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Synthesis and use of hydrotalcites as heat stabilisers in 
thermally processed powdered polyvinylchloride (PVC) 
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Lead-based stabilisers, such as lead sulphate and lead stearate, currently used in the processing of 
polyvinylchloride (PVC) products are being substituted with more environmentally safe, economically 
viable and higher quality materials. This study aimed to use hydrotalcites (HTs), which are 
environmentally non-hazardous and simple to synthesise, to effectively quench the HCl gas evolved 
during the degradation of PVC. From the results obtained in this study, the effects of varying the metal 
ion ratios in Mg/Zn/Al-HTs showed many similarities with some variations. The synthesised Mg/Al-HTs, 
viz. Mg4Al2(OH)12CO3.3H2O and Mg6Al2(OH)16CO3.4H2O, displayed the most superior stability properties, 
with the latter being the best PVC stabiliser, over the other HTs synthesised. The most important test 
conducted in this study, demonstrated the synthesised HTs ability to quench the HCl gas evolved as a 
result of dehydrochlorination, which occurs during the processing of PVC to useful polymeric products. 
Results from this study also confirmed that approximately 0.2 g of synthesised Mg/Al-HTs adsorbed 0.2 

mol of the HCl gas evolved, thus most effectively delayed the onset of degradation of powdered PVC 
(~10 g) than other HTs synthesised, including the non-stabilised PVC. It is thus evident that Mg/Al-HTs 
can function as effective heat stabilisers during the processing of PVC, with the potential of inhibiting 
the degradation of PVC, especially during the evolution of HCl gas.  
 

Key words: Hydrotalcites, polyvinylchloride, thermal gravimetric analysis (TGA), dehydrochlorination, 

Brunauer–Emmett–Teller (BET) surface area, crystalline, amorphous. 
 
 
INTRODUCTION 
 
Lead compounds continue to assume an important role 
among stabilisers, especially in PVC derived products. 
Heat stabilisers are applied to polyvinylchloride (PVC) 
processing in order to prevent or minimise thermal 
instability, which is autocatalytic and leads to polymers 
adhering to the equipment (Gupta et al., 2008), 
discolouration, brittleness and insolubility. Common heat 
stabilisers used include metal salts, metal soaps and 
organometallic compounds. The toxicity and affinity for 
environmental pollution, renders these types of stabilisers 
harmful, therefore alternatives are required.  

During the processing of PVC, stabilisers and additives 
are mixed and heated to form a solid, which can be 
subsequently moulded into a range of useful household 
and industrial products, examples: raincoats, toys, food 
packaging and conduits. When PVC is heated, chlorine 
and hydrogen atoms in the molecules are eliminated, and 
the release of HCl gas (dehydrochlorination) becomes 
apparent. This is an undesirable by-product that can 
negatively affect the properties and quality of the end 
products. Therefore it is vital that the evolution of 
hydrogen   chloride   be    prevented,    by    using    metal
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        PVC(s) 
    dehydrochlorination

  PVC(s) + HCl(g)    

                                                                                       Pb(C17H35COO)2 (s) 
               +   

                 C17H35COOH(s) 
               

    PbCl2(s) + C17H35COOH(s)              
HCl(g)

                      [C17H35COO-Pb-Cl]    

            C17H35COOH(s)           chloridostearate intermediate  
 

Scheme 1. Behaviour of lead stearate during the degradation of PVC. 

 
 
 

 
 
Figure 1. Layered structure of hydrotalcites with rhombohedral symmetry.

 

 
 
 
compound stabilisers.  

A current additive, such as lead stearate 
[Pb(C17H35COO)2], is used to quench the evolved HCl 
gas, which results in the formation of lead (II) chloride, as 
illustrated  in Scheme 1, where lead chloridostearate was 
formed as an intermediate product and stearic acid 
served as a catalyst (Kalouskova et al., 2004). Lead 
stearate readily reacts with the evolved HCl gas and 
favourably affects the stability of PVC. However, the main 
concern is that the PbCl2 formed as a product can leach 
into the environment as the polymer degrades. This is 
extremely harmful to the environment and the public 
because exposure to PbCl2 is a common source of lead 
poisoning. This is another reason why alternatives need 
to be investigated. In this study, the use of hydrotalcites 
(HTs) as a lead replacement stabiliser in PVC processing 
was investigated. The general formula for HTs is 
represented by Equation 1, where M

2+
 and M

3+
 represent 

divalent and trivalent cations respectively (Morioka et al., 
1995; Borja and Dutta, 1992; Lin et al., 2006; Yong and 
Rodrigues, 2002; Tong et al., 2011). 
 
[M

2+
1-xM

3+
x(OH)2](A

n-
)x/n . mH2O            (1) 

The synthesis of HTs involves the formation of positively 
charged (cations) layers and filling the interlayer region 
with anions. During this process, the initial solution 
contains carbonate and hydroxide ions. The metal ions 
are later added to this solution and bonds to the 
hydroxide ions to form the metal-hydroxide layers 
(indicated as ‘brucite-like sheet’ in Figure 1).  

According to Gupta et al. (2008, 2009), the reaction 
between an Mg/Al-based HT and HCl gas is shown in 
Scheme 2. In comparison to lead stearate in Scheme 1, 
no harmful products are formed when an Mg/Al-HT reacts 
with the evolved HCl gas. This shows that HTs are more 
favourable (in terms of environmental health and safety) 
to use as stabilisers in the manufacturing of PVC 
polymeric products. In order to determine how HTs 
enhance the stability of PVC during degradation, 
synthesised HTs were used to quench HCl gas evolved 
as a result of thermal processing of PVC. Under 
conditions of elevated temperatures and UV radiation, 
PVC undergoes dehydrochlorination, where the evolved 
HCl gas is a polar covalently bonded gas. Signs of 
degradation during dehydrochlorination are apparent as 
severe discolouration of the PVC sample  occurs.  In  this  
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       Mg-Aℓ2Cl2CO3.mH2O(s) + H2O(ℓ) + CO2(g)  

 
Scheme 2. Behaviour of a Mg/Al-Hydrotalcite during the degradation of PVC.

 

 
 
 
study, results from the dehydrochlorination and 
thermogravimetric analysis performed on the PVC and 
HTs, will show that the synthesised HTs (as heat 
stabilisers) can inhibit the degradation of PVC by 
quenching the evolved HCl gas. 

Lin et al. (2005) in Gupta et al. (2008), van der Ven et 
al. (2000) and Kalouskova et al. (2004) have also used 
HTs as heat stabilisers in PVC processing and suggested 
that a possible reason for its stabilising properties is due 
to ion exchange, where CO3

2-
 ions are replaced by the 

absorbed Cl
-
 ions. Contrary to Lin et al. (2005) and 

Kalouskova et al. (2004) findings, Gupta et al. (2008, 
2009) reported that besides ion exchange, adsorption of 
the evolved HCl gas by HTs is a major factor in the 
stabilisation of PVC.  

The phenomena of adsorption can only be explained, 
according to Gupta et al. (2009), if the chloride ions on 
the surface of the HT are adsorbed, instead of 
exchanged with the carbonate ions. A possible 
mechanism for scavenging the evolved HCl gas using 
HTs was suggested by Gupta et al. (2008, 2009). Ion 
exchange is likely to occur if the chlorine atoms from the 
HCl are converted into Cl

-
 ions, however in the gaseous 

state this is least likely to occur. As a result, it is the 
surface adsorption of HCl gas onto the HTs that plays a 
significant role in heat stabilisation. 
The research undertaken aims to explore the stabilising 
effect on PVC products during thermal processing using 
synthetic hydrotalcites. 

 
 
MATERIALS AND METHODS 

 
Synthesis of hydrotalcites 

 
The metal solution, containing 0.75 M magnesium nitrate, zinc 
nitrate and/or aluminium nitrate, was transferred to the carbonate 
solution, containing 0.5 M sodium carbonate, using a burette at 
room temperature. This was conducted at a flow rate of ~1.0 
mL/min under constant stirring. The pH was maintained between 11 
and 12, by adding 2 M NaOH. Once the transfer was complete, the 
resulting mixture was stirred for 1.5 h at room temperature. The 
resulting metal/carbonate mixture was refluxed at 80°C, in an oil 

bath for 18 h, cooled to room temperature and filtered under a 
vacuum. The precipitate obtained was rinsed several times with 
deionised water and dried overnight at 110°C. 

Characterisation 
 
FT-IR spectroscopy 
 

All FT-IR spectra were recorded on a Perkin Elmer Spectrum 100 
FT-IR Spectrometer with a universal ATR sampling accessory. The 
spectrum was recorded in the range of 4000-400 cm

-1
.  

 
 
Chemical analysis 
 

To analyse the metal ions using ICP-OES, into a 50 mL centrifuge 
tube, 200 mg of each HT was accurately weighed and to it, 10 mL 
of aqua regia (3 parts HCl, 1 part HNO3) was added. These tubes 

were sealed and placed on an orbital shaker for 2 h, centrifuged for 
5 min then decanted into 100 ml volumetric flasks. The samples 
were filtered (by gravity) as it passed into the flasks and dilute to 
100 mL with deionised water. These samples were prepared in 
triplicate and were analysed by a Perkin Elmer Optical Emission 
Spectrometer. The percentage of carbon, hydrogen and nitrogen 
present in the HTs was determined by accurately weighing 
approximately 2 mg of HT into a pre-shaped casing, closed and 
pressed into a pellet then analysed by a LECO CHNS-932 

elemental analyser. 

 
 
Physical analysis: PXRD, Surface area and pore volume 
 
Powder X-Ray Diffraction (PXRD) studies was conducted on a 
Bruker AXS Diffraktometer D8, at room temperature, where a 
PXRD pattern with d-values was obtained using a scan range 

between 10 and 90° 2θ (theta) and a step width of 0.014°. The unit 
cell values were determined by the following equation: 
 

sin
2
 = (

2
/4a

2
) x N 

12
                     (2) 

 
Determination of surface area and pore volume of the HTs was 
obtained using a Perkin Elmer instrument with Gemini 2375 V5.00 
software. 

 
 
Thermogravitmetric analysis 

 
This analysis was performed by a SDT Q600 Thermogravimetric 
analyser, under nitrogen (100 mL/min) from 50 to 700°C at a 
heating rate of 10°C/min, where approximately 20 mg of sample 
was required. The HT and PVC powder were analysed individually, 
followed by the PVC-HT samples prepared by mixing 10 g of PVC 
powder and 200 mg of the synthesised HTs. From this analysis, a 
thermogram was obtained illustrating the sample’s weight loss, 
derivative weight and heat flow as a function of temperature. 



 
 
 
 
Dehydrochlorination 
 

This is a thermal stabilising efficiency test, where the efficiency of 
the HT’s ability to quench the evolved HCl was determined. 
Samples were placed in a round bottom flask and heated at 180°C 
in an oil bath, under a steady flow of nitrogen (60 mL/min). The HCl 
gas evolved was collected in a 100 mL Erlenmeyer flask, which was 

placed at the end of the condenser containing 50 ml of 4 M NaOH 

solution with phenolphthalein indictor. The time taken for 0.2 mol 
of HCl gas to evolve was recorded.  

 
 
RESULTS AND DISCUSSION 
 
The method for synthesising HTs is a well-established 
technique, and in this study the co-precipitation method 
was employed, which yielded a white precipitate in all 
cases. Our laboratory yields for all HTs ranging from 17 
to 24% are considered low in comparison to yields 
recorded by others ranging from 80 to 90% (Mohan et al., 
2005). According to Kloprogge et al. (2004a), HTs 
synthesised at pH 12 are more highly crystalline than the 
HTs synthesised at pH values other than 12. Thus, pH 12 
was used as a standard bench mark for the synthesis of 
HTs in this study.  However, according Vaccari et al. 
(1998), a pH range of 8-10 is also considered suitable for 
the synthesis of HTs. It is therefore possible that should a 
pH range of 8-10 be used, a higher yield of HTs would 
result, consequently, with a possible variation in the 
degree of crystallinity. 

The use of FT-IR spectroscopy (generally used to 
identify the functional groups present in a HT structure 
composed of two or three metals) showed a broad band 
at ~3400 cm

-1
, which is assigned to the stretching of the 

O-H bonds in the brucite-like sheets (Figure 1) in all six 
samples. However, a shift of this OH band to a higher 
wavenumber with increasing M

2+
/M

3+
 ratios (HT 2 > HT 1 

and HT 4 > HT 3) was observed. This is possibly due to a 
decrease in ionic radius across a period (from left to right) 
and an increase down a group (Zn

2+ 
= 0.74 Å, Mg

2+ 
= 

0.65 Å, Al
3+ 

= 0.50 Å). As a result, the electrostatic forces 
between Al

3+
 and OH

-
 (1:3) are stronger than that 

between Mg
2+

 or Zn
2+ 

and OH
-
 (1:2). As the 

metal/hydroxide ion ratios decrease, less electrostatic 
forces are present, thus resulting in the hydroxide ions 
vibrating at higher wavenumbers.  

