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Abstract 

Steel has become a widely used building material in today’s world.  Steel pile foundation are 

used in both land and off shore constructions.  The strength of these piles is influenced by the 

interfacial friction, surface roughness, soil gradation, soil composition and other factors.  

Fibre Reinforced Polymers (FRP) have been used in geotechnical applications in combination 

with concrete widely.  In this study, a novel material, mild steel wrapped with unidirectional 

Glass Fibre Reinforced Polymer (GFRP) was used.  Also to study the effect of surface 

roughness three types of abrasive sheets viz. Rough (P80), Medium (P220) and Smooth (P320) 

were wrapped on mild steel plates and interfacial friction study was done.  The tests were done 

with well graded and poorly graded soils. The results showed that the interfacial friction angle 

increased up to 135% with increase in surface roughness.  There was also an increase from 

33% to 40% in interface friction in well graded soil when the orientation of fibre was 

perpendicular to direction of shear. 

Keywords: Polymer-steel composite material; GFRP; Abrasive sheet; interface friction; 

surface roughness 

 

 

1. INTRODUCTION 

Nowadays many new construction materials have been used along with new construction 

technologies.  One of the innovation in materials is composite materials.  Various combinations 

of concrete or steel with other materials like plastics, polymers, waste materials, etc have been 

tried to improve the strength and durability of structures.  Many FRP’s like Carbon, Aramid, 

Basalt, Glass are available in the market.  These fibres are highly corrosion and heat resistant.  

Of these FRP’s, Carbon and Glass FRP’s are widely used in repair and retrofit of structures.    

Though steel has many advantages over concrete like lesser unit weight, high durability, reuse, 

ease of jointing, retrofitting, etc., previous researchers have concentrated only on concrete with 

FRP wrap.     Interface friction between FRP and sandy soil is a prime factor in deciding the 

shear strength of the composite material.  Previous researchers have studied the interface 

friction between sand and steel, since the interface friction is required to derive the load carrying 

capacity of steel pile. Much studies on interface friction between FRP confined steel composite 

material and soil is not available.  Hence, we have done study on interface behavior between 

this new composite material (GFRP confined Steel) and soil. 
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Potyondi [1], did skin friction experiments on construction materials like wood, concrete 

and steel with rough and smooth surfaces.  The test results showed that cohesion and internal 

friction are factors that influence skin friction in cohesive soils. Uesugi and Kishida [2], did 

laboratory experiments to estimate coefficient of friction between dry sand and mild steel and 

the possible influential factors.   They found that surface roughness of steel and particle size 

had influence on the interfacial shear strength. O'Rourke, etal [3], did experiments on sand – 

polymer interfaces using direct shear tests and found that the interface shear strength increased 

with soil density and surface hardness.  Frost  and Hans. [4], did experiments on interface 

behavior of sand-FRP interfaces and found that the interface shear strength depends on the 

relative roughness of surface, initial density of soil mass, angularity of soil particle and normal 

stress level.   Nishizaki and Meiarashi [5], studied the long term deterioration of GFRP in water 

and moist environment under various temperatures and also immersed conditions.  The study 

showed that cracks appeared at 600 C in the specimen but no chemical changes occurred.  

Porcino et al [6] , did study on interface between sands under Constant Normal loads and 

Stiffness using Direct shear box apparatus.  They found that the surface has a pronounced effect 

on dilatant or contractive behavior of interfaces under constant normal load tests.  Hu and Pu 
[7], did developed a new model for interface shear test and validated it with direct shear test 

results. The new model was developed to study the interface behaviours like hardening, 

softening and dilative response. Fleming et al [8] , did study on soil geomembrane interfaces 

using modified direct shear apparatus and found that under high normal stress it was difficult 

to predict interface behavior.  DeJong et al, [9], did study on influence of relative density, 

particle angularity, particle hardness, surface roughness, normal stress, and normal stiffness on 

soil structure interaction.  They concluded that the relative density of the soil, and the 

relationship between particle characteristics _angularity and hardness_ and surface roughness 

are shown to have the greatest effect on local interface behavior, followed by confining stress 

and stiffness conditions. 

