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ABSTRACT: Using a novel bond contact model of structured sand, this paper presents a numerical investigation into 

the mechanism of cone penetration test (CPT) technique in different types of sand ground (i.e. pure sand, structured 

sand I/II/III) with a series of penetrated inclinations (i.e. 0°, 15°, 30° and 45°) by two-dimensional Discrete Element 

Method (DEM). The results show that, the evolution characteristics of normalized tip resistance as well as its compo-

nents on both sides are closely related to the varied penetrated inclinations and bond strengths. As the inclination angle 

increases, asymmetrical distribution of contact force chain can be observed, as well as the gradual enlarged distribution 

of bond breakage exhibited like an inverted bell. In the inclined penetration process, the principal stresses on the left 

side near the penetration path always rotate clockwise, whereas those on the corresponding right side rotate clockwise 

firstly and then turn to rotate anticlockwise, both of which are influenced by the penetrated inclination more significant-
ly than by the bond strength of structured sand. The penetration effect leads to the soils adjacent to the penetrometer un-

dergo the obvious loading and unloading processes, making the higher stress level distribute widely outside the inner 

residual stress state range. As the penetrometer inclines, the soils on the right side near the penetrometer tends to ap-

proach its peak stress level at a shallower penetration depth than those on the corresponding left side.  
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1. Introduction 

The cone penetration test (CPT) is a reliable in-situ 

testing technique to obtain the soil stratifications and 

mechanical properties [1-3] in geotechnical engineering. 

Many investigations have been performed on the verti-

cal CPT mechanism on clay, sand and lunar soil using a 

variety of approaches, including the theoretical analyses 

(i.e. bearing capacity theory [4] and cavity expansion 
theory [5]), experiments (i.e. laboratory chamber cali-

bration tests [6, 7] and centrifuge tests [8, 9]) and nu-

merical analyses (i.e. finite element method (FEM) [10-

14] and distinct element method (DEM) [15-19]). 

Moreover, in recent years, some researchers attempted 

to deal with more challenging problems existed in the 

vertical CPT technique, i.e. the suction effect of unsatu-

rated soils [20, 21], the irregular particle shape effect 

[22] and the crushability effect of soils [23]. 

In addition, due to the complicated geological condi-

tions like inclined sedimentation, the existing structures 
or lack of access in site surveys, the CPT technique is 

necessary to be performed in various inclinations, which 

is not an axisymmetric boundary problem in most cases. 

A few researchers have tried to explore the inclined 

penetration mechanism using the above approaches by 

several aspects, i.e. relationship of tip resistance be-

tween horizontal and vertical CPTs [24], the effect of 

soil anisotropy [25, 26], penetration characteristics in 

lunar soil [27] and the effect of penetrometer-soil fric-

tion under different inclinations [28]. However, the in-

vestigations on the inclined CPT technique still remain 

insufficient, especially the penetration mechanism in 

natural sand ground under different inclinations. It is 

well known that the natural sands are micro-structured 

and characterized with notable inter-particle bonding 
due to the effects of sedimentary environment and stress 

history. Therefore, DEM provides an alternative tool to 

interpret the penetration mechanism and observe the 

whole penetration process in natural sand, which can 

give insight into the mechanical behavior of granular 

material both at microlevel and macrolevel. 

Considering the micro characteristics of natural sand, 

this paper presents a numerical investigation into the in-

clined penetration mechanism in pure and structured 

sand grounds by two-dimensional Discrete Element 

Method (DEM). With the use of a micro bond contact 
model proposed for structured sand, four sand types 

were calibrated, three of which are structured sands 

characterized with different bond strengths, and the oth-

er is pure sand for comparison. Then a series of CPTs 

with different inclinations (i.e. 0°, 15°, 30° and 45°) 

were numerically performed on the four types of sand 

grounds. The penetration mechanism was discussed in 

detail by investigating the evolutions of normalized tip 

resistance, distributions of contact force chain, bond 

breakage field, rotation of principal stresses and charac-

teristics of stress level during the penetration process. 



 

2. Bond contact model of structured sand 

Based on the scanning electric microscopic analysis 

of structured sand [29], a conceptual 2D micro bond 

contact model considering two bond modes can be es-

tablished [30]. The mode A represents that the bonds are 

formed in the inter-particle voids with a certain bond 

thickness, and thus two particles are separated by bond. 

