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ABSTRACT 

Rock-socketed piles have been extensively employed to receive and transmit large concentrated 

loads to deeper stronger materials. Although the load transfer mechanism combines base and 

side resistances, the contribution of side shear resistance is often crucial, as it is usually 

mobilized at much lower strains (or pile settlements) than base resistance. The side shear 

resistance of rock-socketed piles has usually been estimated using recommendations from codes 

and standards, or using local knowledge obtained from full-scale static load tests performed in 

similar ground. There are also empirical formulations as a function of the uniaxial compressive 

strength of the intact rock. However, this approach neglects the influence of other important 

aspects such as the effect of roughness at the rock-pile interface, and this factor is not always 

being considered in current design practices. The aim of this work is to examine the socket 

roughness effect on side shear resistance of rock-socketed piles. To do that, DEM2D numerical 

models of direct shear tests, and DEM3D numerical models of rock-socketed piles with different 

degrees of socket roughness are employed. Numerical results suggest that socket roughness is 

an important factor that significantly increases the load capacity and stiffness of rock-socketed 

piles. 
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1. INTRODUCTION 

Usually, the design of axially loaded rock-socketed piles is based on state codes and standards 

or local knowledge obtained from full-scale static load tests [1]. Depending on the geological 

conditions, construction techniques, etc., the design is done considering the side shear resistance 

only, the base resistance only, or the combination of both components [2]; however, it is 

generally accepted that the side shear resistance is fully mobilized at lower strains (pile 

settlement of 1% pile diameter) than the base resistance [3,4]. 

The side shear resistance of rock-socketed piles is frequently estimated as percentage of the 

uniaxial compressive strength (UCS) of the weaker material (rock or pile) [5], but this empirical 

formulation neglects the influence of other important aspects affecting the side shear resistance 

behaviour like the roughness at the rock-pile interface [1,6]. The aim of this work is to examine 

the socket roughness effect on side shear resistance behaviour of rock-socketed piles through 

numerical models employing Distinct Element Method (DEM) implementation with PFC2D&3D. 
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2. NUMERICAL SIMULATION 

2.1. DEM Approach with PFC  

Particle Flow Code (PFC) is a DEM based package [7] used in this work, in which the materials 

(e.g., rock or concrete) are simulated as a Bonded-Particle Model (BPM) composed of rigid 

finite-sized particles –circular (PFC2D) or spherical (PFC3D)–. The particles interactions are 

created or destroyed depending on the proximity between them. The system evolution is 

computed using DEM approach, in which Newton’s second law is employed to determine the 

motion of each particle and the force-displacement law is used to update the forces at each 

particle-particle contact [7]. 

2.2. Small-Scale Numerical Models 

In this section, the effect of roughness at the rock-concrete interface has been analyzed using 

DEM2D models to simulate direct shear tests of rock-concrete interfaces under Constant Normal 

Load (CNL) and Constant Normal Stiffness (CNS) boundary conditions (see Figure 1). To do 

that, the micromechanical parameters that reproduce the macromechanical behaviour of each 

materials –i.e., sandstone and concrete– and the interaction between them –i.e., sandstone-

concrete interaction– should be calibrated first. During the calibration procedure, experimental 

results conducted and presented in [8] corresponding to (i) uniaxial compression strength tests 

(UCSs) on sandstone and concrete samples, and (ii) direct shear tests (DSTs) on sandstone-

concrete planar joints, are employed as a benchmark. The sandstone and concrete samples were 

simulated with the Flat-Joint Contact Model (FJCM) [9], while the sandstone-concrete 

interaction was modeled with the Smooth-Joint Contact Model (SJCM) [10]. The methodology 

of the calibration procedure has been explained with details in [11,12]. 

The micromechanical properties employed during the calibration procedure of intact DEM2D 

samples and the comparison of the macromechanical properties resulting from DEM2D and 

experimental UCTs are summarized in Table 1. As it can be noted, the macromechanical 

properties obtained from DEM2D are similar to those calculated from laboratory tests. 