Hamid and Miller [10], studied the shearing behavior of unsaturated soil interfaces on a 

low-plasticity fine-grained soil. Results of this study indicate that matric suction contributes to 

the peak shear strength of unsaturated interfaces.  Tiwari et al [11], found the shearing resistance 

of soil-concrete, soil-wood, and soil-steel interface on different types of soil. The result showed 

that skin resistance of soil-structure interface depends on the surface material of the structure 

and the type of soil and also with Saturated or unsaturated soil.  Ho et al,[12] found that the 

interfacial friction angle depended on the whether the interface is mounted above or below the 

sample while conducting the test. This has more effect on smaller displacements.  Yu and Yang 
[13], did study on interface behavior between steel pipe pile and sand and developed a modified 

frame work to study the interface behavior for pile design.  Canackci et al [14], did study on 

interface behavior between organic soil and concrete, metal and wood with different moisture 

content of soil using direct shear apparatus.  They found that moisture content plays role on 

surface roughness.  Yu and Yang [15] studied and found that the pile-soil interface behavior is 

of particular interest in sands where shaft friction plays an important role in resisting the applied 

load.  Feliga et al [16], studied the interface behavior between different cohesive soils and 

abrasive surfaces.  Kun Lil et al,[17], focused on the friction resistance between dry sand and 

mild steel. The test results showed that the peak and residual friction angle increase with the 

increase of surface roughness and decrease of surface hardness. The friction angle reaches a 

largest value with a largest surface roughness and a smallest surface hardness. Jiang et al[18], 
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did study on concrete pile soil interface behavior and found that interface friction angle 

depended on ultimate skin friction.  Quinteros et al, [19], did experiments on steel sand interface 

using Bishop’s ring Shear apparatus to obtain residual friction angles.  They found that residual 

friction angle is independent of fines content and depends on surface roughness and effective 

vertical stresses.   Ilori et al[20], did study on concrete soil interface using Direct shear apparatus 

and found that for the design criteria a range of stress values should be mentioned for a given 

friction value. Samantha et al[21], did study on steel – sand interface and found that the surface 

texture of steel plays a role on shear strength of interface.  Omar Al Emami [22], studied the 

soil samples sheared against three steel surfaces of different textures (smooth, moderate-rough, 

and rough). The experimental results showed that the steel surface texture is an effective factor 

in soil-steel interface shear strength. The interface shear strength of the rough steel surface was 

found higher than smooth and semi-rough steel surfaces. 

Fei Han et al, [23], did experiments on interface shear strength on sand – steel interface on 

ten different types of sand and found that the surface roughness, soil gradation and particle size 

are influential parameters. Khemissa,  [24], performed direct shear test on Loose and dense dune 

sand under monotonic loading with smooth and rough surfaces.  It showed that the rough 

interface is more advantageous than the smooth interface, and more true with dense sand than 

with loose sand of same type.  Aksoy et al [25], studied the skin friction between sand and steel 

pile interface and gave a skin friction chart. Kun et al[26], studied the interface between different 

types of sand and concrete raft and found that under monotonic loading the interface shear 

resistance increases with increase with vertical pressure.  Liu et al[27],  did characterization 

study on steel-soil interface to interpret driven pile behavior in soil.  They found that as normal 

stress increases the interface friction angle also increases.  Yeter et al[28], did uncertainty 

analysis of offshore monopiles soil interaction and established the importance of modelling pile 

soil interaction in pile design with reference to the shape and length of pile. 

From the above we can conclude that, when steel is used as sub structure component, high 

influence of surrounding nature of soil and moisture are evidenced.  When the different material 

comes into contact (i.e. steel and sand), the existence of very thin zone takes place where an 

intense localization of shear strain occurs. This zone is defined as the zone of interface friction.  