By contrast, the mode B represents that two particles are 

contacted directly so that the bonds are formed around 

the contact regions [31]. For a pair of particles with ra-

dii R1 and R2, the bond can be generated when hmin at 

contact is no more than the critical bond thickness cr

maxh , 

and the bond width B can be calculated automatically by 

the following Eq. (1) [30]: 
2

24 (2 )cr

min maxB R R h h                                       (1) 

where the common radius R =
1 2 1 22 / ( )R R R R . 

The mechanical response of the bond contact model 

with two modes can be unified. On one hand, the inter-

particle mechanical response is activated once hmin=0 or 

bond is broken, following the classic inter-particle roll-

ing resistance model [32]. On the other hand, based on 

the bond rolling resistance model [33], the mechanical 

response of bond in three directions, i.e. normal, tangen-

tial and rolling directions, can be described in an elasto-

brittle-plastic residual way.  

Fig. 1. presents the adopted strength envelope in a 
three-dimensional space, where the red section repre-

sents the peak bond strength corresponding to the criti-

cal state and the blue section represents the residual 

bond strength due to friction and bond shape existed in 

the compressive zone. As the projection of strength en-

velope, the bond failure criterion in the shear bond force 
b

sF - bond moment Mb plane can be approximated as an 

ellipse and described by the following Eq. (2), which 

varies in size with normal bond force b

nF : 

1  (intact bond)

1 (critical state)

1 (broken bond)

b b

s

sb rb

F M

R R


    

    
   

                         (2) 

where Rsb is the shear strength of bond under compres-

sion (tension) - shear condition, and Rrb is the rolling 

strength of bond under compression (tension) - rolling 

condition, both of which can be expressed as the func-

tions of b

nF , the compressive and tensile strength of 

bond Rcb  and Rtb [30]. 

 
Figure 1. 3D bond strength envelope of the bond contact model [30]. 

3. DEM modeling of CPT 

3.1. Ground generation 

Using the multilayer under-compaction method [34], 

the homogeneous sand ground was generated by com-

pacting eight layers of particles to the target void ratio 

of 0.27, and then subjected to an amplified gravity field 

of 5g to simulate the deep ground condition. The contact 

bonds were assigned finally with the parameters illus-

trated in Table 1., whose initial total number is 711799. 

As shown in Fig. 2., the final size of the ground model 

is 6m wide and 2.75m high. The sand ground was com-

posed of 298550 particles with the diameters uniformly 

ranging between 6 and 9 mm given a mean diameter d50 
of 7.6mm, and the particle density was set to be 

2600kg/m3. As illustrated in Table 1., to analyze the 

bond effect of structured sand on the penetration mech-

anism, four types of sand were considered, i.e. pure 

sand and structured sand I/II/III, which have different 

bond strengths while identical frictional parameters. 

Based on a series of biaxial compression test simula-

tions with the strain rate of 5%/min, the macro calibrat-

ed parameters of four sand types were obtained, as pre-

sented in Table 1., including the distinct cohesion c and 

the similar internal frictional angle  Except for the 
bond strength effect, the effect of penetrated inclination 

was also investigated by considering four inclination 
angles (i.e. 0°, 15°, 30° and 45°). Here, the inclination 

angle is defined as the vertical direction to the central 

axis of the penetrometer. Figs. 2-3. only present the 

DEM model and the corresponding layouts respectively 

in the inclination of 30°, to which other inclinations are 

similar and thus are not given. To sum up, sixteen CPT 

programs were performed numerically in this paper, in-

cluding different combinations of sand type and pene-

trated inclination. 

 
Figure 2. DEM model of CPT with the inclination of 30°. 