 
Figure 1. Idealized sketch of direct shear test: (a) CNL boundary conditions, (b) CNS 

boundary conditions (modified from [11]) 

 

An illustration of (i) a DEM2D specimen, (ii) the displacement vectors and (iii) the axial stress 

versus axial strain curve with the corresponding cracks propagations are shown in Figure 2. It 

can be observed that a few cracks (tension and shear) have been developed at pre-peak stage. 

As the loading increases, the cracks continue to appear until 𝜎𝑐 is reached, and such cracks 

increasing rapidly at post-peak stage. 
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Table 1. (a) Micromechanical properties fitted from UCSs employed in the calibration of 

intact DEM2D samples, (b) comparison of macromechanical properties between DEM2D and 

experimental UCSs (experimental data from [8]) 

(a) Micromechanical properties of FJCM S2-sandstone S3-sandstone Concrete 

Effective modulus, 𝐸∗, 𝐸∗̅̅ ̅ (GPa) 1.70 1.90 27 

Normal-to-shear stiffness ratio, 𝑘∗, 𝑘∗̅̅ ̅ 1.35 1.45 2.75 

Friction angle, ∅ (º) 32 35 30 

Ball density, 𝜌(𝑘𝑔 𝑚3⁄ ) 2500 2550 2500 

Minimum radius, 𝑅𝑚𝑖𝑛 (mm) 1 1 0.8 

𝑅𝑚𝑎𝑥 𝑅𝑚𝑖𝑛⁄  1.4 1.4 1.5 

Cohesion, c (MPa) 4.85 7.90 13.55 

Tensile strength, 𝜎𝑡 (MPa) 2.8 3.5 6.0 

(b) Macromechanical properties Experimental DEM2D Experimental DEM2D Experimental DEM2D 

UCS (MPa) 11.49 11.59 21.77 21.65 40 39.87 

Young's Modulus, 𝐸 (GPa) 1.98 2.01 3.25 2.32 29.95 30.08 

Poisson's ratio, 𝜈  0.10 0.10 0.10 0.11 0.20 0.20 

 
Figure 2. DEM2D sample: (a) S2-sandstone before the beginning of the UCS test, (b) failure 

plane and displacement vectors at the end of the UCS test, (c) axial stress, number of cracks 

(shear and tension) vs axial strain during the UCS test 

On the other hand, the SJCM micromechanical properties calibrated to represent the sandstone-

concrete interfaces and the comparison between DEM2D models with laboratory DSTs results 

conducted on unbonded planar sandstone-concrete joints, are listed in Table 2. Numerical 

results are similar to those macromechanical properties obtained from laboratory tests 

performed on unbonded rock-concrete planar joints. 

Table 2. (a) Micromechanical properties calibrated from DEM2D DSTs conducted on 

unbonded sandstone-concrete planar joints, (b) macromechanical properties of the joints 

computed from DEM2D and experimental DSTs (experimental data from [8]) 

(a) Micromechanical properties of SJCM Sandstone(S2)-concrete Sandstone(S3)-concrete 

Joint normal stiffness, 𝑘𝑛 𝑆𝐽 (MPa/mm) 10 10 

Joint shear stiffness, 𝑘𝑠 𝑆𝐽 (MPa/mm) 5 2 

Joint coefficient of friction,  𝜇𝑆𝐽 (tan ∅ (º)) 0.70 0.70 

(b) Macromechanical properties Experimental DEM2D Experimental DEM2D 

System normal stiffness, 𝐾𝑛, (MPa/mm) - 9.50 - 10.30 

System shear stiffness, 𝐾𝑠, (MPa/mm) 1.84 1.81 1.37 1.36 

Friction angle, tan ∅ (º) 35.37 34.99 34.96 34.99 

 

A DEM2D sandstone-concrete joint specimen is presented in Figure 3(a) (grey and yellow balls 

represent concrete and sandstone materials, respectively; black and red lines represent the 

network of FJCM and SJCM, respectively). The shear stress (𝜏) versus shear displacement (𝛿𝑠) 

curves under different normal stress (𝜎𝑛) are presented in Figure 3(b). As it can be observed, 

DEM2D models captured very well the laboratory behaviour. 
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Figure 3. DEM2D DST sample: (a) sandstone(S2)-concrete unbonded planar joint and details 

of network of contact (black and red lines represent FCJM and SJCM, respectively), (b) 

comparison of DEM2D and experimental DSTs with different normal stress (𝜎𝑛) (experimental 

data from [8]) 

2.3. Large-Scale Numerical Models 

Next, the socket roughness effect on the side shear resistance of rock-socketed piles is 

examined. To do that, DEM3D numerical models of rock-socketed piles with different degrees 

of socket roughness are employed (see Figure 4). 

