s name, position, age, weight, height, 
gender, marital status, service duration, working mode, alcohol 
consumption and smoking of cigarettes. The second graphical 
user interface records information regarding the workstation. This 
includes the task carried out in the workstation, and description of 
the task. In this graphical user interface also, the researcher has to 
tick the evaluation stage: whether the analysis is conducted before, 
or after ergonomic intervention is carried out in that workstation.

The third graphical user interface captures the information of 
operator’s body parts. The information includes the movements 
and postures of six body parts while performing the task in the 
workstation. The fourth graphical user interface presents the 
results of analysis. The result is presented in four parts: Part A, Part 
B, Part C and Part D. Part A presents the personal particulars of 
operator. This includes name of company, operator’s identification 
card number, operator’s name, position, and workstation. Part B 
describes the working posture of the operator while the task is 
performed. It includes the posture of the body parts such as trunk, 
neck, legs, upper arm, lower arm, and wrists. Part C presents the 
working condition of the operator in the workstation such as load 
handled, coupling condition and the style or movement of operator 
while performing a task. Part D presents the result of risk levels 
of ergonomic injury (in terms of REBA score) corresponding to 
working posture adopted by the operator. The REBA Score is 
expressed on a scale of 1 to 15, as tabulated in Table 2.
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Table 2: Risk levels of ergonomic injury corresponding to REBA score

REBA Score Risk Levels of Ergonomic 
Injury

1 Safe

2 - 3 Low

4 – 7 Medium

8 – 10 High

11 – 14 Very High

2.2  Muscle Activity Evaluation
The surface electromyography (SEMG) ME3000P4 (MEGA 
Electronics, Finland) and MegaWin Software were used to 
record, store and interpret all the data regarding to muscle activity 
of the operators. The SEMG system is equipped with surface 
electrodes attached conscientiously to operator’s skin to detect the 
electromyography signals of operators while the task is performed. 
Eight muscles were selected for the evaluations: deltoid-medial part 
(left), deltoid-medial part (right), trapezius muscle (left), trapezius 
muscle (right), erector spinae muscle (left), erector spinae muscle 
(right), gastrocnemius muscle (left) and gastrocnemius muscle 
(right). The location of these muscles is clearly shown in Figure 1. 

To ensure that the electrodes are attached properly to 
the muscles and other SEMG protocols were complied, a 
physiotherapist was consulted before the evaluation is carried out. 
The evaluation was performed early in the workday (8:30 am) on 
the first day of the week (Monday) to ensure the muscles to be 
analysed are free from the influence of previous task activities. All 
muscles of the operator were concurrently measured for more than 
30 minutes during the performance of the tasks.

Setting of SEMG system was based on Surface EMG for 
the Non-Invasive Assessment of Muscles (SENIAM) [16]. The 
settings are as follows:

•	 EMG electrodes: Surface electrode Ag/AgCl, 20 mm diameter
•	 Distance between electrodes: 25 mm
•	 Skin preparation: Shaved, clean, and scrubbed with alcohol
•	 Common Mode Rejection Rate (CMMR): 110 dB
•	 Filter: Band pass filter (85 Hz – 500Hz)
•	 Sampling rate: 1000 Hz

The measurements of muscle activity were conducted based 
on real time monitoring. All SEMG electrodes were connected to 
a data logger to record and store the electromyography signals. 
Then, the data logger was connected to a PC screen using wireless 
connection to display and monitor the electromyography signals. 
Before beginning the test, the personal particulars of the operator 
were recorded in MegaWin Software, and the operator was given 
sufficient time to get enough practice to familiarise with the SEMG 
instruments. The operator was also informed that he has to perform 
the task at his own pace and should immediately report any feeling 
of pain or discomfort so that the measurement can be terminated. 
After all the measurement settings are ready, the operator can now 
start to perform his task.

2.3  Oxygen Consumption Evaluation
In this study, the Metamex Cortex, Germany and MetaSoft® 3 
Software were used to measure and analyse operators’ oxygen 
consumption while performing their task at the workstation. During 
the measurement, the instrument is attached to the operator’s body 
as shown in Figure 1 below.