Table 1. Model parameters used in DEM simulations 

Inter-particle frictional coefficient p  0.5 

Inter-particle rolling resistance coefficient p  1.4 

Normal contact stiffness of particle 
p

nk (N/m) 2.0×10
8
 

Tangential contact stiffness of particle 
p

sk (N/m) 1.5×10
8
 

Frictional coefficient of bond b  
/ (pure), 

0.5(I, II, III) 

Critical bond thickness 
cr

maxh (m) 
/ (pure), 

0.0013(I,II,III) 

Elastic modulus of bond Eb (kPa) / (pure), 



5×10
5
(I,II,III) 

Tensile strength of bond Rtb (N/m) 

/ (pure), 

6.0×10
4
 (I), 

8.6×10
4
 (II), 

1.1×10
5
 (III) 

Compressive strength of bond Rcb (N/m) 

/ (pure), 

1.3×10
6
 (I), 

1.75×10
6
 (II), 

2.3×10
6
 (III) 

Frictional coefficient between wall and particle 0 

Normal contact stiffness of wall w

nk (N/m) 1.5×10
9
 

Tangential contact stiffness of wall w

sk (N/m) 1.0×10
9
 

Calibrated cohesion c (kPa) 

0 (pure),  

25.2 (I),  

48.6 (II),  

66.2 (III) 

Calibrated internal frictional angle  (°) 

30.21(pure), 

31.07(I),  

30.86(II),  

31.15 (III) 

3.2. Layout of penetrometer and 

measurement circles 

After the sand ground was generated, a standard pen-

etrometer was created above the ground and some nec-

essary factors were considered in choosing the sizes of 

the penetrometer. The diameter of the penetrometer D 

was set to 0.2m, and thus the value of D/d50 = 26.3 > 20, 

which can ensure that the cone tip face can be always in 

contact with more than 13 particles and thus acceptable 
rational steady values of tip resistance can be provided 

[35, 36]. As aforementioned, the sand ground was 6m in 

width, resulting in a value of w/R = 60 > 40, which can 

reduce the possible boundary effect [35]. Moreover, 

considering the boundary effect in the inclined penetra-

tion process, the penetrometer in each case was generat-

ed at a distance of 3.6m from the left boundary, which 

slightly deviated from the symmetrical axis, as present-

ed in Fig. 2.. The penetrometer was moved downward at 

a constant rate of 0.25m/s along the central axis of the 

penetrometer, which is a relatively high penetration rate 

to reduce the computational time and meanwhile not af-
fect the CPT simulation results significantly [37]. For 

simplification, the frictional coefficient between pene-

trometer and sand was set to 0.0 to simulate a perfectly 

smooth condition. 

In addition, as presented in Fig. 3., to capture the fea-

tures of stress variation of soils adjacent to the pene-

trometer, 32 measurement circles with the diameter of 

0.12m were arranged at different depths along the cen-

tral axis of the penetrometer, each containing about 200 

particles, and thus the evolutions of stress rotation and 

stress level would be traced as the cone penetration pro-
ceeds. 

 
Figure 3. Layout of penetrometer and measurement circles in the CPT 

model with the inclination of 30°. 

4. Analyses of simulation results 

Sixteen simulated cases would be carried out with 

combination of four sand types and four penetrated in-

clinations. In this section, the analyses of different pene-

tration inclinations provided below are based on the 

case of structured sand I, while the comparisons of dif-

ferent bond strengths are mainly based on the inclina-

tion of 30° or 45°. Those in other cases not given are of 

the similar characteristics. 

4.1. Tip resistance 

The tip resistance qc is defined as the summation of 

the contact force components exerted on the tip parallel 
to the central axis of the penetrometer divided by the 

penetrometer diameter D, which is composed of the tip 

resistance components acting on the left and right sides 

of tip identified as qc,left and qc,right respectively, as calcu-

lated in the following Eq. (3): 

, ,

left right

c c left c right

F F
q q q

D


                                      (3) 

where Fleft and Fright correspond to the summation of 

contact force component exerted on the left and right 

side of tip parallel to the central axis of penetrometer re-
spectively. In this paper, the tip resistance and its com-

ponents on both sides were all normalized by the initial 

vertical stress ,v ini , which would be adopted in the fol-

lowing analyses. 

Note that, although all the curves in Fig. 4. and Fig. 5. 

exhibit some noisy response, their main features are 

consistent with those observed in centrifuge modelling 

[35]. Fig. 4. shows that, as the cone penetration pro-

ceeds, the normalized tip resistance ,/c v iniq   in each 

case all surges to the peak value, then decreases gradu-

ally and finally approaches the steady constant value, 

which was described as three phases called by shallow 

penetration, deep penetration-1 and deep penetration-2 

respectively in previous study [36]. As illustrated in Fig. 