As the number of metal ions in synthesised HTs were 
increased, the IR bands were observed at higher 
wavenumbers (Mg/Zn/Al-HT > Mg/Al-HT > Zn/Al-HT). 
Although Zn has a greater ionic radius than Mg, it is a 
transition metal with a completely filled d-orbital. Thus the 
electrostatic forces between Zn

2+ 
and OH

-
 would be 

stronger than Mg
2+

 and OH
-
, resulting in the O-H stretch 

of Zn-containing HTs vibrating at a slightly lower 
wavenumber than the initially observed 3400 cm

-1
. The 

band observed at 3459.19 cm
-1 

was due to HT 5, which 
contained more Mg ions than Zn. All synthesised HTs 
showed two weak bands occurring as shoulders at 
~2900-3000 cm

-1
 and ~1620 cm

-1
 respectively (as a result  
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Table 1. Ratios of metals ions present in HTs 
synthesised determined by ICP-OES. 

 

HT 
Calculated ratios 

(Mg
2+

:Zn
2+

:Al
3+

) 

Experimental ratios 

(Mg
2+

:Zn
2+

:Al
3+

) 

1 4 : 0 : 2 4 : 0 : 2 

2 6 : 0 : 2 6 : 0 : 2 

3 0 : 4 : 2 0 : 5 : 1 

4 0 : 6 : 2 0 : 7 : 1 

5 4 : 2 : 2 4 : 3 : 1 

6 2 : 4 : 2 2 : 5 : 1 

 
 
 
of the low percentage yields). The first according to 
Kloprogge and co-workers et al. (2004b) is due to the 
CO3-H2O bridging vibrations, and the second is assigned 
to the bending modes of H2O caused by the hydrogen 
bonding between the molecules.  

The carbonate ions found in the interlayer region of the 
HT structure shown in Figure 1 is indicative of a sharp 
intense band at ~1360 cm

-1
 due the antisymmetric 

stretching. For all synthesised HTs, three FT-IR bands 
were observed in the fingerprint region at ca. 550 cm

-1
, 

ca. 630 cm
-1

 and ca. 770 m
-1
. These bands are typically 

found in HTs and are due mainly to the lattice and 
translational vibrations of the metal ions, or the flexural 
vibrations of CO3

2- 
(that is, ‘rocking’ of the molecule) 

(Seftel et al., 2005).
 

A sharp band observed at 
approximately 440 cm

-1
, is due to the lattice vibration of 

Al
3+

 which was observed in HT 1 and 6 only. Hence, it 
can be deduced that all relevant functional groups for 
example, CO3

2-
 and OH

-
 are present in HTs synthesised. 

Also the addition of Zn to the Mg/Al-HT did not result in 
any major variation in the IR bands observed. 

The concentration of metal ions in HTs was determined 
from the relative intensities of metal ions using ICP-OES. 
The calculated and experimental values for the metal ion 
ratios in Mg/Al-HTs shown in Table 1 were found to be 
the same. However, laboratory synthesised Zn-containing 
HTs are found to contain one more Zn atom than the 
calculated amount. This results in one less Al atom being 
present in the Zn-containing HTs. It was suggested by 
Rajamathi et al. (2001) that Zn

2+
 ions occupy the 

tetrahedral as well octahedral sites in the layered 
structure. This can lead to competition between the Al

3+
 

and Zn
2+

 ions for the tetrahedral sites in the structure. 
From the C, H, N instrumental analysis, nitrogen, as 

expected, was absent in all HTs synthesised. This 
indicates that all nitrates were successfully removed from 
the precipitate during the washing stages using deionised 
water. Applying the general formula for HTs (Equation 1) 
theoretically and calculating it experimentally from C, H, 
N analysis, all synthesised HTs were found to contain 
one carbon atom. The variation of the number of 
hydrogen atoms in each HT, based on predicted and 
calculated  results  indicate  that  the   amount   of   water  
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Table 2. Chemical formulae of synthesised HTs determined 
theoretically and experimentally. 
 

HT 
Calculated chemical 
formula 

Actual chemical 
formula 

1 Mg4Al2(OH)12CO3.3H2O Mg4Al2(OH)12CO3.4H2O 

2 Mg6Al2(OH)16CO3.4H2O Mg6Al2(OH)16CO3.4.5H2O 

3 Zn4Al2(OH)12CO3.3H2O Zn5Al(OH)12CO3.3H2O 

4 Zn6Al2(OH)16CO3.4H2O Zn7Al(OH)16CO3.3.5H2O 

5 Mg4Zn2Al2(OH)12CO3.3H2O Mg4Zn3Al(OH)12CO3.8H2O 

6 Mg2Zn4Al2(OH)12CO3.3H2O Mg2Zn5Al(OH12CO3.6.5H2O 

 
 
 
molecules in the interlayer region does not correlate to 
the expected values. Therefore from chemical analyses, 
the synthesised HTs were found to have an 
experimentally determined chemical formula (Table 2) 
that varied from the theoretically calculated formula. 

In order to establish which HT that has the potential to 
function as an effective heat stabiliser for PVC, its 
physical properties needs to be investigated and 
considered. The crystalline or amorphous structural 
identification of HTs were investigated by PXRD (Figure 
2a-f). In addition, the surface area and pore volume, from 
BET surface area analysis, is a direct indication of the 
synthesised HTs ability to quench the HCl gas.  

According to Bastiani et al. (2004), broad and narrow 
symmetrical peaks observed in PXRD for HTs is a 
characteristic feature of a layered crystal structure HT. 
The PXRD patterns (Figure 2) obtained for all 
synthesised HTs in this study showed a similar trend thus 
confirming the formation of a layered crystal structure. 
The unit cell values calculated (Equation 2) for HTs 
synthesised in this study correlated to the literature value 
of 3.054 Å (Cavani et al., 1991). This confirms the 
rhombohedral symmetry in the layered structures of 
Mg/Al-HTs, with some variations in the Zn-containing 
HTs. The variations in the Zn-containing HTs may be 
attributed to a large cationic distance between Zn

2+
 ions. 

Consequently, the Zn-containing HTs were found to have 
a smaller pore volume than the Mg/Al-HTs, which was 
confirmed by BET surface area analysis (Table 3). 
Kloprogge et al. (2004) suggested that the higher the 
degree of crystallinity of the HT structure, the higher its 
thermal stability. However, the degree of crystallinity of 
the synthesised HTs using data obtained from PXRD 
patterns was uncertain.  

The Mg/Al-HTs were found to have a larger surface 
area and pore volume, in comparison to the other HTs 
synthesised. From the BET surface area results, it is 
observed that the surface area and pore volume of the 
Mg/Al-HTs are much larger than the Zn-containing HTs. 
This suggests that the Mg/Al-HTs can act as an effective 
adsorbent, which is consistent with its industrial 
applications, and would be an ideal heat stabiliser for 
PVC. Therefore from the physical properties investigated,  

 
 
 
 
the Mg/Al-HTs are most favourable to show an inhibition 
of the degradation of PVC during thermal gravimetric 
analysis  (TGA) and dehydrochlorination. 

From the TGA analysis, thermograms showed three 
distinct (temperature ranges 25-230°C, 230-450°C and 
450-700°C) of weight loss. Since all synthesised HTs are 
highly crystalline (according to the PXRD results) and 
comprised of the same anions, any variation in the 
temperature range was therefore due to the different 
metal ion ratios. This was suggested by Rao et al. (2005) 
who indicated that HTs generally undergo two weight 
losses around 270 and 450°C, which depend qualitatively 
and quantitatively on many factors such as crystallinity, 
type of anions (Borja and Dutta, 1992), as well as nature 
and relative amounts of cations (Vaccari, 1998). Two 
sample weight losses are evidently present in the 
thermograms (Figure 3) for Mg/Al-HTs, verifying the 
formation of the layered structure illustrated in Figure 1. 
The thermograms for the Zn-containing HTs showed only 
one major loss in weight between 25-230°C, while PVC 
decomposed completely with two major weight losses 
between 230-500°C (Figure 4). 

According to TGA-MS studies on HTs, the temperature 
at which the weight losses occur, suggest that the first 
weight loss corresponds to the loss of water molecules 
(Gupta et al., 2009; Lin et al., 2005; Mohan et al., 2005; 
Kloprogge et al., 2004a) present in the interlayer region. 
Upon further heating the second weight loss (subsequent 
to the first weight loss) involve dehydroxylation of the 
brucite-like sheets (Figure 1), as well as the removal of 
the carbonate anions as confirmed by Kloprogge et al. 
(2004a). The derivative weight loss curves for HTs 3, 4, 5 
and 6, show only one major mass change, which resulted 
in a low total weight loss (reported in Table 4), as 
suggested by Cavani et al. (1991), who found that the 
carbonate ions can be removed from the interlayer 
without destroying the structure of the HTs.  

Further results from TGA showed that HTs 1 and 2 
were most stable compared to the rest of them. It was 
found that HTs 1 and 2 decomposed at 250 and 225°C 
respectively, while HTs 4 and 5 decomposed at lower 
temperature of 205°C. A higher thermal stability of HTs 1 
and 2 is inherent arising out of their composition made up 
mainly of Mg(OH)2 and Al(OH)3  (which decompose at 
350 and 300°C,

 
respectively). As a result, the Mg/Al-HTs 

are mostly likely to be better heat stabilisers than Zn-
containing HTs (comprising mainly of Zn(OH)2 which 
decomposes at  125°C) (Cavani et al., 1991), as indicated 
by BET surface area analysis. Thermograms generated 
for HTs 1 and 2 were the only compounds which 
corresponded to data reported by Rao et al. (2005), 
Gupta et al. (2009), Lin et al. (2006) and Kloprogge et al. 
(2004) thus confirming high thermal stability over other 
HT’s synthesised. Therefore based on derivative weight 
loss, HTs in order of increasing thermal stabilities are:  
 
HT 4 ≈ HT 5 < HT 3 < HT 6 < HT 2 < HT 1 
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(a) 

 

 

(b) 

 

 

(c) 
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(d) 

 

 

(e) 

 

 

(f) 

 
 

Figure 2. PXRD patterns obtained for HT’s. (a) PXRD pattern obtained for Mg4Al2(OH)12CO3.3H2O, (b) PXRD pattern 
obtained for Mg6Al2(OH)16CO3.4H2O, (c) PXRD pattern obtained for Zn4Al2(OH)12CO3.3H2O, (d) PXRD pattern 
obtained for Zn6Al2(OH)16CO3.4H2O, (e) PXRD pattern obtained for Mg4Zn2Al2(OH)12CO3.3H2O, (f) PXRD pattern 
obtained for Mg2Zn4Al2(OH)12CO3.3H2O. 
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Table 3. Surface area and pore volume obtained for HTs synthesised. 
 

HT 
Sample mass Surface area Pore volume 

/ mg / m
2
 g

-1
 / m

2
 / cm

3
 g

-1
 / dm

3
 

1 15.5 88.7000 1.375 0.5476 8.49 

2 19.6 103.7092 2.033 0.5205 10.2 

3 15.2 69.1270 1.051 0.0639 0.97 

4 17.5 42.4833 0.743 0.1058 1.85 

5 18.7 48.6898 0.910 0.2112 3.95 

6 19.8 24.4649 0.484 0.0593 1.17 

 
 
 

 

  
 
Figure 3. Thermograms for (A) Mg4Al2-HT and (B) Mg6Al2-HT. 

 
 
 
Heating of the PVC powder, resulted in the evolution of 
HCl gas at temperatures  greater  than  180°C.  From  the 

thermogram for PVC (Figure 4), it was evident that the 
structure  of  PVC  becomes  unstable  due  to   its   facile  



1780          Int. J. Phys. Sci. 
 
 
 

 
 

Figure 4. Thermogram for PVC. 

 
 
 
Table 4. TGA data obtained for HTs and PVC.  

 

Samples 
Temperature 

/ °C 

Weight loss 

/ % 

Total weight 
loss 

/ % 

HT 1 250; 415 17.8; 20.0 45.9 

HT 2 225; 415 18.7; 18.6 45.6 

HT 3 215 18.0 33.0 

HT 4 205 15.1 27.3 

HT 5 205 15.0 37.6 

HT 6 220 13.5 29.8 

PVC 300; 460 35.3; 13.4 90.3 

 

 
 
decomposition observed between 250-350°C. The 
process of dehydrochlorination (release of HCl gas from 
PVC) accelerates the degradation of PVC as observed 
from the continuous weight loss up to approximately 
500°C. For this reason, heat stabilisers are an essential 
part of the PVC industry to prevent subsequent 
decomposition of the polymer upon heating. Potential 
inhibition of degradation of PVC by synthesised HTs is 
clearly evident from their characterisation using TGA, 
PXRD and BET surface area analysis. This can also be 
confirmed by the fact that at 700°C, all HTs maintained at 
least 50% of residual mass, indicating favourable thermal 
stability properties of the structure. 