Figure 1. Selected muscles were attached with Ag-AgCl electrodes: deltoid-
medial part (shoulder region); trapezius muscle (neck region); erector spinae 
(lower back), gastrocnemius muscle (leg region). An operator is equipped 
with a chest-mounted light-weight oxygen analyzer on his body to measure 
oxygen consumption (right).

3.0 EXPERIMENTAL STUDY

3.1 Before Modification of the Workstation
Operators perform metal stamping process manually by feeding 
the workpiece into the stamping machine. The process consists of 
moving raw materials from the floor to the stamping machine. The 
operator lifted the materials weighing about 300g each, which are 
to be stamped at the rate of 5 to 8 movements per minute. 

During the process, the operator stands in front of the 
stamping machine and feeds the raw materials into the machine 
die using both hands. The starting position was at upright posture 
(~90 degrees with respect to the body midline) whereby the body 
is close to the machine. As shown in Figure 2, the raw materials 
were placed in a bucket located on the floor on the right side of 
operator. The distance between operator’s hand and the raw 
materials is approximated about 100 cm. The operator has to bend 
his body downwards to reach the materials as the bucket was in a 
low level. 

At this instant, the distance of his shoulder and the floor is 
100 cm as demonstrated in Figure 3. After a raw material has been 
grabbed, it will be transferred to the machine die for stamping 
process. As illustrated in Figure 4, operator feeds the raw material 
to machine die at a distance of 70 cm from his body. The machine 
which has capacity of 110 tons will shape the raw material 
according to the geometry or pattern of the die. The finished parts 
will be thrown into another bucket on the left side of operator. In 
this condition, the operator is in upright working posture, but he 
has to slightly bend his body to the left side as shown in Figure 



Journal - The Institution of Engineers, Malaysia (Vol. 72, No. 4, December 2011)50

ISA HALIM, ABDUL RAHMAN OMAR AND AHMAD RASDAN ISMAIL.

5. The process is repetitive in nature, in that the operator has to 
perform the task continuously for 8 hours (with stop only for tea 
break and lunch). The temperature in the work environment was 
27ºC to 31ºC.

3.2  After Modification of the Workstation
The workstation is later modified to improve the physiological 
performance of operators. A duration of four months was given to 
ensure the operators familiar with the new design of workstation. This 
intervention is essential to reduce muscle fatigue especially in the 
lower limbs. Two items were introduced to the workstation, namely an 
adjustable table to place the bucket, and a sit-stand stool. 

As illustrated in Figure 6, the adjustable table was used to raise 
or lower the height of bucket containing the raw materials. When 
the bucket is at an appropriate level (elbow height), the operator 
is able to reach easily for the raw material from the bucket to feed 
them into the machine die. With the bucket at an appropriate level, 
bending posture has been eliminated. Meanwhile, the sit-stand 
stool was introduced to enable the operator to work in both sitting 
and standing postures. The sit-stand stool was also equipped with 
a foot rest to provide comfort for the operator’s legs.

4.0 RESULTS AND DISCUSSIONS
4.1 Results of Working Posture Evaluation            
(Before Modification of the Workstation)
At the existing workstation, the operators adopted four working 
postures while performing metal stamping process which were: 
standing, bending, feeding and throwing postures. The results of 
each working posture associated with existing workstation design 
are presented in Table 1. The results of standing posture show 

Figure 2: Operator stands in front of the machine

Figure 6: Operator performs metal stamping process 
at the modified workstation

Figure 5: Operator throws the finished part

Figure 3: Operator reaches the material

Figure 4: Operator feeds the material into the machine die
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that the first and second operators obtained REBA score of 3, 
while the third operator acquired a REBA score of 2. According 
to REBA, such results indicate that the standing posture is safe to 
the operators as indicated by low REBA scores [7]. While in the 
standing posture, the operators perform the task with their trunks 
in upright position with their feet apart. This posture allowed 
the operators to perform the task in neutral working posture and 
standing in a stable position.