4(a)., for each type of sand ground, the peak value of 

,/c v iniq   increases and its corresponding penetration 

depth slightly decreases as the inclination angle increas-

es. Moreover, it can be seen that, the steady state of 

deep penetration-2 has been reached at the depth of 

y/R=12-15 with the inclinations of 0° and 15°, which 



 

seems to be reached until y/R increases to 18-20 at the 

larger inclinations of 30° and 45°. Hence, the more the 

penetrometer inclines, the deeper the deep penetration-1 

phase extends, whereas the steady values of 
,/c v iniq   at 

different inclinations are almost the same. By contrast, 

as presented in Fig. 4(b)., for each penetrated inclination, 

the peak and steady values of 
,/c v iniq   all increase with 

the increase of bond strength. However, the bond 

strength of structured sand seems to have little effect on 

the depth of transition between shallow and deep pene-

tration-1, as well as on the depth corresponded to the 

steady state of deep penetration-2. 
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Figure 4. The normalized tip resistance against relative penetration 

depth: (a) in structured sand I ground with different penetrated 

inclinations; (b) in different types of sand ground with the incli-

nation of 30°. 

In addition, it is necessary to analyze the normalized 

tip resistance components , ,/c left v iniq   and , ,/c right v iniq   

in the inclined penetration process, which are under 

asymmetric stress states and exhibit different evolution 

characteristics in comparison with the vertical penetra-

tion. Fig. 5. provides the evolutions of , ,/c left v iniq   and 

, ,/c right v iniq   in structured sand I ground with each 

penetrated inclination. It can be observed from Fig. 5. 

that, in the inclined penetration, , ,/c left v iniq   has no dis-

tinct decrease stage and approaches the steady constant 

value preceded , ,/c right v iniq  . As the inclination angle 

increases, the steady value of , ,/c left v iniq   decreases 

while its corresponding penetration depth increases (Fig. 

5(a).). By contrast, comparing Fig. 5(b). with Fig. 4(a)., 
it can be seen that, the evolution characteristic of 

, ,/c right v iniq   with the varied inclinations is the same as 

that 
,/c v iniq   exhibits, as elaborated above. Moreover, 

as the penetrometer gradually inclines, 
, ,/c right v iniq   

tends to be larger than 
, ,/c left v iniq  and more predomi-

nant in 
,/c v iniq  , while the steady constant values of 

two components seem to be closed. 
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Figure 5. The evolutions of normalized tip resistance components in 

structured sand I ground with different inclinations: (a) the left 

side component; (b) the right side component. 

4.2. Distributions of contact force chain and 

bond breakage  

Fig. 6. and Fig. 7. provide the distributions of contact 

force chain and total bond breakage respectively at the 

relative penetration depth y/R of 15 in structured sand I 

ground under each inclination. In Fig. 6. and Fig. 7., the 
black line and spot represent the extension of contact 

force chain and the location of bond breakage respec-

tively, and the thicker the black line is (the more inten-

sive the black spot is), the larger the contact force is (the 

more the bond breakage number is). As presented in Fig. 

6., in different penetrated inclinations, the dense distri-

bution of contact force chain can always be observed 

beneath the cone tip along the central axis of pene-

trometer. Besides that, when the cone penetration pro-

ceeds vertically, the contact force chains are concentrat-

ed symmetrically on both sides of the cone tip, while 
those near the penetrometer sleeves are sparse. As the 

penetrometer gradually inclines, the contact force chains 

tend to be asymmetrically distributed, which exhibit to 

be much denser on the right sides of cone tip and sleeve 

than those on the corresponding left sides. 



  

  
Figure 6. The distribution of contact force chain in structured sand I 

ground at y/R=15 with the inclination of: (a) 0°; (b) 15°; (c) 30°; 

(d) 45°. 