Since thermal stability is temperature dependant, the 
most stable synthesised HTs appear to be HT 4 and 6 
showing lowest total weight loss (Table 4). However, the 
BET surface area results suggest that HTs 4 and 5 are 
most unlikely to quench the evolved HCl gas, due to its 
small pore volumes  and  surface  areas.  Although  HT  4 

and 6 show high thermal stability from the TGA results, it 
is the HTs ability to quench the HCl gas that is of 
importance to this study. Therefore from this analysis, it 
was observed that the HT thermal stability in increasing 
order is as follows: 
 
HT 1 ≈ HT 2 < HT 5 < HT 3 < HT 6 < HT 4 
 

The results of dehydrochlorination are reported in Table 
4, where all samples were analysed under the same 
conditions. A blank analysis, containing PVC only, 
showed signs of degradation (decolourised to light 
brown) after 5 min. The Mg/Al-HTs (0.2 g) showed the 
highest thermal stabilisation by delaying the degradation 
of 10 g of PVC powder by 14 to 15 min in comparison to 
the blank analysis, where the PVC completely degraded 
after 12 min. Such results are consistent with the BET 
surface area results, where the Mg/Al-HTs had the 
largest surface areas and pore volumes. Therefore, the 
Mg/Al-HTs would be able to quench the most HCl gas in 
comparison to the other HTs synthesised.  

PVC samples containing HTs 3 and 4 were the only 
samples to turn black after a short time, while all the 
other samples decolourised to light brown. This shows 
that Zn did not offer any stability towards the PVC, as the 
PVC-HT 6 sample degraded the fastest at 6.45 min. 
Therefore, the PVC samples containing HTs 3, 4 or 6 
instability is consistent with the small surface area and 
pore volume observed. The time taken for the PVC 
samples containing HTs 3, 4 or 6 to degrade was less 
than the PVC containing no HTs. It can be suggested that 
the reason for the PVC samples containing HTs 3, 4 or 6 
not being stable for at least 12 min was due to the extra 
Zn atom present in the HT, reported in Table 1.  
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Table 5. Adsorption rate of 0.2 mol evolved HCl gas (dehydrochlorination) by HTs at 180C.  
 

Samples Degradation Time/ mins Observations 

PVC (Blank) 12.00 Sample decolourised to light brown after 5 minutes. 

PVC-HT 1 26.45 
Sample decolourised partially from white to light brown. 

PVC-HT 2 28.20 

PVC-HT 3 12.51 Sample turned black after 11 minutes. 

PVC-HT 4 8.30 
Sample turned black with fumes of HCl rapidly being given off after 8 
minutes. 

PVC-HT 5 12.42 
Sample decolourised partially from white to light brown. 

PVC-HT 6 6.45 

 

 
 

 
 

Figure 5. Correlation between the BET surface area and dehydrochlorination results obtained. 

 
 
 

From the BET surface area and TGA results obtained, 
it is possible to assume that HT 3, 4, 5 and 6 did not form 
the expected layered structure and therefore a second 
weight loss was not observed on each thermogram 
recorded. Further investigation is deemed necessary to 
elucidate the structure of HTs 3, 4, 5 and 6. Although 
PVC-HT 5 has a small surface area and pore volume 
relative HTs 1 and 2, but larger than HTs 3, 4 or 6, 
showed signs of stabilising the PVC for approximately 42 
seconds due to the presence of Mg in the HT. The 
observed thermal stability of synthesised HT from this 
analysis in order of increasing ability to stabilise the PVC 
is: HT 6 < HT 4 < HT 5 < HT 3 < HT 1 < HT 2. 

It is also envisaged from the results obtained that the 
type of metal ions present in a synthesised HT has a 
significant effect on the thermal stability of PVC during 
dehydrochlorination as observed from the adsorption rate 
of evolved HCl gas shown in Table 5. This is confirmed 
by the relatively linear relationship between the HTs 
surface area and its ability to inhibit the degradation of 
PVC (Figure 5). Surface adsorption  and  not  absorption, 

according to Figure 5, is the mechanism in which Mg/Al-
HTs quench evolved HCl gas. Stabilisation of PVC by HT 
3 was more effective than HT 4 due to its surface area 
rather than to its pore volume. HT 2 was found to have 
the largest surface area over all synthesised HTs and 
consequently was the most effective in stabilising the 
PVC powder. HT 6 was found to have the smallest 
surface area and as a result, did not stabilise the PVC at 
all. Hence from the HTs synthesised in this study, HT 2 
(Mg6Al2(OH)16CO3.4H2O) has proven to be the most 
effective heat stabiliser in processing of PVC to useful 
polymeric products. 
 
 
Conclusion 
 
The results from this study show that Mg/Al-HTs have 
proven to potentially function as ideal heat stabilisers in 
processed PVC products. From the PXRD studies, it can 
be confirmed that the Mg/Al-HTs synthesised in this study 
were the only HTs which formed  layered  structures  with  
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rhombohedral symmetry. A combination of favourable 
properties, such as a large surface area confirmed by the 
BET surface area analysis, thermal stability and 
quenching ability of a PVC-HT blend determines the 
inhibition potential of dehydrochlorination. The addition of 
Zn to the Mg/Al-HT did not benefit the HT and in fact 
accelerated the degradation of PVC during 
dehydrochlorination. Mg/Al-HTs were able to adsorb 0.2 

mol of HCl gas evolved during the degradation of PVC 
and significantly delayed the onset of degradation of PVC 
relative to the other HTs synthesised, including the non-
stabilised PVC sample. Therefore scavenging of HCl gas 
by synthesised Mg/Al-HTs in this study has shown an 
increase toward the inhibition of degradation and thermal 
stability of PVC during its processing. 
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Entanglement or “excess correlation” between physical chemical reactions separated by significant 
distances has both theoretical and practical implications. In 24 experiments, the inverse shifts in pH 
were noted in two quantities of spring water separated by 10 m that shared rotating magnetic fields (0.5 
µT) with changing angular velocities when one solution was injected with proton donors (weak acetic 
acid). The values of increased pH in the “entangled” (non-injected) beakers were 0.01, 0.03, and 0.07 for 
water volumes of 100, 50, and 25 cc, respectively. The associated fixed amount of energy of ~10

-21
 J per 

molecule from the coordinated fields in the two loci was related to the change in numbers of H
+
 within 

these volumes and predicted the time required to produce the maximum shift in pH. These results 
suggest that macroentanglement as a potentially inexpensive method of transfer of information over 
long distances may have practical application. 
 
Key words: Convergent loci, entanglement, weak magnetic fields, pH, communications. 

 
 
INTRODUCTION 
 
Demonstration of macroentanglement for discrete 
reactions over non-traditional distances that do require 
conventional electromagnetic transmission has significant 
practical importance for future, inexpensive and private 
modes of communication. Although there have been 
elegant demonstrations of entanglement involving 
electron spins and gases (Ahn et al., 2000; Fickler et al., 
2012; Hoffman et al., 2012; Julsgaard et al., 2001), the 
equipment is expensive and limited in availability. Dotta 
and Persinger (2012) reported that two photochemical 
reactions separated by 10 m but that shared identical 
circular rotating magnetic fields whose phase and group 
velocities were uncoupled, to satisfy the conditions 
calculated by Tu et al. (2005), responded as if the two 
separate  spaces  were  the  same  locus.   Simultaneous 

injection of single reactants in the solutions in the 
separate spaces produced a doubling of photon 
emissions as measured by photomultiplier tubes. The 
effect, which was visually conspicuous, was equivalent to 
injecting twice the amount into one reaction. It involved 
energies in the order of 10

-11
 to 10

-12
 J and was evident at 

distances of 3 km. Separate studies suggested that 
similar effects are demonstrable with pairs of cell cultures 
or human brains (Dotta et al., 2011). Recent source 
localization from quantitative electroencephalography 
revealed remarkable excess correlation between brain 
activities for pairs of individuals separated by about 300 
km but who shared the same changing angular velocity 
circular magnetic fields (Burke et al., 2013). 

In  the  pursuit  of  understanding  the  mechanism,   we
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Figure 1. Diagram of the experimental design. 

 
 
 
explored less expensive procedures to demonstrate this 
potent effect. Both theory and calculations indicate that 
when two spaces share the same configuration of 
dissociation of phase and group velocity of circularly 
accelerating or decelerating magnetic fields, a discrete 
amount of energy is shared. Several of our experiments 
involving photon transmission through tissue indicated 
that the hydrogen ion (DeCoursey, 2003), particularly the 
hydronium atom (H3O

+
), is a primary candidate. In the 

present experiment, the pH of two solutions separated by 
10 m but sharing the same configuration of magnetic 
fields that was associated with the photon doubling effect 
were monitored over 20 min after a small amount of 
proton donor (a weak acid) was injected into one solution. 
Here we present clear evidence that the injection of a 
proton donor into one solution produced the predictable 
decrease in pH that was accompanied by a reliable 
minute quantitative increase in pH in the distal solution 
when both shared the same field configuration. This 
conspicuous effect meets the criteria of excess 
correlation for macroentanglement and the transfer of a 
discrete amount of energy over non-traditional distances. 
 
 
MATERIALS AND METHODS 

 

There were a total of 24 different experiments completed on 
separate days (one per week). Beakers containing the same 
volume of spring water, either 25, 50, or 100 cc were placed in the 
center of each of two circular arrays of 8 coupled solenoids as 
described by Dotta and Persinger (2012). The equipment is also 
described in U.S. Patent 6,312,376: b1: November 6, 2001; 
Canadian Patent No. 2214296. Each pair of solenoids that were 
reed switches or relays (250Ω) were arranged within small plastic 
(film) canisters and connected such that they were pairs of north 
and south poles. The circumference of the equally spaced 
solenoids that were separated by 45° from each other was ~60 cm. 

The flasks containing the water were placed in the middle of the 
circular arrays (Figure 1) where a power meter indicated the 
average field strength of the applied fields was 0.5 to 1 µT as 
measured by a power meter.  

This experiment involved exposing the samples of spring water 
(4 mM of HCO3; 1.77 mM Ca; 76 µM of Cl; 1.3 mM; of Mg, 41.9; µM 
of NO3; 61 µM SO4 ; 17.9 µM K; 43.5 µM Na) in 125 cc flasks for 18 
min to a counterclockwise rotating computer generated magnetic 
field whose wave pattern (phase) was decelerating while the group 
velocity (rotation of the wave around the array) was accelerating at 
20+2 ms. This means that the duration of the field presentation at 
each solenoid decreased by 2 ms such that the duration for the first 
solenoid was 20 ms and 4 ms for the 8

th
 solenoid. After the optimal 

time of 6 min of this exposure (part 1), the field pattern was 
changed to an accelerating phase pattern and a decelerating group 
velocity of 20-2 ms (part 2). This means that 2 ms was added to the 
duration of the field after the 20 ms at the first solenoid. The second 
field was applied an additional 12 min. The pH values for both 
beakers in each experiment were  recorded separately once per 
second by Dr. Daq systems (Pico Technology, United Kingdom) 
which are sensitive to the .01 pH unit. 

There were two separate circular arrangements of 8 solenoids 
within which the flasks of spring water (circles) were placed. A 
computer generated the changing angular velocity and phase 
modulated fields within the two arrays. The proton donor (acetic 
acid) was injected into the local flask. pH levels were measured 
every second from the local and the non-local flasks. The latter 
never received any injections. 

After 4 min of exposure to the first field, 50 µl of 0.83 M acetic 
acid (proton source) was injected into the active beaker. 

Immediately after the onset of the second field configuration (8 min 
from the beginning of the experiment), 50 µL was injected into the 
active beaker once every min until 16

th
 minute of the experiment (9 

injections). Nothing was ever injected into the “entangled” beaker. 
To ensure the specificity of the effect, triplicates of experiments 
were completed where pH values were monitored in the same 
manner while the same sequences of injections of protons were 
injected into the active beaker but no experimental magnetic fields 
were present. Another triplicate of experiments involved measuring 
the pH values in both beakers over the same duration when no 
protons were injected and no fields were present to control  for  any  
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Figure 2.  Upper panel: Example of the shift towards basic pH over time (in 

seconds) in the non-local flask after the initiation of the second component of the 
magnetic field configuration that was generated at both local and non local 
spaces. Lower panel: the response to sequential addition of 50 μL of acetic acid 
(indicated by small spikes) to the local flask during the same time period. Vertical 
line indicates activation of the “entanglement” field. 

 
 
 
serial drift. There was no change in the pH values (flat line) from 
baseline for any of the pairs of beakers over the 18 min period for 
these conditions.  The net shifts in pH for volume (25, 50, 100 cc of 
spring water, plus, control) were analyzed by SPSS 16 PC 
software.  

 
 

RESULTS 
 
An example of the shifts in pH over time in the non-
injected beaker containing 50 cc of spring water that 
shared the same configuration of circularly rotating 
magnetic fields as well as the active beaker of spring 
water that was serially injected with 50 µL of acetic acid 
10 m away in a second room is shown in Figure 2. The 
progressive increases in acidity in the injected beaker is 
obvious as well as the opposite drift towards basic  pH  in 

the non-injected beaker. The vertical line indicates the 
activation of the second field whose onset was also 
associated with the entanglement effect reported by 
Dotta and Persinger (2012) for photon emissions. 