The results of bending posture found for all operators gave 
high REBA scores. This is due to bending of the trunk downwards 
and the left leg is slightly hung. This posture affects the lower 
back of operators because they have to perform the task in 
bending and standing in an unstable position. As a consequence, 
the operators were exposed to a high risk for ergonomic injuries 
associated with low back pain. REBA suggests that the working 
posture required further improvement [7].

The results of feeding posture show that the posture of first 
and third operators were safe as they obtained REBA score of 
2. However, the second operator experienced medium risk for 
ergonomic injuries as he obtained REBA score of 4, and this 
requires further improvement [7]. While in feeding posture, the 
operators perform task in a standing posture with their trunks in 
upright position and their arms slightly extended.

Based on the results of throwing posture, both first and 
second operators were exposed to high risk for ergonomic 
injuries as they obtained REBA score of 8. The third operator 
has a slightly lower REBA score of 7, with medium risk for 
ergonomic injuries This posture can affect the operators because 
they have to slightly bend their body to left side while throwing 
the finished products into the bucket.

Table 3 summarises the results of working posture evaluation 
for each operator while they perform the task at the existing 
workstation. From the table, it can be concluded that both bending 
and throwing postures can contribute significantly to ergonomic 
injuries as they obtained high REBA scores. The bending and 
throwing postures may affect the lower back especially the 
erector spinae muscle.

Table 3: Results of working posture evaluation using REBA              
(Before modification of the workstation)

Operator Standing Bending Feeding Throwing

Operator 1 3 9 2 8

Operator 2 3 10 4 8

Operator 3 2 10 2 7

4.2 Results of Working Posture Evaluation
(After Modification of the Workstation)
The second stage evaluations were conducted four months 
later after the workstation has been modified. At the modified 
workstation, the operators adopted four working postures: sitting 
posture, reaching posture, feeding posture and putting posture. 
For the sitting posture, the first and second operators obtained 
REBA score of 3, while the third operator obtained a score of 

2. This indicates the sitting posture can be considered safe for 
the operators. While performing the task in sitting posture, 
the operators’ trunks are in upright position and their legs are 
well supported by the foot rest of sit-stand stool as shown in 
Figure 7. Instead of sitting, the sit-stand stool also allowed the 
operators perform the task in standing posture. They can choose 
either to stand or to sit, whichever they feel comfortable with. 
As a consequence of this intervention, the operators’ risk for 
ergonomic injuries has been reduced.

For the reaching posture, the first and third operators 
acquired a REBA score of 2, while the second operator acquired 
a score of 3. The results show that the reaching posture can also 
be considered safe to the operators. The reaching posture showed 
a positive result because the operators can easily reach the raw 
materials now. This is due to the adjustment made to the height 
of raw materials, which has been raised to an appropriate level 
(elbow height) using an adjustable table.

For the feeding posture, both the first and third operators 
acquired a REBA score of 3, while the second operator acquired 
a score of 4. The results indicate that the feeding posture is 
still safe for the operators. While adopting feeding posture, the 
operators’ hands are parallel to the machine die so that they can 
feed the raw materials into the machine die easily.

For the putting posture, all operators acquired a REBA score 
of 2, indicating that the posture is safe for the operators. This 
is due to the fact that the height of the bucket was adjusted to 
an appropriate level and positioned as close as possible to the 
operators to enable them to place the finished products into the 
bucket easily.

Table 4 summarizes the results of working posture evaluation 
for each operator while they perform metal stamping process at 
the modified workstation design. From the tabulated results, it 
can be concluded that the current working postures are safe, and 
there is a low risk of ergonomic injuries.