 
Figure 4. (a) idealized sub-surface profile (the red dotted line represents the zone modelled), 

(b) DEM3D rock-socketed pile model, (c) roughness profiles used at the pile-rock interface 

(𝑅𝐹 is the roughness factor define in [14]) 

Considering that the computational cost is an important factor of numerical simulations, in 

particular of DEM models, (i) a section of a pile of 45-degree angle, instead of the whole 

diameter, is considered, (ii) the rock body was discretized in three zones, increasing the particle 

size from the pile-rock interface to the boundary wall of model, and (iii) pressure loads to 

simulate the overlying soil stratum and the corresponding self-weight of the pile embedded in 

the soil, were applied on the wall head rock and on the wall head pile, respectively (see Figure 

4). Thus, the computational time is reduced. The nominal socket radius (𝑅) and the nominal 

socket length (𝐿) are, 0.4 m and 0.8 m, respectively. The base was made void because only the 

pile shaft behaviour is analyzed in this work. The rock (S2-sandstone) and the pile (concrete) 

were simulated using the FJCM, while the SJCM was applied at rock-pile interface. The 
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micromechanical parameters used in the FJCM and SJCM were those previously calibrated in 

Section 2.2 (see Table 1 and Table 2). Additional details about the set-up of rock-socketed piles 

DEM3D models are available in [13]. 

 

3. RESULTS 

3.1 Small-Scale Numerical Models  

The effect of roughness at sandstone-concrete interfaces was investigated through three (3) 

DEM2D direct shear tests conducted on unbonded symmetric saw-tooth joints (with different 

base angle, 𝛼) under CNL conditions (𝜎𝑛 = 400 kPa) with the corresponding micromechanical 

parameters calibrated in Section 2.1. DEM2D results and the comparison with experimental tests 

presented in [8] are shown in Figure 5. As it can be noticed, the shear stress increases as the 

roughness at the sandstone-concrete joint increases. DEM2D results agree well with the 

laboratory behaviour, in which the peak shear strength and peak shear displacement computed 

with DEM2D models are very close to those obtained in laboratory summarized in [8]. In 

addition, Figure 5 shows that a small number of bond breakages –i.e., cracks– take place before 

reaching the peak shear strength; later, the number of cracks (shear and tensile) increases 

rapidly, which suggests that there is more degradation of asperities in those models with greater 

𝛼 –i.e., at rougher interfaces–. 

 
Figure 5. (a) geometry of the DEM2D DSTs with saw-tooth triangular joints with different 

base angle: (b) comparison of DEM2D and experimental DSTs conducted on unbonded 

sandstone(S3)-concrete joints under CNL boundary conditions (𝜎𝑛 = 400 𝑘𝑃𝑎) 

(experimental data from [8]) 

Figure 6(a) compares numerical and experimental results of DSTs conducted on unbonded 

sandstone(S2,S3)-concrete saw-tooth triangular joints with α = 20° and CNS boundary 

conditions (𝜎𝑛 = 400 𝑘𝑃𝑎, K = 800 𝑘𝑃𝑎 𝑚𝑚⁄ ). As it can be observed, DEM2D results agree 

well with the laboratory behaviour, as well as the CNS boundary conditions increases the shear 

stress on unbonded roughness joints. Note, that the peak shear stress obtained on sandstone(S3)-

concrete unbonded joints with α = 20° under CNS boundary conditions is higher than the peak 

shear stress obtained on the same sandstone(S3)-concrete specimen under CNL boundary 

conditions (see Figure 5(b) and Figure 6(a)). In addition, Figure 6(a) presents that the shear 

stress depends also on the strength of the materials –e.g., the peak shear stress obtained on 

sandstone(S3)-concrete joint is higher than that computed on sandstone(S2)-concrete–. Finally, 

the propagations of the number of bond breakages is presented in Figure 6(b); as it can be seen, 

the number of tension cracks increases faster than shear cracks after the peak shear stress is 
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reached; later, the number of shear cracks in concrete remains almost constant and the number 

of shear cracks in S3-sandstone increases slowly compared to the increase of tension cracks of 

both materials. This results may be due to the concrete is stronger than the S3-sandstone. 