Figure 3 shows the average net change in the pH over 
time within the non-injected beakers within the different 
volumes of spring water. Within the 50 cc volumes, the 
mean total shift (increase) in pH was 0.03 (SEM=0.006). 
The mean total shift for the 25 cc volumes was pH=0.07 
(SEM=0.009). The mean total shift for 100 cc of water 
(M=0.01, SEM=0.008) did not differ from the control 
condition (M=0.01, SEM=0.003) when no fields were 
applied. The difference between the four experimental 
conditions was statistically significant [F(3,20)=23.94, p 
<.001]; the amount of variance explained, the effect size 
(eta

2
 estimate), was 82%.    
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Figure 3. The absolute shift in pH within the 25 (red), 50 (black) and 100 (purple) cc volumes of 
spring water within the non-local flasks as a function of time from the onset of the entanglement 
phase. The blue line refers to control conditions (no shared field but acetic acid injected into the local 
flasks). 

 
 
 
DISCUSSION 
 
The results of this study indicate that strong excess 
correlation or entanglement between two separate 
spaces can occur when they are both exposed to circular 
(rotating) magnetic fields with appropriate changes in 
angular velocity. The effect was robust and consistent 
with the two separate spaces behaving as if they were 
the same locus. The acidification of the injected water 
(local flasks) was associated with the shift towards base 
in the “non-local” flasks. According to the traditional 
formula [H

+
]=10

-pH
, a shift of 0.01, 0.03, and 0.07 pH 

towards basic from a starting pH of 7.50 would be 
associated with a decrease of 1, 2, and 4∙10

-9
 M of H

+
. 

When each of these concentrations is multiplied by the 
moles of water in each volume of 100, 50, and 25 cc, or 
5.55 M, 2.78 M, and 1.39 M (1 mole of water=18 cc), the 
conserved molarity would be 5.55∙10

-9
 M. With 6.023∙10

23  

units per mole, there would be 3.35∙10
15 

 H
+ 

involved with 
the phenomenon.  

In comparison if we assume the functional median of 
the increased acidity in the local (injected) flasks was to 
about pH=5.6, the equivalent is 2.5 ∙10

-6
 M. The acetic 

acid was applied in 0.05 cc quantities to 25, 50, and 100 
cc of water. The ratio of these volumes multiplied by the 
molarity of water in each volume is a constant of 2.77 ∙10

-

3
 which results in a net concentration of 6.9∙10

-9
 M which 

is well within range of measurement error for the shift 
towards basic in the non local flasks. 

If this is a physical process, the energy available from 
this  special   configuration   of   magnetic   fields   should 

converge with the shift in quantities of H
+
 involved with 

the “superimposition” of the two spaces. From our 
perspective, the energy available from both magnetic 
fields (1 µT) is the product of the strength of the field 
(kg·A

-1
·s

-2
), unit charge (A·s) and a measure of diffusivity 

(m
2
·s

-1
).  Assuming 9∙10

16
 m

2
∙s

-1
 (diffusion of light) and a 

unit charge (1.6 10
-19

 A·s), the energy available for 
entanglement would be ~1.4∙10

-8
 J and if applied over the 

time for the pH shift to occur (~1000 s), would be 14.4∙10
-

6
 J for the cumulative energy. When divided by the 

number of H
+
 involved with the shifts in pH (3.35∙10

15
), 

the energy per proton is 4.3∙10
-21

 J per H
+
. For 

comparison, the kT (where k is the Boltzmann constant 
and T is temperature in Kelvin) threshold that defines the 
thermal “noise” component for 25°C (298 K) is ~4.1∙10

-21
 

J. This is also within an order of magnitude of the ~10
-20

 J 
quantum unit (Persinger, 2010) that may be involved as a 
universal quantity (Persinger et al., 2008). 
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Squeezing flow of a Casson fluid is considered between two parallel disks. Upper disk is taken to be 
impermeable but capable of moving towards or away from the lower fixed and porous disk. Governing 
equations are derived with the help of conservation laws combined with suitable similarity transforms. 
Homotopy analysis method (HAM) is then been employed to determine the solution to resulting 
ordinary differential equation. Numerical solution is also obtained using R-K 4 method and comparison 
shows an excellent agreement between both solutions. Effects of different physical parameters on the 
flow are also discussed with the help of graphs along with comprehensive discussions. 
 
Key words: Casson fluid, homotopy analysis method (HAM), squeezing flow, parallel disks, magneto 
hydrodynamic (MHD) flow, numerical solution.  

 
 
INTRODUCTION 
 
Squeezing flow between parallel disks has been an 
active field of research. Its biological and industrial 
applications have attracted many researchers towards its 
study. Numbers of efforts have been made to understand 
such types of flows in more depth. Motion of pistons is 
vital for running engines and machines. Squeezing flow 
under the influence of moving disk is also involved in 
nasogastric tubes and syringes. Better understanding of 
these flows leads us to more efficient and effective 
machines which may be used for both industrial and 
biological purposes.   

After the foundational directions provided by Stefen 
(1874), many researchers investigated the squeezing 
flow problems (Reynolds, 1886; Archibald, 1956; Grimm, 
1976; Wolfe, 1965; Kuzma, 1968; Tichy and Winer, 1970; 
Jackson, 1962; Hughes and Elco,  1962).  As  in  most  of 

the cases fluids under consideration are non-Newtonian 
hence due to complex nature of these fluids different 
mathematical models are used to study their flow. For 
blood type fluids Mrill et al. (1965) and McDonald (1974) 
depicted a most compatible model known as Casson 
fluid. 

Later Domairry and Aziz (2009) considered  the flow of 
an electrically conducting fluid between two parallel disks 
of which lower disk is permeable and fluid can enter or 
exit through it during suction or injection process; upper 
disk is taken to be  impermeable and it moves towards 
the lower disk with a certain time dependent velocity. 
They applied homotopy perturbation method (HPM) to 
approximate the solution. Due to inherent nonlinearities in 
Navier Stokes equations, exact solution in most of the 
cases   is   unlikely,   therefore,   different   approximation
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Figure 1. Schematic diagram of the problem. 

 
 
 
techniques are used to approximate the solution 
analytically (Abbasbandy, 2007a, b; Abdou and Soliman, 
2005a; Noor and Mohyud-Din, 2007; Abdou and Soliman, 
2005b; Asadullah et al., 2013; Noor et al., 2008; Mohyud-
Din et al., 2009; Nadeem et al., 2012). One of these 
analytical methods is homotopy analysis method (HAM) 
that has been effectively applied by different researchers 
to various nonlinear problems (Liao, 2003; Liao, 2004; 
Abbasbandy and Zakaria, 2008; Abbasbandy, 2007c; Tan 
and Abbasbandy, 2008; Hussain et al., 2012; Zeeshan et 
al., 2012; Hayat et al., 2003; Hayat et al., 2004; Khan et 
al., 2008; Hayat et al., 2009; Ellahi et al., 2010; Ellahi, 
2013; Ellahi, 2012; Ellahi et al., 2012; Hayat et al., 2006).  

In this paper, squeezed flow of magneto hydrodynamic 
(MHD) flow of a non-Newtonian Casson fluid is 
presented. The governing nonlinear partial differential 
equations are reduced to a much simpler nonlinear 
ordinary differential equation by employing a similarity 
transform. The reduced equation is solved by HAM and 
effects of emerging parameters are demonstrated 
graphically coupled with comprehensive discussions. A 
numerical solution is also carried out by using Runge-
Kutta fourth order method to check the validity of 
analytical solution. An excellent agreement among the 
solutions is observed.  
 
 
MATHEMATICAL ANALYSIS 
 
Consider MHD incompressible flow of a Casson fluid between 
parallel infinite disks separated by a distance 

    .1
21

atHth   A magnetic field proportional to 

  21

0 1 atB   is applied perpendicular to the disks. Based on the 

assumption of low Reynolds number, the induced magnetic field is 

neglected. The upper disk at  thz   is moving with velocity 

 
2

1
21

 ataH  towards or away from the stationary lower disk at 

.0z  The physical configuration is presented in Figure 1. 

Rheological equation of Casson fluid is defined as follows (Nadeem 
et al., 2012): 
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B  is dynamic viscosity of the non-Newtonian fluid, yp  is yield 

stress of fluid and   is the product of component of deformation 

rate with itself, that is, ,ijijee  where ije is the (i, j)th 

component of the deformation rate. 

We have chosen the cylindrical coordinates system  .,, zr   

Due to the rotational symmetry of the flow  0  , the 

azimuthal component v of the velocity  wvuV ,,  vanishes 

identically. Thus, the governing equation for unsteady two-
dimensional flow and heat transfer of a Casson fluid are: 
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The boundary conditions are (Domairy and Aziz, 2009): 
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                (5) 

 

In the above equations, û  and ŵ  are the velocity components in 

the r- and z - directions respectively,   is density,   dynamic 

viscosity, p̂  pressure, v kinematic viscosity and w0 is the 

suction/injection velocity. 
Substituting the following transformations (Domairy and Aziz, 2009): 
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into Equations 2 and 3 and eliminating the pressure gradient from 
the resulting equations, we finally obtain 
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with the boundary conditions 
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Where S denotes the squeeze number, A the suction/blowing 
parameter and M is the Hartman number, defined as: 
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SOLUTION PROCEDURE 
 
Zero order deformation problem 
 
Following the procedure proposed by Liao (2003), it is forthright to 
choose following initial guess: 
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Linear operator is selected as: 
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Above operator satisfies the following property: 
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where )41( iCi  are the constants. Zero order deformation 

problem can now be constructed as follows (Noor et al., 2008): 
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where ]1,0[q  is an embedding parameter and h  is nonzero 

auxiliary parameter. Nonlinear operator is 
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For q=0 and q=0 we have 
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Substituting q=1  in above equation we obtain 
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mth-order deformation problem 
 
m times differentiation of zero order problem depicted by Equation 
13 and setting q=0 leads to 
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Figure 2. h curves  for the function f for different orders of approximations. 
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The general solution of Equation 19 is 
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Above higher order solution can be substituted to Equation 18 to 
obtain the final solution. 
 
 
Convergence of the solution 
 
Obtained series solution given by Equation 18 contains an auxiliary 

parameter h . As pointed out by Liao (2003), this parameter is the 

key to control convergence of series solution. Acceptable range of 

h  can be determined by identifying the line segment of so called 

h -curves which is parallel to h  axis. In our particular problem this 

can be achieved by seeing the range in which )1(''f  bears the 

same magnitude for any value of h  within that range. Figure 2 is 

displayed to demonstrate convergence region for two orders of 
approximations namely 10th and 14th. It clearly shows that the 

acceptable region of h  is to be between -2.4 and 0.4.  

 
 
RESULTS AND DISCUSSION 
  

Acceptable range for auxiliary parameter h  has been 

discussed in previous section. In our analysis and 

discussions we use 9.0h  as an optimal value of h . 

After ensuring the convergence of series solution our 
concern now is to see the influences of suction/blowing 
parameter A, squeeze number S, Hartmann number M 

and Casson fluid parameter   on velocity is examined. 

For convenience, we divide our discussions into two 
parts; one dedicated to investigate the upshots on 

varying physical parameter for the case suction ( 0A ) 

and the other one describes the same effects for the case 

of blowing ( 0A ). 

 
 
Suction case 
 
Effects of increasing suction at lower disk on both axial 
and radial  velocities  are  displayed  in  Figures  3  and  4  
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Figure 3. Effects of A on axial velocity. 

 
 
 

 
 

Figure 4. Effect of A on radial velocity. 

 
 
 
respectively. It is evident that increasing value of A 
results in higher absolute values of both the velocities. As 
increasing suction allows more fluid to flow near the lower 
disk therefore a decrease in boundary layer thickness is 
expected. 

Influences of squeeze parameter S on axial and radial 
velocities are displayed in Figures 4 and 5 respectively. 
Here S<0 corresponds to the movement of upper disk 
towards lower one. On the other hand, S>0 describes 
away movement of the same disk. It can be seen from 
Figure  5   that   for   squeezing   motion   of   upper   disk 

combined with suction axial velocity near the center is 
increased while for dilating motion a decrease in axial 
velocity is observed. From Figure 6 one can see the 
behavior of radial velocity for same variations in S. It is 
evident for expanding motion; an accelerated radial flow 
is observed near the upper disk however this trend 
changes gradually as we move away from it. Somewhere 
near the center this trend gets converted into an opposite 
one; that is, from that point to lower disk a delayed 
motion is observed. For contracting motion of upper disk 
combined with suction at lower disk effects  of  increasing  
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Figure 5. Effects of S on axial velocity. 

 
 
 

 
 

Figure 6. Effect of S on radial velocity. 

 
 
 
absolute values of S are quite opposite to the case of 
expanding motion. In this case, radial velocity near upper 
disk decreases while near the lower disk an accelerated 
radial flow is observed.  

Graphical results describing flow behavior under 
increasing Hartmann number M are displayed in Figures 
7 and 8. From Figure 7, it can be seen that the axial 

velocity )(f  is a decreasing function of M. As apparent 

from Figure 8, absolute value of radial velocity )(' f  

increases near the disks while in center, it behaves 
oppositely. It is also worth mentioning that effect near 
upper disk is more prominent as compared to lower one. 
Figures 9 and 10  respectively  are  dedicated  to  display 

behavior of axial and radial velocity for increasing Casson 

parameter  . Axial velocity is a decreasing function of   

as shown in Figure 9. Effects of   on axial velocity are 

more visible in central region as compared to the area 
near disks. Furthermore,    gives us the flow of 

viscous fluid. Figure 10 shows that the radial velocity 
near lower disk decreases with rising  . However, after 

moving some distance away from the lower disk this 
behavior changes into an opposite one; that is, after 

4.0  we observe an accelerated radial flow. One may 

also see that effects of   near the disks are very slight 

as compared to the region far from them. 
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Figure 7. Effects of M on axial velocity. 