Table 4: Results of working posture evaluation using REBA score       
(After modification of the workstation)

Operator Sitting Reaching Feeding Putting

Operator 1 3 2 3 2

Operator 2 3 3 4 2

Operator 3 2 2 3 2

4.3 Improvement of Working Posture
This section presents the effectiveness of modified workstation 
by comparing the results of working posture evaluation. From 
Figure 7 to Figure 9, it can be observed that the modified 
workstation can reduce the risk for ergonomic injuries as proved 
by decrement of REBA score. For the first operator (Figure 7), the 
modified workstation significantly reduced the REBA score from 
9 to 2 when reaching for the raw materials. Meanwhile the REBA 
score for placing the finished products into finished products’ 
bucket was reduced from 8 to 2. As illustrated in Figure 8, the 
modified workstation had significantly reduced the REBA score 
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when reaching for the raw materials from 10 to 3 for the second 
operator. Meanwhile the REBA score for placing the finished 
products into finished products’ bucket was reduced from 8 to 
2. Figure 9 shows an improvement for the working posture of 
third operator was also improved through implementation of 
the modified workstation. The REBA score when reaching for 
the raw materials was reduced from 10 to 2. The REBA score 
when placing the finished products into bucket was also reduced 
from 7 to 2. The results of these evaluations clearly show that 
the modified workstation is capable of improving the working 
posture of operators.third operator was also improved through 
implementation of the modified workstation. The REBA score 
when reaching for the raw materials was reduced from 10 to 2. The 
REBA score when placing the finished products into bucket was 
also reduced from 7 to 2. The results of these evaluations clearly 
show that the modified workstation is capable of improving the 
working posture of operators.

4.4 Results of Muscle Activity Evaluation                   
(Before Modification of the Workstation)
The following sections discuss the results of muscle activity 
while the operators perform the task at the existing workstation. 
These results described the response of operators’ muscles 
corresponding to their working posture and task. Two types of 
analyses, namely raw signals analysis and work/loading analysis 
were performed to determine the impact of existing workstation 
on operators’ muscles.

4.4.1 Raw Signal Analysis (before modification of 
the workstation)
The results of raw signal analysis represent the myoelectric 
signals from the operators’ muscles corresponding to their task 
load. The myoelectric signals are measured in microvolts (µVs) 
and they indicate the efforts of the particular muscles to perform 
the tasks. If the myoelectric signals are high, it means that the 
muscles require high effort for the particular tasks.

Through visual interpretation, it is easy to determine the 
muscles that require high effort due to working posture and task. 
Based on raw signals obtained from the SEMG, it can be observed 
that the lower limb muscles, namely both left and right trapezius 
muscle, both left and right rector spinae muscle and both left and 
right gastrocnemius muscle for the first operator required higher 
effort than the upper limb’s muscles, both left and right deltoid 
medial part as indicated by the high of myoelectric signals. Also, 
the side loading of this operator was unbalanced as shown in 
Table 5. 

The right side loading gave on average higher myoelectric 
signals (486642 µVs or 58.6%) than the left side loading (273624 
µVs or 41.4%). The effort required by left gastrocnemius muscle 
of second operator was slightly higher than the other muscles. 
However the side loading of this operator was better balanced as 
indicated by the result in Table 5, whereby the average right side 
loading of the myoelectric signals was 144000 µVs (48.5%) and 
the left side loading was152988 µVs (51.5%). Both left and right 
trapezius muscle and right gastrocnemius muscle of the third 
operator required higher effort than the other muscles. The side 

Figure 7: Comparison result of working posture 
evaluation for the first operator

Figure 8: Comparison result of working posture 
evaluation for the second operator

Figure 9: Comparison result of working posture 
evaluation for the third operator
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loading of this operator was unbalanced whereby the loading on 
the left side recorded higher myoelectric signals (251866 µVs 
or 54.4%) as compared to the right side loading (211210 µVs 
or 45.6%). From the results of raw signals analysis, it can be 
summarised that the lower limb muscles require more effort 
than upper limb muscles while the operators perform tasks at the 
existing workstation. 

Meanwhile, from the comparison of side loading in Table 5, 
it can be summarised that the operators’ muscles loading were 
unbalanced as indicated by average myoelectric signals and the 
percentage of side loading. This is due to the particular muscles 
being stressed significantly while the operators perform the tasks. 
For instance, when the operators reached for the raw materials 
placed in the bucket on the floor, they have to bend their body 
downwards.