Hence this paper attempts to study the interface friction between steel surface wrapped with 

GFRP and two different type of soils viz. Well graded sand (SW) and Poorly graded sand (SP).  

Surface roughness is another factor when the shear strength of steel is considered.  It is found 

that roughness of the surface alters the interface friction and consequently the shear strength of 

steel.  Hence, abrasive sheets of three different roughness were wrapped on steel plates and 

shear tests were done in SW and SP soils.  The surface roughness was also found using 

Roughness meter.  The results led to further study of load carrying capacity of steel piles 

wrapped with GFRP and abrasive sheets.   

SIGNIFICANCE OF THE STUDY 

Friction between soil and foundation materials is major significance to make a good 

estimation of frictional resistance between soil and substructures. Soil-structure interaction 

studies have proven to be an effective tool for the analysis and design of geotechnical structures. 

Soil-structure interfaces have a great influence on the bearing capacity and load-deformation 

response of geotechnical structures.  The interface strength  is based on the surface  roughness 

of  construction material, composition of soil, relative density of soil, grain size distribution and 
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shape of soil particles, moisture content of soil, magnitude of normal stress and rate of shearing. 

Hence it is essential to determine the interface strength between soil and geotechnical structures 

to make a good estimation of load transfer between structures and soils. The strength and 

stability of geotechnical structures depends on soil-solid interface behaviour.  Many researchers 

have considered application of fibre reinforced polymer sheets/strips as an effective 

strengthening and rehabilitation material. FRP has limited use in geotechnical engineering 

applications to date, due to lack of information regarding the behaviour of systems that include 

these materials. So it is important to study the interface behaviour between FRP and soil. To 

provide some insight into the interface behaviour between FRP and soils, an experimental study 

was performed to evaluate the importance of various factors. 

2. EXPERIMENTAL STUDY 

2.1. Material Properties 

Basic properties of two soil samples were determined and their Index properties were 

found.  From the results, it was found that the soil samples were classified as Well graded soil 

(SW) and Poorly graded soil (SP).  The results are listed in Table 1.  Mild steel plates of size 

6cm x 6cm x 0.6cm were used in the experiments.  One of the plates was wrapped with 

unidirectional GFRP sheet.  The properties of GFRP is listed in Table 2.  Three abrasive sheets 

(silicon carbide waterproof paper) of different roughness namely P80 (Rough), P220 (Medium) 

and P320 (Smooth)[11] were wrapped on different steel plates. By random we have selected 

these grades of abrasive sheets.  To further know the variation of friction angle with higher 

roughness, the other two abrasive sheets of higher roughness were selected for the study.  When 

tested with roughness meter, P320 abrasive sheet had the nearest value of surface roughness 

with GFRP.  The prepared samples are shown in Figure 1(a to d). The surface roughness was 

tested using Roughness meter and the values are shown in Table 3. 

Table 1. Index properties of sand. 

S.No. PROPERTIES RIVER SAND FIELD SAMPLE 

1 Uniformity coefficient, Cu 3.5 6.58 

2 Coefficient of curvature, Cc 1.78 1.065 

3 Type of soil (as per 1498-1970) Poorly graded sand (SP)  Well graded sand (SW)  

4 Specific gravity 2.62 2.58 

5 Test Density (kN/m3) 16.40 13.32 

Table 2. Properties of Fibre. 

Fibre 

Property / 

Type 

Fibre 

Thickness 

(mm) 

Fibre 

Orientation 

Tensile strength 

(N/mm2) 

Tensile 

Modulus 

(N/mm2) 

GFRP 0.6 Unidirectional 3400 73 x103 
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Figure 1. (a) GFRP          (b) P80 (Rough)     (c) P220 (Medium)       (d) P320 (Smooth). 