 
 
 

 
 

Figure 8. Effect of M on radial velocity. 

 
 
 

 
 

Figure 9. Effects of    on axial velocity. 
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Figure 10. Effect of  on radial velocity. 

 
 
 

 
 

Figure 11. Effects of A on axial velocity. 

 
 
 
Blowing case 
 
Here we discus influences of involved physical parameter 
in the case when blowing occur at the lower disk. Figures 
11 and 12 declare that the influence on increasing 
injection leads to increased absolute values of both axial 
and redial velocities. Figures 13-18 show that the effects 

of S, M and   on both axial and radial flow are opposite 

in blowing case as compared to the ones obtained for 
suction case. Same problem is solved numerically by 
using a well-known RK-4 method. Comparison for is 
presented  in  Table  1.  It  can  be   observed   that   both 

numerical and analytical solutions are in excellent 
agreement.  

 
 
Conclusion 

 
Squeezing flow between parallel disks is presented. 
Homotopy analysis method (HAM) has been employed to 
obtain analytical solution to the problem. Influences of 
emerging flow parameters are discussed in detail with the 
help of graphs. It is also concluded that the effects of 
physical parameter on axial and redial velocities are quite  
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Figure 12. Effect of A on radial velocity. 

 
 
 

 
 

Figure 13. Effects of S on axial velocity. 

 
 
 

 
 

Figure 14. Effect of S on radial velocity. 
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Figure 15. Effects of M on axial velocity. 

 
 
 

 
 

Figure 16. Effect of M on radial velocity. 

 
 
 

 
 

Figure 17. Effects of   on axial velocity. 
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Figure 18. Effect of  on radial velocity. 

 
 
 

Table 1. Comparison of HAM and numerical solutions for .5.0,9.0,5.0,0.1,0.2  hMAS  

 

   f HAM Numerical  'f HAM Numerical 

0 1.000000 1.000000 0 0 

0.1 0.984012 0.984012 -0.303368 -0.303368 

0.2 0.942321 0.942321 -0.516753 -0.516753 

0.3 0.883192 0.883192 -0.654099 -0.654099 

0.4 0.813695 0.813695 -0.725515 -0.725515 

0.5 0.740051 0.740051 -0.737995 -0.737995 

0.6 0.667911 0.667911 -0.695962 -0.695962 

0.7 0.602598 0.602598 -0.601667 -0.601667 

0.8 0.549306 0.549306 -0.455454 -0.455454 

0.9 0.513283 0.513283 -0.255919 -0.255919 

1.0 0.500000 0.500000 0 0 

 
 
 
opposite in the cases of suction to the blowing. A 
numerical solution using well known R-K 4 method has 
also been obtained for the sake of comparison. It is found 
that the results agree exceptionally well. 
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This study estimated the vertical variation in mean temperatures within the tropospheric layer using the 
radiative equilibrium profile model and longwave radiation with Stefan-Boltzmann equation at a tropical 
meteorological station located besides Physics Building (7.55°N:4.56°E), Obafemi Awolowo University, 
Ile-Ife, Nigeria. In the model, the height of the troposphere was assumed to be 16.0 x 10

0
 km and the 

standard effective mean temperature (255K) in the tropics was used in estimating the tropospheric 
mean temperatures for two layers: the ground surface (1.6 x 10

-3 
km) and the top of the troposphere 

(16.0 x 10
0
 km). Arithmetic progression expression was then used to obtain the temperatures and 

longwave radiations for 16 equal sub-layers within the vertical height of the Earth’s troposphere. Our 
results showed that the estimated ground layer temperature (33.3°C) and longwave radiation (499.1 Wm

-

2
) for the meteorological station were comparable with the observed (31.9°C; 490.0 Wm

-2
). Both the 

temperature and radiation were found to decrease with altitude within the tropospheric layers. The 
study concluded that the model performed reasonably in estimating the vertical profile of temperatures 
and longwave radiation over the study area.  
 
Key words: Radiative equilibrium profile, temperature, longwave radiation, troposphere. 

 
 
INTRODUCTION 
 
The Earth’s atmosphere is defined as an envelope of 
gases mixed up in remarkable proportion with varying 
percentage compositions (Olajire, 2008). For example, 
the percentage composition of Nitrogen (N2) by volume is 
approximately 78.08%; Oxygen (O2), 20.95%; Argon (Ar), 
0.93%; Carbon dioxide(O2), 0.03%; Neon (Ne), 0.002%; 
Helium (He), 0.005%; Methane (CH4), 0.0002%; Krypton 
(Kr), 0.00001% and Hydrogen (H2), 0.00005% while  
N2O, Xe, CO, O3 in traces of water vapor are 0.0001% 
(Roger and Richards, 1995).  

Literature illustrated that the atmosphere can be 
divided into four layers or regions using the characteristic 
temperature    lapse     rates     (that     is,     troposphere, 

stratosphere, mesosphere and thermosphere). The first 
layer, troposphere, is a friction layer where many 
atmospheric activities take place. This layer was found to 
vary in height and extends to a height of approximately 8 
km in the polar region and 16 -19 km over the tropical 
regions (Cole, 1980). Figure 1 illustrates the vertical 
variations in temperature within the different layers of the 
atmosphere as reported by Scisat-1 (2010). The figure 
showed that, within the troposphere, the temperature 
decreases from about 18°C on the earth’s surface to 
about -47°C at the top (12 km) of the troposphere. The 
tropical region is principally characterized by more or less 
uniform decrease in temperature  with  height  within  this
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Figure 1. Variation in temperature with altitude (After Scisat-1, 2010). 

 
 
 

 
 

 
 

Figure 2. Radiation balance at the Earth’s surface (Source: Ritter, 2009). 

 
 
 
layer. Just above the troposphere, the temperature 
remains constant for further 1 or 2 km (called the 
tropopause) before it increase again from about -47°C (at 
a height 14 km; top of the tropopause) to about 0°C (at a 
height 35 km; top of the stratosphere). Within the 
stratosphere (36-80 km), the temperature decreases to 
about -92°C.  The  vertical  temperatures  increase  within 

the thermosphere to reach about -20°C at the top of this 
layer (140 km). 

About fifty-one percent (51%) of the solar or short wave 
radiation (0.2- 4.0 μm) at the top of the atmosphere were 
found to reach the earth’s surface (Ritter, 2009). This is 
so because of the atmospheric radiation absorption, 
reflection  and  scattering  (Figure  2).   The   atmospheric  
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Figure 3. Stephenson screen height above the ground surface at Meteorological 
station located besides Physics Building, Obafemi Awolowo University Campus, Ile-
Ife, Nigeria. 

 
 
 
constituents such as oxygen (O2), water vapour (H2O) 
and carbon dioxide (CO2) re-emit the absorbed 
shortwave radiation back to the earth’s surface within the 
longwave band (12.0 - 150.0 μm). Similarly, at the Earth’s 
surface, solar radiation is partially reflected, absorbed 
and then re-radiated back to the space as terrestrial or 
longwave radiation. The atmosphere is much more 
absorbent to longwave radiation than to short wave 
radiation. Most absorption of the longwave radiation by 
water vapour takes place in the lowest layer of the 
atmosphere thereby making the clouds very effective 
absorbers (Ritter, 2009). Under clear skies, radiation is 
emitted by the surface but little is received by the 
atmospheric constituents in the atmosphere and 
therefore the temperature falls rapidly, (Olajire, 2012). 
Longwave radiation varies directly as the fourth power of 
the surface’s absolute temperatures. Its value thus 
depends largely on the land-cover, atmospheric 
constituents (such as gases in the atmosphere and 
aerosols) and clouds cover, types and drift (Briggs and 
Smithson, 1995).  

Various observations had shown that temperature 
varies with altitude and that temperature lapse rate is one 
of the controlling factors governing the structure of any 
planetary atmosphere (Roger and Richard, 1995). 
However, studies on the vertical temperature structure of 
the tropospheric layer in many tropical locations of the 
world, including those areas where there are wide gaps in 
observational data, are grossly inadequate. More so that 
the use of common atmospheric measuring instruments 
like radio sonde, rocket, etc (Roger and Richard, 1995) in 
these locations is still rare. Thus, the primary objective of 
this study was to estimate the tropospheric layer 
temperature over Obafemi Awolowo University (OAU) 
Campus, Ile-Ife, Nigeria using the principle of radiative 
equilibrium profile model and longwave radiation using 
the Stefan-Boltzman equation. The paper evaluated the 
performance of the radiative equilibrium profile model in 
estimating the vertical variation in mean temperatures 
and Stefan-Boltzmann  equation  in  estimating  longwave 

radiation within the troposphere. The results enhanced 
our scientific understanding of the vertical profile of the 
troposphere. 
 
 
MATERIALS AND METHODS 
 
A Stephenson screen of about 1.6 x10-3 km (Figure 3) above the 
ground surface containing a dry bulb thermometer was sited at the 
meteorological station located besides Physics Building, Obafemi 
Awolowo University, Ile-Ife (7.55°N: 4.56°E), Nigeria (Figure 4) for 
continuous measurements of micrometeorological parameters 
(such as temperature, rainfall, wind speed, relative humidity, solar 
radiation and surface heat fluxes) at 10 min time interval.  

The radiative equilibrium profile model is a multi-layer model. 
Within each layer, both the temperature and longwave radiation 
were assumed to be uniform but vary across the layers. In this 
study, however, a 2-layer radiative equilibrium profile model was 
assumed. An arithmetical progression expression was then used to 
further sub-divide the two layers into 16 equal sub-layers. In the 
model, the standard effective mean temperature (Te = 255K) in the 
tropics was used to obtain the mean temperatures at different 
layers within the tropospheric height which was assumed to be 16.0 
x 100 km at the study area (Cole, 1980).  
 
 
Radiative Equilibrium Profile Model’s descriptions 

 
Radiative Equilibrium Profile Model, fully described by Henderson-
Sellers and McGuffey (2007) is a multi-layer model (Figure 5). The 
model assumes that the solar radiation goes straight to the surface 
(not absorbed by any layer) and that the longwave  radiation given 
out by each layer will go to next adjacent layer  (that is, no one 
crosses next adjacent layer). This agreed with the submission of 
Swinbank (1963) in that most of the atmospheric longwave 
radiation reaching the earth’s surface originates from within a few 
hundred meters from the ground. The model also assumed that the 
layers are neither too thick nor too thin and that the longwave 
radiation is emitted to the last surface from the ground. The surface 
temperature Tg (K) is presumed to be approximately equal to the air 
temperature Ta (K) measured by the dry bulb thermometer in the 
Stephenson screen. With this, the earth surface behaves like a 
perfect black body where the energy absorbed is approximately 
equal to the energy emitted and emissivity, ε, is approximately unity 
(ε = 1). 

Long wave  radiation,  Lw   was   determined   using   the   Stefan- 
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Figure 4. A Map of Nigeria showing (a) the location of Obafemi Awolowo University (OAU) 
Campus, Ile-Ife, Southwest Nigeria and (b) the position of the meteorological station 
beside Physics Building at OAU, Ile-Ife. 

 
 
 
Boltzmann equation: 
 

4TLW                                              (1) 

 
Where   is the emissivity of atmospheric parameters (dust 

samples, gases, water vapour and clouds),  is Stefan-Boltzmann 

constant and T  the absolute temperature. In this study, the 
atmospheric parameters such as water vapour and clouds were 
considered as grey body with emissivity, approximately equal to 

1. Thus Equation 1 becomes: 
 

4TLW                                                        (2) 

 
Hence, the radiation leaving the top of the atmosphere is equal to 
incoming radiation. That is, 
 

  4

1

4 TTe                                                                         (3) 

 
44

1 eTT                                                                                        (4) 

Layer 1 has temperature 1T  and radiates out at the rate 
4

1T  to 

layer 4 below and to the outer space. Therefore,  
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From Equations 4 and 5 we have, 
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For layer 2, 
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Figure 5. Radiative Equilibrium Profile Model used in this study (after 
Henderson-Sellers and McGuffey, 2007). 

 
 
 

Table 1. Observed and estimated vertical mean temperatures and longwave radiations over Obafemi Awolowo University 
Campus, Ile-Ife, Southwestern Nigeria. 
. 