Table 5: Results of myoelectric signals and percentage of side loading 
(Before modification of workstation)

Operator myoelectric
signals

(left side)

myoelectric
signals

(right side)

% of 
loading

(left)

% of 
loading
(right)

1 273624 µVs 486642 µVs 41.4% 58.6%

2 152988 µVs 144000 µVs 51.5% 48.5%

3 251866 µVs 211210 µVs 54.4% 45.6%

4.4.2 Work/Loading Analysis 
(before modification of the workstation)
Table 6 summarises the results of amount work/loading exerted 
by the operators’ muscles. The first operator experienced highest 
work/loading in the both left and right erector spinae muscle 
corresponding to myoelectric signals of 90676 µVs and 184665 
µVs respectively. In other words, the work/loading exerted on 
these muscles are higher than the other muscles. The second 
operator obtained high work/loading in the left and right trapezius 
muscle with respect to myoelectric signals of 120486 µVs and 
66603 µVs respectively. 

Meanwhile, the third operator obtained high work/loading 
in the left and right erector spinae muscle corresponding to 
myoelectric signals of 46649 µVs and 59518 µVs respectively. 
It can be summarised that the effort and work/loading were 
concentrated in the lower limb muscles. This may be due to the 
bending and throwing postures while the operators reach for 
the raw materials in the low position and throwing the finished 
products into the bucket.

Table 6: Results of work/loading exerted in the muscles                      
(Before modification of the workstation)

Operator DL DR TL TR EL ER GL GL

1 49518
µVs

44941
µVs

85453
µVs

84715 
µVs

90676 
µVs

184665 
µVs

47977 
µVs

72320 
µVs

2 46388
µVs

47521
µVs

120486
µVs

66603 
µVs

62529 
µVs

55387 
µVs

22462 
µVs

41698 
µVs

3 35341
µVs

29785
µVs

33452
µVs

23273 
µVs

46649 
µVs

59518 
µVs

37546 
µVs

31424 
µVs

Note: DL- Left deltoid medial part, DR- Right deltoid medial part, TL- Left trapezius, 
TR- Right trapezius, EL- Left erector spinae, ER- right erector spinae, GL- Left 

gastrocnemius, GR- Right gastrocnemius.

4.5 Results of Muscle Activity Evaluation 
(After Modification of the Workstation)
The following sections will discuss the results of muscle 
activity while the operators perform the task at the modified 
workstation.

4.5.1 Raw Signal Analysis
(After modification of the workstation)
After the workstation has been redesigned, the first operator 
required less effort in the lower limb muscles, namely erector 
spinae muscle, gastrocnemius muscle and left deltoid-medial 
part as indicated by low myoelectric signals. However, the 
myoelectric signals in the right deltoid-medial part and trapezius 
muscle showed that these muscles require slightly high effort 
when compared to other muscles. 

In addition, the side loading of this operator was unbalanced 
whereby the loading in the left side obtained lower myoelectric 
signals (170054 µVs or 37.6%) when compared to the right side 
(282696 µVs or 62.4%). For the second operator, both left and 
right trapezius muscles require slightly higher effort than the 
other muscles. The side loading was also unbalanced; the loading 
in the left side acquired higher myoelectric signals (197845 µVs 
or 62.9%) compared to the right side loading (116462 µVs or 
37.1%). 

Similarly, the third operator required higher effort in the left 
and right trapezius muscles than the other muscles. However, the 
side loading of this operator had better balance; the right side 
loading obtained myoelectric signals of 144085 µVs (54.6%), 
while the left side loading acquired myoelectric signals of 119574 
µVs (45.4%).