 
Figure 6. DSTs conducted on unbonded sandstone(S2,S3)-concrete saw-tooth triangular 

joints with 𝛼 = 20° and CNS boundary conditions (𝜎𝑛 = 400 𝑘𝑃𝑎, 𝐾 = 800 𝑘𝑃𝑎 𝑚𝑚⁄ ): (a) 

comparison of DEM2D and experimental results, (b) propagations of bond breakages 

(experimental data from [8]) 

3.2 Large-Scale Numerical Models  

Four (4) DEM3D rock-socketed piles testing were conducted to analyze the socket roughness 

effect on side shear resistance behaviour. All DEM3D models were loading until a limit socket 

head settlement (𝛿) of 10% of the socket diameter (0.1D) is reached (see Figure 7). 

 
Figure 7. DEM3D results: (a) average side shear resistance (𝑓𝑎𝑣𝑒) and number of cracks 

versus socket head settlement (𝛿) for DEM3D simulations of four piles socketed in S2-

sandstone (with different roughness profile), (b) cracks propagation for model with 𝑅𝐹 =
0.010 and 𝑅𝐹 = 0.050 (blue and red colors represent bond breakages in shear and in 

tension, respectively) 
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As it can be seen from Figure 7, the average side shear resistance (𝑓𝑎𝑣𝑒) increases gradually in 

the same way that the roughness factor at the rock-pile interface is greater –e.g. 𝑓𝑎𝑣𝑒 of model 

with 𝑅𝐹 = 0.050 is about 5 times greater than that computed for model with 𝑅𝐹 = 0.010 for 

a socket head settlement of 0.05D, see Figure 7–. This result may be because the rock-pile 

interface with higher 𝑅𝐹 is unable to deform sufficiently, thus more dilation and normal 

stiffness occurs during the loading tests (see Section 3.1). In addition, Figure 7(a)-(b) shows 

that the number of bond breakages in piles socketed into sandstone-S2 is very small before 

reaching a socket head settlement of 0.01D (i.e., 0.8 cm). After such threshold, the number of 

cracks (shear and tension) increases, as the socket roughness increases. This behaviour is 

congrous with that presented in Section 3.1, as well as with previous works by [11,12], 

suggesting that models with lower socket roughness fail through sliding along the rock-concrete 

interface, whereas the degradation of asperities and significant bond breakages becomes more 

relevant at the rock-pile interface with higher 𝑅𝐹 values. (Note also that the number of bond 

breakages are greater in S2-sandstone than in pile; this might be as the concrete pile is much 

stronger than S2-sandstone). According to Figure 7, widely accepted established criterion of 

the 0.01D displacement is an appropriate one in design practices considering that the numerical 

model presents excessive damage of rock-concrete interface of rock socket piles. 

 

4. CONCLUSIONS 

In conclusion, the research findings of this work shows that the degree of roughness is a crucial 

factor affecting the shear stress behaviour of unbonded rock-concrete interfaces and should be 

incorporated in current design practice of rock-socketed piles. This paper demonstrates that 

DEM2D&3D simulation scheme with their micromechanical parameters calibrated against 

experimental tests, can adequately simulate the shear behaviour of unbonded rock-concrete 

interfaces, in particular, (i) the shear stress behaviour of direct shear tests conducted on 

unbonded planar and saw-tooth triangular joints under CNL and CNS conditions, and (ii) the 

shear stress resistance of rock-socketed pile testing. Finally, the major advantage of DEM 

models conducted herein is that employing just a few UCSs and DSTs to calibrate the 

micromechanical parameters of DEM models there is reduction of costs and time associated to 

traditional field and laboratory tests to analyze the shear stress behaviour at rock-concrete 

interfaces. 
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