Altitude (km)  
Temperatures (

o
C)  

 
Longwave radiation (Wm

-2
)  

Observed Estimated Bias Observed Estimated Bias 

1.6 x10
-3

  31.9 33.3 1.4  490.0 499.1 9.1 

16.0 x10
0
  - -18.0   - 239.8  

 
 
 
Using Equations 3 and 5 in Equation 7, we obtain 
 

44

3 3 eTT                                                                                   (9a) 

 
Similarly, 
 

44

4 4 eTT                                                                          (9b) 

    
44

5 5 eTT                                                                                    (9c) 

 
Thus, at the surface, total energy absorbed is given as:    

  

444 54 eee TTT                                                               (10)   

 

If 
4

gT  is the energy lost from the earth’s surface and going by the 

assumption that the earth surface behaves like a perfect black body 
where the energy absorbed is approximately equal to the energy 

emitted and emissivity, 1  (approximately) then,  

 
44 5 eg TT                                                                               (11) 

 
Therefore,  
 

  44 1 eg TnT                                                                         (12) 

Where n is the number of layers considered or optical thickness of 
the atmosphere, Temperatures at layer 1 (T1), layer 2, (T2) and 
ground surface (Tg) were obtained using Equations 4, 6 and 12, 
respectively. The temperatures of other layers within the 
temperatures of the two determined layers were calculated using 
arithmetic progression expression,  
 

 dnaL 1                                                          (13) 

 

Where 2Ta   = first term, eTTL  1  is the last term, 

,16n  is the number of layers and d  is the common division 

between the two determined layers 1 and 2.  

 
 
RESULTS AND DISCUSSION 
 
Table 1 compares the observed and estimated 
temperatures and longwave radiation at the surface (1.6 
x 10

-3
 km) and the top of the troposphere (16.0 x 10

0
 km).  

The results indicated that the model adequately 
estimated the temperatures and longwave radiation at 
different layers within the troposphere. For example, the 
difference between the observed (31.9°C) and estimated 
(33.3°C) temperature (that is, bias) was about 1°C at 1.6 
x 10

-3
 km (Table 1). There was no observation for the 

temperature to the top of the troposphere (16.0 x 10
0
 km). 

However, the model  estimated  the  temperature  at   this  
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Figure 6. Vertical variation in temperature with altitude over Obafemi Awolowo 
University Campus, Ile-Ife, Southwestern Nigeria. 

 
 
 
height to be -18.0°C. Similarly, the difference between 
the observed (490 Wm

-2
) and estimated (499.1 Wm

-2
) 

longwave radiation was less than 10.0 Wm
-2 

at 1.6 x 10
-3

 
km and the estimated radiation was 239.8 Wm

-2 
at the top 

of the troposphere. 
Generally, our results suggested good agreement 

between the observation and the model. However, there 
were slight over-estimations in both the mean 
temperatures and longwave radiation. Furthermore, the 
vertical variations in the estimated tropospheric mean 
temperature over the study area were presented in 
Figure 6. Results suggested that temperature decreases 
with height within the troposphere. For example, 
temperatures at heights 1.6 x 10

-3
 km, 1.0 x 10

0
 km, 2.0 x 

10
0 

km, 10.0 x 10
0 

km and 16.0 x 10
0 

km were 33.3, 30.1, 
26.9, 1.3 and -18.0°C respectively (Figure 6). This implies 
that the temperature decreases steadily by -3.2°C/km 
(dry adiabatic lapse rate) within the troposphere. These 
results agreed with previous studies (Roger and Richard, 
1995; Briggs and Smithson, 1995; Russell, 2009; Scisat-
1, 2010) in that temperatures decrease (get cooler) with 
increasing altitude in the troposphere.  

Results of this study also showed that the longwave 
radiation decreases with height within the troposphere. 
For example, temperatures at heights 1.6 x 10

-3 
km, 1.0 x 

10°
 
km, 2.0 x 10°

 
km, 10.0 x 10°

 
 km  and  16.0  x  10°  

km were 499.1, 478.6, 458.7, 321.0 and 239.8 Wm
-2

, 
respectively (Figure 7). These were indications that the 
longwave radiation decreased steadily by -16.2 Wm

-2
/km 

within the troposphere. Then, going by the submission of 
Briggs and Smithson (1995) that longwave radiation is a 
function of surface’s temperature and Roger and Richard 
(1995) that temperature decreases with height within the 
troposphere, it could be deduced that steady decrease in 
longwave radiation within the troposphere as found in this 
study was reasonable.   
 
 
Conclusion 
 
This study used the radiative equilibrium profile model in 
estimating the vertical variation in the Earth’s 
tropospheric temperatures and Stefan-Boltzmann 
equation for longwave radiation over a tropical 
meteorological station located besides Physics Building 
(7.55°N:4.56°E), Obafemi Awolowo University (OAU) Ile-
Ife, Nigeria. The study showed that the model adequately 
replicated the vertical profile of the tropospheric layer 
temperature and longwave radiation over the study area. 
The results of this study were fairly good data resources 
particularly over the remote areas of the tropics where 
there are dearth of meteorological measurements.  



1806          Int. J. Phys. Sci. 
 
 
 

225 250 275 300 325 350 375 400 425 450 475 500 525

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

A
lt
it
u

d
e

  
(k

m
)

Longwave Radiation  (Wm
-2
)

 
 

Figure 7. Vertical variation in longwave radiation with altitude over Obafemi Awolowo 
University Campus, Ile-Ife, Southwestern Nigeria. 

 
 
 
REFERENCES 
 
Briggs D, Smithson P (1995). Fundamentals of Physical Geography. 

Butter and Tanner  Ltd. London. P. 558. 
Cole FW (1980). Introduction to Meteorology. Canada. John Wiley and 

Sons. 3
rd
 Edition. P. 505. 

Henderson-Sellers A, McGuffey K (2007). A Climate Modelling Primer. 
University of Michigan. John Wiley and Sons, P. 217.  

Olajire MA (2008). Variation in Sky (infrared) Radiation Fluxes over Ile-
Ife, Nigeria. M.Sc. Dissertation Submitted to the Department of 
Physics, Obafemi Awolowo University, Ile-Ife, Nigeria. P. 85. 

Olajire MA (2012). Atmospheric Longwave Radiation Balance at a 
Tropical Location in Ile-Ife, Southwestern, Nigeria. M. Phil. Thesis 
Submitted to the Department of Physics,  Obafemi Awolowo 
University, Ile-Ife, Nigeria. P. 105. 

Ritter ME (2009). ‘Radiation and Energy Balance of the Earth System’ 
The Physical Environment: An Introduction to Physical Geography. 
http://www.uwsp.edu/ 
geo/faculty/ritter/geog101/textbook/title_page.html. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Roger GB, Richard JC (1995). Atmosphere, Weather and Climate. 
Rontedge. New York. 392 pp. 

Russell R (2009). Temperature in the Troposphere. National Earth 
Science Teachers Association. 

Swinbank WC (1963). Longwave Radiation from Clear Skies. Quarterly 
Journal of Royal  Meteorological Society 89.21. 

Scisat-1 (2010). Atmospheric Temperature Profile. John, H. Chapman 
Space Center David Florida Laboratory Canadian Space Agency 
Liaison Office. 



 

 

 

 
Vol. 8(36), pp. 1807-1823, 30 September, 2013  

DOI: 10.5897/IJPS2013.4000 

ISSN 1992 - 1950 © 2013 Academic Journals 

http://www.academicjournals.org/IJPS 

International Journal of Physical  
Sciences 

 
 
 
 
 
 
 

Full Length Research Paper 
 

Numerical and experimental evaluation of bearing 
capacity factor Nγ of strip footing on sand slopes 

 

Mohd Raihan Taha* and Enas B. Altalhe 
 

Department of Civil and Structural Engineering, Universiti Kebangsaan Malaysia, 43600 UKM Bangi Selangor, Malaysia. 
 

Accepted 09 September, 2013 

 
Results of laboratory model tests and numerical studies on the behavior of a strip footing adjacent to a 
sand slope are investigated and presented in this paper. The investigated parameters include the 
effects of depth of the first reinforcement layer, vertical spacing, number of reinforcement layers, and 
distance between the edges of footings on bearing capacity. Results were analyzed to determine the 
effects of each parameter. Using a strip footing located near a sand slope crest had a significant effect 
on improving bearing capacity. The improvement increased when relative density decreased. The depth 
of the first layer decreased with further improvement when the distance of the footing edge from the 
slope crest increased. Using a strip footing can be considered effective in controlling the horizontal 
movement of the subgrade and in decreasing slope deformation. Finite element analysis explained and 
identified the failure pattern of strip footings adjacent to a slope crest. The findings also confirmed the 
load transfer mechanism and showed how a slope can be protected when geotextile is used. 
 
Key words: Strip footing, slope stability, plaxis, bearing capacity, scale effects. 

 
 
INTRODUCTION 
 
Rapid population growth and urbanization have resulted 
in increased construction areas and the decrease of 
suitable settlement areas. As a result, the bearing 
capacity and settlement criteria for building construction 
are changing. The use of unwanted soil has also become 
obligatory. Engineering structures, foundation systems, 
ground transportation, and living conditions are usually 
designed by using shallow foundations, which becomes 
problematic with regard to certain types of soil. The most 
commonly used solution is deep/pile foundation, which is 
applied by selecting the foundations of a building. 
Deep/pile solution is expensive. However, rapid 
advancements in construction technology that provide 
new solutions to problematic surfaces have made 
deep/pile solution necessary. Several methods in soil 
solution   have    been    developed    since    the    1970s   

and improved problematic soil strength properties. 
Economical methods based on deep foundation system 
solutions can be applied in certain cases. Geotechnics, 
which is a type of reinforced soil application, is one of the 
commonly used solutions. Reinforced soil application 
takes various resistant elements in the soil reinforcement 
placement depending on the obtained composite 
reinforcement material.  

The concept of soil reinforcement was introduced in 
1968 by French engineer Henri Vidal. Several theoretical 
and experimental geotechnical engineering studies have 
followed Vidal’s proposal. Vidal (1968) implemented soil 
reinforcement by using a metal strip and reinforcing 
material. After the 1980s, along with technological 
advancement, the location of the metal strip used in 
synthetic   geotextile   and   geogrid   materials   such   as
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polymer raw materials, was developed. Geotechnical 
engineering is practical and promotes the use of 
economical geosynthetic structures and materials. Thus, 
geotechnical engineering is increasingly applied to 
constructing dams, roads, landfills, and retaining 
structures. 

Geotextiles and geogrids are the most commonly used 
geosynthetic materials in geotechnical application. 
Geotextiles enable more separation and filtration, and are 
used for drainage. Geogrids, which have lower metal 
rigidity, reduce ground transportation through strength 
and expected settlement. Although geogrids have a 
coupling effect with the ground through grid-shaped 
openings, these mechanisms tend to perform effectively. 

Studies were conducted on flat-surfaced floors, 
foundation bearing capacity, and settlement behaviors 
based on improvement from using geogrid reinforcement 
(Binquet and Lee, 1975a; Akinmusuru and Akinbolade, 
1981; Fragaszy and Lawton, 1984; Guido et al., 1985; 
Huang and Tatsuoka, 1990; Mandal and Sah, 1992; Dixit 
and Mandal, 1993; Khing et al., 1993; Yetimoğlu et al., 
1994; Adams and Collin, 1997; Laman and Yildiz, 2003; 
Kumar and Saran, 2003; Michalowski, 2004; Kumar and 
Walia, 2006). However, in certain cases, foundations are 
constructed on or near slopes (bridge piers, utility poles, 
and buildings). In such cases, non-transportation capacity 
of the inclined surface decreases significantly. 

In cases where the foundation is built on a slope, one 
of the solutions to increase bearing capacity is to place 
the foundation at a sufficient distance away from the top 
of the slope, which reduces the impact of transportation 
capacity. An alternative method is using transportation to 
increase geogrid reinforcement capacity. However, using 
transportation is not economical. A limited number of 
studies on strip foundation have been conducted. 
Selvedurai and Gnanendran (1989) and Lee and 
Manjunath (2000) used a single reinforcement layer and 
examined the effects of a strip foundation on the bearing 
capacity. Huang et al. (1994) started a research using 
geotextile reinforcement and it explained about failure 
mechanism on sand slope. Yoo (2001) and Laman et al. 
(2007) used a multi-layer case in their experimental 
studies. Bathurst et al. (2003) conducted a large-scale 
experiment to examine the failure mechanism. El Sawwaf 
(2007) investigated clay on the parameters of tapered 
equipment for sand filling. Previous analyses and 
experiments that mostly focused on single angle of slope, 
stability, and uniform basic width used geogrid 
reinforcement.  

Moghaddas and Khalaj (2008) conducted an 
experimental study on the benefits of geogrids to the 
deformation of small-diameter pipes and settlement of the 
soil surface when subjected to repeated loads that 
simulate vehicle loading. According to the report, using 
geogrid reinforcement can significantly reduce the vertical 
diameter change of pipes and the soil surface settlement. 
El Sawwaf and Nazir (2010) conducted a laboratory study  

 
 
 
 
on the effects of geosynthetic reinforcement on the 
cumulative settlement of repeatedly loaded rectangular 
model footings placed on reinforced sand. Repeated load 
tests were performed with different initial monotonic load 
levels to simulate structures. Live loads, such as 
petroleum tanks and ship-repair tracks, changed slowly 
and repeatedly. 