Based on the results of raw signals analysis, it can be 
summarised that the upper limb muscles required more effort 
compared to lower limb muscles when the operators perform 
task at the modified workstation. Furthermore, comparison of 
side loadings results in Table 7 revealed that the muscle loading 
were unbalanced.
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Table 7: Results of myoelectric signals and percentage of side loading 
(After modification of workstation)

Operator myoelectric
signals

(left side)

myoelectric
signals

(right side)

% of 
loading

(left)

% of 
loading
(right)

1 170054 µVs 282696 µVs 37.6% 62.4%

2 197845 µVs 116462 µVs 62.9% 37.1%

3 119574 µVs 144085 µVs 45.4% 54.6%

4.5.2 Work/Loading Analysis
(After modification of the workstation)
Table 8 presents the average of work/loading exerted to each 
muscle for all operators when performing tasks at the modified 
workstation. The work/loading in the lower limb muscles such 
as erector spinae muscle and gastrocnemius muscle is considered 
minimum. In contrast, the work/loading in the upper limb 
muscles such as deltoid medial part and trapezius muscle was 
greater. This may be due to the operators perform the task in 
sitting position continuously. As a consequence, the work/loading 
is concentrated in the upper limb muscles. The first operator 
experienced high work/loading in the left and right trapezius 
muscles corresponding to myoelectric signals of 90676 µVs and 
184665 µVs respectively. The same result was obtained by the 
second and third operators.

Table 8: Results of work/loading exerted in the muscles                         
(After modification of the workstation)

Operator DL DR TL TR EL ER GL GL

1 24908 
µVs

81374 
µVs

107447 
µVs

113612 
µVs

22231 
µVs

19763 
µVs

4350 
µVs

7530 
µVs

2 54290 
µVs

58717 
µVs

109177 
µVs

115668 
µVs

14372 
µVs

15255 
µVs

5491 
µVs

3394 
µVs

3 46665 
µVs

48817 
µVs

126320 
µVs

149759 
µVs

12484 
µVs

20137 
µVs

4450 
µVs

6983 
µVs

Note: DL- Left deltoid medial part, DR- Right deltoid medial part, TL- Left trapezius, 
TR- Right trapezius, EL- Left erector spinae, ER- right erector spinae, GL- Left 

gastrocnemius, GR- Right gastrocnemius.

4.6 Improvement of Muscle Activity
Figure 10 through Figure 12 show an analysis of the results 
of muscle activity evaluation associated with work/loading 
for all operators. Figure 10 shows the results of work/loading 
exerted in the muscles of first operator, Figure 11 for the second 
operator and Figure 12 for the third. From the analysis, it can 
be observed that the work/loading in the lower limb muscles 
has decreased drastically with the implementation of modified 
workstation in all the three cases. However, the work/loading in 
the upper limb muscles (left and right trapezius muscles) showed 
a drastic increment. From the comparison results, the modified 
workstation can be considered as a potential solution to improve 
muscle activity of operators.

Figure 10: Comparison result of work/loading exerted in 
the muscles of first operator

Figure 11: Comparison result of work/loading 
exerted in the muscles of second operator

Figure 12: Comparison result of work/loading 
exerted in the muscles of third operator
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4.7 Results of Oxygen Consumption Evaluation 
(Before Modification of the Workstation)

Table 9 presents the results of oxygen consumption evaluation for 
each operator while they perform task at the existing workstation.  
The first operator consumed 0.735 l/min of oxygen, equivalent 
to a demand for 15.582 kJ/min of energy. The second and 
third operator recorded lower oxygen consumption and energy 
demand than the first operator. The second operator consumed 
0.465 l/min of oxygen equivalent to a demand for 9.858 kJ/
min of energy. The third operator consumed even less oxygen 
and energy when compared to the first and second operators as 
indicated by the results presented in Table 9. These results can 
be taken as the baseline for the oxygen consumption and energy 
expenditure of operators while performing the task at the existing 
workstation. It should be noted that these values are still within 
acceptable limits (about 20 kJ/min for the workload categorised 
under medium task [14]). However, these consumptions can 
still be improved to optimize the capability of operators while 
performing the tasks.