2.2. Methodology 

Generally, Absolute roughness (Ra) is considered for calculating interface friction between 

two different materials. It is a measure of the surface roughness of a material. This roughness 

is generally expressed in units of length as the absolute roughness of the material. The absolute 

surface roughness of the specimens was estimated using Surface Roughness Meter-Mitutoyo 

brand (Figure 2). The meter has a needle which rolls over the surface and the running values 

are printed as digital output as wave form.  It also gives the average value of Ra as digital display 

which is considered as result. The Ra values of the plain steel surface, steel plates wrapped with 

GFRP for both orientations and abrasive sheets were found using Roughness meter (Table 3). 

A conventional Direct shear apparatus [6] [8] [14] [20] [21] [26] was used to find the shear stress and 

thereby the interface friction angle. The experimental set up is shown in Figure 3.  The shear 

test was conducted for control samples SW sand-SW sand, SP sand – SP sand, Steel-SW sand 

and Steel-SP sand. The plates wrapped with GFRP were placed in the apparatus with 00 and 

900 orientation to the loading direction.  The plates wrapped with abrasive sheets were tested in 

one direction.  Direct shear test was done with normal stress 0.05, 0.1, 0.15 and 0.2 N/mm2 for 

each of the samples. For each normal stress the corresponding shear stress was calculated from 

the shear force obtained.  The interface friction angle for each type was found from graph with 

shear stress as ordinate and normal stress as abscissa.  

      
Figure 2. Surface Roughness meter 
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Figure 3. Experimental set up for Direct Shear test 

 

Table 3 Surface Roughness 

Material Steel GFRP 

0° 

GFRP 

90° 

P320 

(Smooth

) 

P220 

(Medium

) 

P80 

(Rough

) 

Ra in 

µm 

0.63

1 

8.874 9.312 9.469 13.12 17.435 

 

3. RESULTS AND DISCUSSIONS 

3.1. Variation of Shear and Normal stress 

Direct shear test were conducted with the above specimens and values of shear stress were 

found corresponding to different normal stress. Since the test is a Non Destructive test, for each 

sample four trials were done and also the direction of application of load was also varied.  The 

interface friction angle was calculated from graph plotted with these values as a slope of linear 

curve. The values obtained for shear and normal stress are given in Table 4. The results are 

plotted in Figure 4a and 4b for SP soil and SW soil respectively for finding the interface 

friction angle. The results showed a maximum of 142% and 62.3% increase of shear stress for 

the same maximum normal stress of 0.2 N/mm² in SP and SW soil respectively for GFRP 0°. 

The results showed a maximum of 191% and 113% increase of shear stress for the same 

maximum normal stress of 0.2 N/mm² in SP and SW soil respectively for GFRP 90°.  In the 

GFRP tests, the shear stress corresponding to fibre orientation perpendicular to force was higher 

by 20% than corresponding to fibre orientation parallel to force.  This showed that the shear 

strength is also dependent on orientation of fibre for a given normal stress. 

In the case of abrasive sheets, P320(smooth) showed an increase of 58% and 151% of shear 

stress in SW and SP soil respectively for a maximum normal stress of 0.2 N/mm².  Whereas 

P80(rough) showed 101% and 179% increase of shear stress in SW and SP soil respectively.  

The P80 sample showed 179% increase in shear strength when the roughness was increased 15 

times as that of plain steel surface.  This showed that surface roughness is an influential factor 

in deciding the shear strength of the steel composite material.  
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Table 4 Maximum shear stress against normal stress for SW and SP soil 

Normal 

Stress 

N/mm² 

Maximum shear stress N/mm² (SP soil) 

SP-SP SP-STEEL 

GFRP 

0ᵒ 

GFRP 

90ᵒ P320 P220 P80 

0 0 0 0 0 0 0 0 

0.05 0.037 0.012 0.032 0.036 0.03 0.034 0.036 

0.1 0.072 0.024 0.06 0.073 0.06 0.068 0.069 

0.15 0.107 0.035 0.088 0.104 0.093 0.1 0.104 

0.2 0.147 0.049 0.119 0.143 0.123 0.131 0.137 

Normal 

Stress 

N/mm² 

Maximum Shear stress N/mm² (SW soil) 