Moghaddas and Dawson (2010) and El Sawwaf and 
Nazir (2012) studied repeated loads and cyclic loads, 
respectively, on model strip footings. A series of 
experiments were conducted to investigate the behavior 
of strip footings supported on three-dimensional and 
planar geotextile-reinforced sand beds subjected to 
repeated loads. The aforementioned researchers 
determined the effects of partial replacement of 
compacted sand layer and the inclusion of geosynthetic 
reinforcement. They found that the efficiency of sand-
geogrid systems was dependent on cyclic load properties 
and on the location of the footing relative to the slope 
crest.  

Scale effects between laboratory and field testing of 
footings were explored by a number of researchers 
(Berry, 1935; De Beer, 1963; Bolton and Lau, 1989; Das 
and Omar, 1994; Tatsuoka et al., 1994; Kusakabe, 1995; 
Kerry et al., 1999; Banimahd and Woodward, 2006; 
Cerato and Lutenegger, 2007; Kumar et al., 2008; Chang 
et al., 2010). Scale effects were presented by Berry 
(1935), who showed that the bearing capacity of model 
circular footings increases disproportionately with 
increasing footing size (50.8, 71.8, 101.6, and 143.7 mm) 
on dense sand held at the same relative density. The 
bearing capacity factor Nγ decreases with increasing 
footing size Nγ. The bearing capacity can be calculated 
as follows: 
 

 BNqult

,

2

1


                                    (1) 
 

Generally, the bearing capacity factor (Nγq) from model 
footings depends on footing width B. The magnitude of 
Nγq increases as the footing size decreases (De Beer, 
1965; Das and Omar, 1994; Clark, 1998; Zhu et al., 2001; 
Lancelot et al., 2006; Cerato and Lutenegger, 2007). The 
increase of Nγq with the decrease of footing size becomes 
particularly extensive when the footing size becomes 
smaller than 1 m (Banimahd and Woodward, 2006). 
Kumar et al. (2008) conducted small-scale model tests 
with 7 cm strip footing and found that the value of Nγq was 
extremely high. In the present paper, the footing size is 
only 5 cm. Thus, the value of Nγq may be extremely high. 
Tatsuoka et al. (1991, 1994) reported that the scale 
effects were due to two factors: mean stress level 
beneath the footing and particle size. Bolton and Lau 
(1989) and Kusakabe (1995) stated that the particle size 
effect (B/d50%) was insignificant to the results when 
(B/d50%) was greater than 50 or 100. The value of (B/d50%) 
is approximately 100 in the present study.  Consequently,  
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Figure 1. Grain size distribution of sand. 

 
 
 
the particle size effect can be avoided. Unless the 
bearing capacity factor is modified, the effect of the first 
factor is difficult to account (Shiraishi, 1990). Kusakabe et 
al. (1991) showed that shape factor decreases by 33% as 
a footing size increases up to 3m. 

In the present study, unreinforced, geotextile-
reinforced, and increasing footing width B (unreinforced 
and reinforced) strip foundation bearing capacity, and 
settlement behavior of place on sandy slopes were 
investigated through laboratory model tests. In the 
unreinforced case, we studied the distance from the top 
of the foundation slope and the degree of stabilizing 
behavior of bearing capacity based on the effects of the 
parameters. In the reinforced case, the number of 
reinforcement layers and behavior of the parameters 
were investigated along with effects on bearing capacity 
factor. Based on the ratio of the distance from the slope 
crest to the footing width, basic size, and bearing 
capacity factor, we obtained the optimum reinforcement 
parameters. The effects of increasing footing width B in 
shear strength parameters were also experimentally 
determined in the unreinforced and non-woven 
geotextile-reinforced models for the availability of the 
fillings which was investigated. The availability of the 
fillings was determined by the value of the largest bearing 
capacity. In our study, unreinforced and reinforced 
foundations on the sand slopes were simulated by using 
computer software PLAXIS with two-dimensional and 
plane strain conditions. The numerical solution of the 
finite element method (FEM) was obtained. The results 
were compared with the experimental results. 

MATERIALS AND METHODS 
 
Tests on model footings 
 
Test equipment 
 
The apparatus used for the model tests consisted of a cuboid soil 
bin that measures 2,000 mm × 600 mm × 620 mm, a loading frame, 
a hydraulic jack, a pumping unit, and measuring devices for load 
settlement monitoring. The test tank was made rigid to prevent 
volume change during test bed preparation and during the load test. 
To accommodate the bearing ball, a 50 mm × 15 mm thick rigid 
steel footing with a notch hole at the top center was used as the 
model footing. The length of the steel footing was kept equal to the 
length of the tank (600 mm) to ensure the strip footing behavior and 
the plane strain condition. A controlled pouring and tamping 
technique was adopted to obtain the required unit weight of sand in 
the tank. The load was transferred to the footing by using a bearing 
ball, which produced a hinge. The hinge enabled the footing to 
rotate freely as it approached failure and eliminated any potential 
moment transfer from the loading fixture. Settlement of the footing 
was measured by using two mechanical dial gauges with least 
count of 0.01 mm. Medium coarse sand with grain size that ranges 
from 0.06  to 2.00 mm was used. Grain size distribution of the sand 
is shown in Figure 1. Optimum moisture content was determined by 
using a standard Proctor test and was found to be approximately 
10%. Different relative densities of the sand were used by forming 
the designed weight of the sand into a certain volume of the soil bin 
by compaction. 

 
 
Numerical modeling 

 
Experimental results were verified through numerical modeling by 
using FEM. Plane strain elastoplastic finite element analysis (FEA) 
was  conducted  by  using  the  commercial  program   PLAXIS   2D 
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 Figure 2. Slope geometry and parameters. 
 
 
 

(Bringkgreve and Vermeer, 1998; Plaxis, 2002). PLAXIS can 
address a wide range of geotechnical problems, such as deep 
excavations, tunnels, and earth structures (for example, retaining 
walls and slopes). Prototype slopes were supposed to rest on a 
yielding foundation and extend laterally to a distance of 1.5 times 
the slope height (H) from the toe of the slope. The initial conditions 
generally comprise the initial groundwater conditions, the initial 
geometry configuration, and the initial effective stress state. The 
sand layer was dry, which made implementing ground water 
condition unnecessary. However, the analysis required the 
generation of initial effective stresses via K0 procedure. The 
geometry of the prototype footing slope system was supposed to be 
similar to that of the laboratory model (footing width B = 50 mm; 
thickness and slope height = 600 mm). The same inclination of 
model test slopes, 2(H):1(V), and geotextile sand were used in the 
prototype study. The software enabled the automatic generation of 
6- or 15-node triangle plane strain elements for the soil. 

 
 
RESULTS AND DISCUSSION 
 
The load–settlement curves obtained from the 
experimental ultimate bearing capacity (qu) and the 
amount of settlement at the time of failure (S) were 
determined. Given the subsequent reduction of the 
bearing capacity of the slope, the bearing capacity 
reduction coefficient (jβ) was determined as 
 

)0( 






u

u

q

q
j

 
 

where )0( uq
 was the ultimate bearing capacity of the 

strip footing on a flat surface (Figure 2). Table 1 shows 
the unreinforced test program. We investigated the 
following effects of geometrical parameters on the 
bearing capacity of strip footing on reinforced sand slope 
experiments (Figure 2): 
 
(a) Ratio of depth of the first layer to the footing width 
(d/B). 
(b) Ratio of distance from the slope crest to the footing 
width (X/B). 
(c) Vertical spacing between layers to the footing width 
(h/B). 

 Table 1. The unreinforced test program. 
 

Test No β˚ Dr% B (mm) X/B 

Ur1* 0 85 50 - 

Ur2 30 85 50 0 

Ur3 30 85 50 1 

Ur4 30 85 50 2 

Ur5 30 85 50 3 

Ur6 30 85 50 4 

Ur7 30 85 50 5 

Ur8 30 85 70 0 

Ur9 30 85 70 1 

Ur10 30 85 70 2 

Ur11 30 85 100 0 

Ur12 30 85 100 1 

Ur13 30 85 100 2 

Ur14 30 85 150 0 

Ur15 30 85 150 1 

Ur16 30 85 150 2 

Ur17 30 60 50 0 

Ur18 30 60 50 1 

Ur19 30 60 50 2 

Ur20 30 60 70 0 

Ur21 30 60 70 1 

Ur22 30 60 70 2 

Ur23 30 60 100 0 

Ur24 30 60 100 1 

Ur25 30 60 100 2 

Ur26 30 60 150 0 

Ur27 30 60 150 1 

Ur28 30 60 150 2 

 
 
 
(d) Increase of width footing (B). 
(e) Number of reinforcement layers (N). 
 
The behavior of bearing capacity and settlement of strip 
footing on reinforced slope was examined, as well as the 
bearing capacity values based on the sizes and types of 
equipment used for the tests. The multi-layer reinforced d  
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Figure 3. Load variations with settlement for different edge distances of strip footing on the slope 
(Dr=85%, and β=30). 

 
 
 
was also obtained from the experiment. The optimum 
values of parameters h and N were used, which 
reinforced the basic parameters related to width B. The 
value calculated by the ratio (d/B, h/B, Hr/B, and X/B) was 
expressed. To make the optimum values of the strip 
footing width B dimensionless, the experimental results 
evaluated the reinforcement. The load settlement curves 
obtained from the experiment, the ultimate bearing 
capacity, and the settlement values were determined at 
the time of failure. Given the reinforcement to express a 
given increase in bearing capacity, the bearing capacity 
ratio (BCR) can be expressed as follows: 
 

u

ur

q

q
BCR 

 
 

urq
 : Reinforcement ultimate bearing capacity 

uq
 : Non-reinforcement ultimate bearing capacity 

 
The reinforcement that results from the decrease in 
settlement values is referred to as the settlement 
reduction factor (SRF), which can be expressed as 
follows: 
 

S

S
SRF r

 
 

rS  : Settlement value of reinforced sand slope 

S   : Settlement value of unreinforced sand slope 

Effect of edge distance of strip footing on bearing 
capacity 
 
To investigate the footing on the slope, the laboratory 
experiments were placed at a total of seven different 
distances. In the experiments, footing width B = 50 mm, β 
= 30°, and Dr = 85% were selected as the degree of 
firmness. Load (q) and settlement (S) curves are 
illustrated in Figure 3. The maximum values clearly 
showed the curve collapse load, which was determined 
as qu. In the tapered case, with the value obtained from 
the payload, the payload will slope the value obtained 
from the ratio of the case by a factor of iβ. The qu values 
in different X/B and the rates are summarized in Table 2. 
The relationship between X/B and iβ is illustrated in Figure 
4. With a different edge distance of the strip footing on 
the slope, the following results were obtained from the 
experiments on the effects of bearing capacity. 

With consideration for the distance of strip footing in 
selecting between the 0B and 5B experiments, the X/B 
ratio increased, and the value of the underlying bearing 
capacity increased the lateral support that was lost as a 
result of reactivating the entry. As a point was placed 
sufficiently far from the top, we beveled the remaining 
portion of the main ground floor. The failure occurred in 
the right wedge, which was partly because of passive 
resistance that increased the payload. The largest 
increase in bearing capacity X/B = 0 and X/B = 1 was 
between (19%) and X/B = 2 with the constant distance 
increased significantly (10%). In X/B = 3, the value of 
state approximately corresponds to 70%. The increase in 
bearing capacity X/B = 4 and X/B = 5 showed a 1% 
decrease, and X/B = 5 to 80%  of  the  value  of  reaching  
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Table 2. Ultimate bearing capacity test results (Dr = 85% and β = 30). 
 

X/B qu(kN/m
2
) S(mm) iβ 

0 39.27 -4.06 0.256315 

1 67.64 -3.72 0.441486 

2 83.98 -4.75 0.548137 

3 107.16 -6.74 0.699432 

4 122.58 -8.22 0.800078 

5 122.87 -7.59 0.801971 

Flat 153.21 -8.16 1 

 
 
 

 
 

Figure 4. Bearing capacity of strip footing on different slope distances. 

 
 
 
out. The effect of the payload was largely irrelevant. As 
the X/B value increased, the load settlement became 
steeper. With increasing curves and dips, the value of 
X/B is less than 4.  
 
 
Effects of number of geotextile layers on settlement 
 
The efficiency of reinforcement on the settlement of strip 
footing was investigated. Figure 5 illustrates the 
differences between the load–settlement curves of 
unreinforced and reinforced soil mass. The difference in 
ultimate bearing capacity was caused by the difference in 
the slope at the near end of the curves, which results in 
increased settlement by the increase of reinforced layers. 
The method of settlement calculated by the load 
settlement curve is presented in Figure 5. Table 3 
provides the results obtained for (Dr = 85%, X/B = 1, and 
β = 30°). 

As shown in Table 3, the foundation settlement 
increased with reinforcement. However, using one-layer 
reinforcement seems logical when increasing bearing 
capacity and allowable quantities of settlement are 
considered. Relative to other situations, reinforcement is 
unnecessary because both settlement of footing  and  the 

bearing capacity increase. For example, the bearing 
capacity of soil mass with three-layer reinforcements and 
unreinforced soil was obtained (358.9/67.4). However, 
the settlement increased in the three-layer reinforcement, 
which was caused by the tension rupture of the soil 
confined between geotextile layers. 