Table 9: Results of oxygen consumption evaluation                             
(Before modification of the workstation)

Operator Oxygen consumption 
(l/min)

Energy expenditure 
(kJ/min)

Operator 1 0.735 15.582

Operator 2 0.465 9.858

Operator 3 0.295 6.254

4.8 Results of Oxygen Consumption Evaluation 
(After Modification of the Workstation)
Table 10 presents the results of oxygen consumption evaluation 
when the operators perform the tasks at the modified workstation. 
From the tabulated results, it can be summarised that the first 
operator consumed oxygen of 0.291 l/min equivalent to an energy 
demand of 6.169 kJ/min. The second and third operators recorded 
slightly lesser oxygen consumption and energy expenditure than 
the first operator. The second operator consumed 0.336 l/min of 
oxygen or demanded 7.123 kJ/min of energy. The third operator 
recorded even less oxygen consumption when compared to the 
first and second operators as indicated by results presented in 
Table 10. From such presented results, it can be summarised that 
the oxygen consumption and energy expenditure of operators 
while performing task at the modified workstation are within 
acceptable limits.

Table 10: Results of oxygen consumption evaluation                              
(After modification of the workstation)

Operator Oxygen consumption 
(l/min)

Energy expenditure 
(kJ/min)

Operator 1 0.291 6.169

Operator 2 0.336 7.123

Operator 3 0.131 2.777

4.9 Improvement of Oxygen Consumption
A pre-post evaluation on oxygen consumption was conducted to 
determine the impact of modified workstation in relation to oxygen 
consumption and energy expenditure of operators. Figure 13 and 
Figure 14 show the comparison results of oxygen consumption 
and energy expenditure for all operators. The first operator 
consumed 0.735 l/min of oxygen while performing the task at 
the existing workstation, whereas 0.291 l/min of oxygen was 
consumed while performing the task at the modified workstation. 
The energy expenditure also showed the improvement, whereby 
15.582 kJ/min of energy was demanded while performing the 
task at the existing workstation, reduced to 6.169 kJ/min while 
performing the task at the modified workstation. 
	 The second operator consumed 0.465 l/min of oxygen while 
performing the task at the existing workstation, compared to 
0.336 l/min of oxygen while performing the task at the modified 
workstation. On the other hand, the energy expenditure also 
showed the improvement, whereby 9.858 kJ/min of energy was 
demanded while performing the task at the existing workstation, 
reduced to 7.123 kJ/min at the modified workstation.
	 The third operator consumed 0.295 l/min of oxygen while 
performing the task at the existing workstation, reduced to 0.131 
l/min of oxygen at the modified workstation. Consequently, the 
energy expenditure also showed the improvement, whereby 6.254 
kJ/min of energy was demanded while performing the task at the 
existing workstation, decreased to 2.777 kJ/min at the modified 
workstation.
	 From the comparison results, it can be summarised that 
the energy expenditure for all operators are within acceptable 
limits while performing the task at the modified workstation. 
The findings showed that the modified workstation is capable of 
optimising oxygen and energy consumption of operators, thus 
enabling the operators to perform the given task with minimum 
oxygen and energy consumption.
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5.0 CONCLUSION

This study has conducted two-phase evaluations to determine 
the impact of workstation design to working posture, muscle 
activity, and oxygen consumption of metal stamping operators 
while they perform their tasks. The first phase evaluation was 
conducted before the workstation was modified, and the second 
phase evaluation was performed after the modification. From 
the first phase evaluation, results show that bending posture 
has potential for significantly causing ergonomic injuries. The 
lower limb muscles especially the left and right erector spinae 
muscles are subject to high work/loading. This is due to the extra 
work/loading exerted on this muscle while the operators perform 
the task in bending posture. However, evaluation of oxygen 
consumption indicate the oxygen and energy consumed by the 
operators while performing the task was still within acceptable 
limits. Based on second phase evaluation, the results show that 
the modified workstation has improved the working posture, 
reduced the work/loading in the lower limb muscles, and 
required less oxygen and energy while performing the task. In 
conclusion, this study concluded that the implementation of this 
modified workstation had a positive impact on the physiological 
performance of the operators.
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