SW - 

SW 

SW-

STEEL 

GFRP 

0ᵒ 

GFRP 

90ᵒ P320 P220 P80 

0 0 0 0 0 0 0 0 

0.05 0.044 0.018 0.031 0.043 0.029 0.035 0.043 

0.1 0.085 0.034 0.0644 0.081 0.061 0.069 0.074 

0.15 0.13 0.056 0.097 0.124 0.089 0.106 0.114 

0.2 0.157 0.077 0.125 0.164 0.122 0.137 0.155 

 

 

Figure 4a. Shear stress vs Normal stress- SP soil 
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Figure 4b. Shear stress vs Normal stress – SW soil 

3.2. Influence of Surface roughness on Interface friction angle 

The absolute surface roughness (Ra in μm) of GFRP wrapped with fibre parallel (00) to shear 

direction and GFRP wrapped with fibre perpendicular (900) to shear direction was found using 

surface roughness meter.  Similarly it was found for abrasive sheets wrapped steel plates also.  

Then direct shear test were conducted and interface friction angles were found using normal 

and shear stress graphs.  The values are represented in Figure 5.  The results showed that the 

interface friction angle was increased by 135% and 114% in SP soil and 68% and 50% in SW 

soil for GFRP 900 and GFRP 00 respectively.  In case of abrasive sheets, P320 showed 41% and 

114% increase in interface friction angle in SW and SP soil respectively.  Whereas P80 showed 

68% and 142% increase in SW and SP sand respectively.  It can also be seen that though the 

surface roughness was varying, interface angles were nearly equal.  All the values for well 

graded sand were higher than poorly graded sand.  This indicated that the shear strength 

depended not only on the material property but also the gradation of soil. 

 

Figure 5. Effect of Surface Roughness on Interface Friction angle. 
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3.3. Effect of Gradation and Friction ratio 

The tests were conducted on two different types of soils namely Well graded(SW) and 

Poorly graded(SP) sand.  The results showed that the effect of grading has only little effect on 

friction ratio as the surface roughness increases.  The Figure 6 shows that the values of friction 

ratio tends to stabilize near the value of one even though the surface roughness as increased by 

nearly 50%.  The results also show that the orientation of GFRP also has an effect on interface 

friction.  In the case of GFRP, friction ratio in SW was 3%  higher than SP sand as the interstices 

between the fibre offered more resistance.  But in the case of Abrasive sheets, the friction ratio 

of SP sand was 0.23%  higher than SW sand due to the absence of interstices. 

 

Figure 6. Relation between Friction ratio and Surface roughness. 

CONCLUSIONS 

From the experimental study, it was found that as the roughness increases the shear strength 

also increases.  For a particular normal stress the shear stress increases with increase in surface 

roughness.  The angle of interface friction also showed greater impact on surface roughness.  

The GFRP specimen showed a maximum increase of 68% in SW and 135% in SP sand in 

interface friction as the surface roughness increased.  The Interface friction of  abrasive sheet 

P320(smooth) showed an increase of 41% in SW and 114% in SP, P220(Medium) showed an 

increase of 54% in SW and 128% in SP and P80 (Rough) showed an increase of 68% in SW 

and 142% in SP sand.   The friction ratio showed that as the surface roughness increases, soil 

gradation has little or low effect.  The friction ratio increased up to a value of 9.31 of Ra, but 

after that there was no significant increase even for a value of 17.4 of Ra. This showed that the 

rate of increase of friction ratio was slower and tends to stabilize even though the surface 

roughness was increased at higher rate. 

From the study it can be inferred that composite material steel with GFRP wrap can be used 

where the shear strength has to be increased.  This study can be further extended to find the 

load carrying capacity of, GFRP wrapped steel pile, GFRP wrapped steel pile with multiple 

layers of wrap in unidirectional and bidirectional GFRP wrapped steel pile with single or 

multiple layers. 
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