Comparisons of Table 3 and Figure 5 indicated similar 
results for the two cases of edge distance. Therefore, 
using reinforcement in sand slope with a large edge 
distance is beneficial because it increases bearing 
capacity, although the settlement increased compared 
with unreinforced soil. The settlement process is still 
increased by adding reinforcement layers. In investigating 
the effect of reinforcing the bearing of the number of 
layers, experimental studies showed that as the number 
of reinforcement layers (N) increased, so did the 
reinforced soil bearing capacity. The optimum 
reinforcement layer was found to be N = 3. In this case, 
the effective reinforcement depth (Hr) is 2.5 B. Figures 6 
and 7 show that according to the optimum reinforcement 
layer, an increase of 3.2 times was observed in the 
number of loads. 

An increasing number of reinforcement layers 
contribute significantly to the bearing capacity of the 
slope. The bearing capacity  increased  with  the  passive  
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Figure 5. Load–settlement curves for different numbers of reinforcement layers at Dr = 85%, X/B 
= 2, and β=30°. 

 
 
 

Table 3. Variation of footing settlement and bearing capacity for reinforcement soil. 
 

Soil type Bearing capacity Footing settlement (mm) 

Unreinforced 67.4 4.375 

One reinforced layer 158.9 4.66 

Two reinforced layers 283.5 6.7 

Three reinforced layers 358.9 9.22 

 
 
 

 
 

Figure 6. Variation of Hr with Sr/Su. 

 
 
 
resistance of the ground, which consists of sand, and the 
soil–geotextile reinforcement mechanism can be said to 
be due to adhesion. Reinforcement is composed of 
tensile, shear stresses below the footing against the 
horizontal layer, which exhibits resistance, and the stress 
shows a more stable soil layer that transfers a failure in  a  

wider and deeper zone.  
Table 3 shows the value of qu experiments, which 

corresponds to approximately the same value of q in 
sitting rates in unreinforced and reinforced cases. Figure 
8 shows the Hr–SRF given relationship. Based on Table 
3  and  Figure  8,  if  strip  footing  is  placed  in   the   soil  
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Figure 7. Variation of Sr/Su with number of layers. 

 
 
 

 
 

Figure 8. Variation of Sr/Su with depth of first layer. 

 
 
 
reinforcement layer of N = 3, then the strip footing 
decreases under the same load values. The improvement 
in the strip behavior of the N = 3 reinforcement reached 
approximately 45% of the value of the number of layers N 
= 4. 
 
 
FEA results 
 
FEA results are shown in Figures 9a to h. Figure 9a 
presents a typical deformed FE mesh for strip footing on 
reinforced sand slope in the case of (X/B = 1, β = 30°, 
and d/B = 0.5). A small deformation is shown, which is a 
significant feature of the reinforced sand slope, unlike the 

unreinforced case. The presence of geotextile 
significantly decreased the deformation of both 
underlying soil and slope compared with the footing 
without geotextile. This observation can be confirmed by 
the displacement vector obtained from the analysis and 
shown in the following figures 9b. The geotextile layers 
decreased subgrade deformation and prevented particles 
from moving to the region surrounded by the geotextile 
layer. The geotextile layers provide lateral restraint, which 
controls the horizontal movement of soil particles under 
the footing and mitigates slope deformation (Figure 9c). 
The geotextile layers also decrease the horizontal 
movement of subgrade particles. The extreme horizontal 
displacement also developed beyond the confined  region  
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1) Without reinforcement 

 

 
2) One reinforced layer 

(c) The horizontal displacement vector 

 
1)  Without reinforcement 

 
2) One reinforced layer 

d) Horizontal displacement contours  
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1) Without reinforcement 

 
 

2)  One-layer reinforcement 

e) Shading of mean stresses 

 
1) Without reinforcement 

 
2) One-layer reinforcement 

f)   Plastic points for geotextile  
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1) Without reinforcement 

 

 
 2)  One-layer reinforcement 

(g) The principal strain location  

 
1) Without reinforcement 

 

 
2)   One-layer reinforcement 

(h) The contours of principal strain   
 
Figure 9. Horizontal displacement contours in soil mass under footing placed on: (a) unreinforced slope, (b) 
reinforced footing (d=B). 



 
 
 
 
(Figure 2d), which exhibits contours of extreme horizontal 
displacement. Figure 2d identifies slope zones in which 
subgrade particles have a large horizontal displacement. 
The displacement was mainly observed at the zones 
located below the confined subgrade and was extended 
vertically within a distance of nearly 0.5 B (Figure 9d). 
The convergence between the contours was densely 
located below the confined zone. 

Generally, horizontal displacement of the confined 
particles is almost null when geotextile layers are located 
beyond depth 2 B. As the depth of the reinforcement 
layer decreases, the horizontal movement of the 
subgrade increases to the outside region. Thus, slope 
deformation also increases. The geotextile layers provide 
lateral restraint, which modifies the stress distribution 
zone under the base (Figure 9e). The extreme values 
were located between the following. 

The stress shading denotes the absence of resistance 
in the soil adjacent to the slope as a result of the slope 
effect (left side). However, resistance on the right part 
was observed because the shading in the adjacent soil 
increased densely as the geotextile layer transmitted the 
stress to the soil. This observation can be confirmed by 
plastic or stress point distribution along both sides of the 
geotextile layer, which was observed along the length of 
the geotextile layer. 

Figure 9f shows the distribution of the plastic points 
beneath the footing with the geotextile layer. Plastic 
points are referred to as stress points in the plastic 
states, which can be observed mainly at the zone above 
the geotextile layer. Small plastic points are illustrated 
below the region, which indicates that shear failure can 
be expected at the outside region below the 
reinforcement layer. This observation also indicated that 
soil shear failure occurred mostly beyond the 
reinforcement layer as expected. Moreover, the shear 
strains decreased through the reinforced zone (Figure 
9g), which represents the distribution of the principle 
shear strains. As also shown in Figure 9g, the geotextile 
layer transferred the stress to the adjacent soil, which 
produced strains at each edge. This finding indicates that 
geotextile layers have a considerable effect on 
decreasing shear stress in the reinforced zone. In 
addition, the contours of shear strains (Figure 9h) 
indicate that shear failure will develop at the end of the 
reinforced region. 

Given that the main contours were extended below the 
reinforced soil, shear failure developed in a deeper 
location. The location where the maximum shear strain 
converged was regarded as a slip surface where shear 
failure initiates. Propagation of the high-strain zone at the 
end of the reinforced region caused progressive failures. 

Figure 9 shows that the load transfer mechanism 
occurs in a deeper zone below the geotextile layer, which 
explains the occurrence of shear failure. The main 
function of the reinforcement layer is to reduce the 
distortion rate in the sheared zone and the ultimate shear  
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stress mobilized in the shear zone. Thus, the bearing 
capacity failure can be modified to punch the shear 
failure under the footing, and the general bearing 
capacity failure occurred at the top geotextile layer. 
 
 
Comparison between experimental and numerical 
results 
 
Initially, the numerical model used the results obtained 
from the experimental test program of this study. Figure 
10 shows a comparison between the BCR values 
obtained from FEA and the results obtained from the 
experimental model tests. FEA results have a reasonable 
fit with the experimental data and are in accordance with 
the same trend. Figure 10 also shows the experimental 
and numerical results of three tests: X/B = 0, X/B = 1, and 
X/B = 2. Although the numerical results do not fit 
completely with the experimental results, the results are 
in good agreement. Any discrepancy may be related to 
the chosen model, soil, and foundation parameters, and 
differences between the boundary conditions in the 
numerical and experimental models.  

Figure 11 shows the typical results of load curves for 
the strip footing tests on sand slope. The results were 
obtained from the bearing capacity tests on sand slope at 
a density of Dr = 85%. The failure modes for each of the 
footings varied depending on the sand type and density. 
The curves showed that large strip footings have a higher 
bearing capacity than small strip footings, which was also 
the case for tests on each density. The results also 
indicated that values of Nγ for sand decreased with the 
footing size and increased higher relative density. The 
relative density also had a significant influence on Nγ 
(Figure 12). The results shown in Figure 12 suggest that 
as the footing width decreased, Nγ increased significantly 
faster than that which was previously noted. 

The failure mode of the footings varied depending on 
density and footing size. To explain the observed 
different behaviors, the footings were related to the 
critical state concept. The concept suggests that dense 
sand under large mean stresses tend to contract. The 
same concept can be related to footings of different 
widths. For example, if four footings of various sizes were 
placed on the same sand in the same state and in the 
influence area, the mean stress of the four footings would 
be different. The largest footing would have the largest 
influence area, and the smallest footing would have the 
smallest influence area. 

The bearing capacity factor Nγ depends on the 
absolute width of the footing for strip footing (Figure 12). 
The Nγ for strip footing decreased with the footing size 
but increased with the increasing relative density. One 
explanation for the scale effect is stress dependency, in 
which different footing sizes have different mean 
stresses, which means that a smaller footing indicates a 
smaller mean stress.  The  observation  is  related  to  the
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(a) X/B=0 

 
(b) X/B=1 

 
(c) X/B=2  

 

Figure 10. Experimental and numerical results of test with Dr=85% (a) X/B = 0; (b) X/B = 1; 
and (c) X/B = 2. 

 
 
 
critical state strength. A small footing (small mean stress) 
would function as if it was on denser soil than a larger 
footing, despite being tested on sand with the same void 
ratio. The stress dependency may also be related to the 
curvature of the Mohr–Coulomb failure envelope where 
high friction angles at low stresses and low friction angles 
at high mean stresses were observed. The curvature of 
the Mohr–Coulomb failure envelope has been widely 
documented and can explain why small footings have 
large Nγ values. Thus, large friction angles correspond to 
the dense state of soil in relation (Ψ) to the critical state 
line. 

 
 
Effect of Ψ on bearing capacity factor Nγ  
 
The bearing capacity factor Nγ depends on the soil unit 
weight   γ    and    can    be    calculated    by     assuming 

cohesionless soil (C = 0) with no surcharge (q = 0). The 
generalized Terzaghi’s bearing capacity equation is given 
as: 
 

NBqu
2

1


 
 

where N
 is the bearing capacity factor for strip footing.  

Table 4 lists the values of the bearing capacity factor N
 

for X/B = 0.0, 1.0, and 2.0, which shows the variation of 

N
 with Ψ, X/B, and B for strip footing. Figure 13 shows 

the variation of N
 with B and Ψ for strip footing widths of 

50, 70, 100, and 150. N
 increased considerably with 

increasing X. The dilatancy had a significant effect on the 
value of the bearing capacity factor, particularly for high X  
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Figure 11. Load variations with S for model slope with different footing widths (X/B=1). 

 
 
 

 
 

Figure 12. Nγ versus B for 85% relative density. 

 
 
 

Table 4. Bearing capacity factor Nγ for strip footing on sand slope with relative density of 60%. 
 

X/B B(mm) 

Nγ 

Ψ 

0 φ/4 φ/2 3φ/4 φ 

(0) 

50 58.93491 69.5858 76.21302 77.15976 82.36686 

70 37.19358 51.05664 62.21471 62.72189 63.90533 

100 24.26036 37.75148 41.30178 45.08876 46.0355 

150 5.443787 28.00789 31.3215 34.00394 34.47732 

       

(1) 

50 69.5858 91.59763 104.142 108.6391 109.3491 

70 25.86644 79.79713 88.25021 90.78614 92.98394 

100 21.06509 59.40828 63.07692 70.88757 72.42604 

150 33.13609 44.26036 49.78304 52.70217 53.57002 
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(a) X/B = 0 

  
 

Figure 13. Nγ versus X/B for different φ for relative density of 60%. 

 
 
 

values. N
 decreased significantly when Ψ decreased. 

The gap between the two values of N
  increased with 

the increase of X. The decrease of N
 was evident when 

the value of Ψ/φ decreased from 3/4 to 0. Beyond this 
limit, the decrease seemed to be insignificant. 
 
 
Conclusions 

 
A series of experimental and numerical model tests was 
conducted to evaluate the bearing capacity of a strip 
footing with and without reinforcement that rests adjacent 
to the crest of sand slopes. This study mainly aimed to 
investigate the effects of geotextile depth, footing 
location,  and  slope   angle   on   both   ultimate   bearing 

capacity and failure mechanism. Based on our findings, 
the following conclusions can be drawn: 

 
1. Stabilizing the earth slope by using geotextile at an 
adequate depth in conjunction of the strip footing 
adjacent to the slope crest had a significant effect on 
improving soil bearing capacity. 
2. The optimum geotextile depth that produced the 
maximum ultimate bearing capacity was approximately 
0.5 of the footing width. 
3. The ultimate bearing capacity of a strip footing with 
geotextile increased with increasing distance from the 
footing to the edge and decreased when the angle of 
slope increased. However, at an edge distance greater 
than the footing width, the ultimate bearing capacity 
effectively increased. 
4. FEA helped to better explain the failure patterns of the 
footing-reinforced soil system adjacent  to  a  slope.  FEA  



 
 
 
 
also confirmed the load transfer mechanism and 
illustrated how geotextile can protect the slope from 
collapsing by decreasing the slope deformation. 
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