Correspondingly, from Fig. 7. it can be observed that, 

in the vertical penetration, most of the bond breakages 

are distributed symmetrically on both sides of the pene-

trometer as well as beneath the tip point, which approx-

imately exhibits to be an inverted bell profile. As the 

penetration direction changes gradually from a vertical 

direction to 45°, the inverted bell-shaped concentrated 
distribution of bond breakages is enlarged, and its ver-

tex region tends to move left gradually. As shown in 

Figs. 7(b)-(d)., for the inclined penetration, the soil on 

the left side of the penetrometer tends to heave and its 

bond breakage range is extended horizontally, in which 

several failure surfaces nearly perpendicular to the 

penetrometer sleeve can be observed. By contrast, the 

soil on the right side of the penetrometer mainly experi-

ences compression and its corresponding bond breakage 

range extends outwards in a direction perpendicular to 

the penetrated inclination. 

  

  
Figure 7. The distribution of bond breakage in structured sand I 

ground at y/R=15 with the inclination of: (a) 0°; (b) 15°; (c) 30°; 

(d) 45°. 

In addition, to analyze the evolutions of bond break-

ages quantitatively, the bond breakage ratio is traced in 

each case, which is defined as the ratio of bond break-

age number and total bond number, as illustrated in Fig. 

8.. It indicates that the cumulative bond breakage ratio 

gradually increases in each case as the penetration pro-

ceeds. Fig. 8. presents that, the more the penetrometer 

inclines, the larger the bond breakage ratio is at the 
same penetration depth, while the bond breakage ratio 

tends to decrease with the increase of bond strength. 
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Figure 8. The bond breakage ratio against y/R: (a) in structured sand I 

ground with different penetrated inclinations; (b) in different 

structured sand grounds with the inclination of 30°. 

4.3. Rotation of principal stress 

Figs. 9-11. provide the rotations of principal stresses 

at the observed locations in different cases, in which a 

positive angle represents an anticlockwise rotation and 

vice versa. As presented in Fig. 9., during the whole 

vertical penetration process, the rotations of principal 

stresses on both sides of the central axis of penetrometer 

are nearly symmetrical, and all experience the rotations 

as large as 180° approximately. That is, initially the 

penetration effect on the deeper observed points (i.e. 

y/R=4.8, 9.6 and 14.4) is slight, where the directions of 
principal stresses are predominantly controlled by gravi-

ty and scarcely rotates. As the tip approaches the deeper 

observed points, the obvious clockwise and anticlock-

wise rotation of principal stress can be observed respec-

tively at the left and right observed points, and ap-

proaches 60° nearly, meaning that the major principal 

stresses tend to be perpendicular to the tip faces. When 

the tip moves downwards and far away from the ob-

served points, the principal stresses continue rotating 

and nearly go back to the vertical direction finally. 
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Figure 9. Rotation of principal stress at different observed points in 

structured sand I ground with the vertical penetration. 

By contrast, during the inclined penetration process, 
the principal stresses exhibit asymmetric rotation char-

acteristics on both sides adjacent to the penetrometer, 

and the experienced stress rotations at the left observed 

points are much larger than those at the corresponding 

right ones, as illustrated in Fig. 10. and Fig. 11.. As the 

inclined penetrometer moves towards, approaches and 

passes over the observed points gradually, the rotations 

of principal stresses on both sides near the central axis 

of the penetrometer are affected by the penetrated incli-

nation firstly, then turn to be predominantly controlled 

by the penetration effect of the tip and finally tend to be 

influenced by the penetrometer side again. Hence, the 
principal stresses at the left observed points always ro-

tate clockwise, whereas those at the right observed 

points rotate clockwise firstly to be parallel to the pene-

tration direction and then turn to rotate anticlockwise. In 

addition, it can be seen from Fig. 10. that, at the left ob-

served points, the rotation corresponded to the approach 

of the penetrometer and the final constant rotation of 

stress increases with the increase of inclination angle. 

While at the right observed points, the maximum 

clockwise rotation increases and the final constant rota-

tion decreases as the penetrated inclination increases 
gradually. For different sand types, it seems that the 

bond strength only affects the final constant values of 

stress rotation obviously, exhibiting that the maximum 

rotations on both observed sides in pure sand ground are 

larger than those in structured sand ground, as presented 

in Fig. 11.. 
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Figure 10. Rotation of principal stress in structured sand I ground 

with different inclinations: (a) at the left observed point of 14; (b) 

at the right observed point of 10. 
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Figure 11. Rotation of principal stress in different types of sand 

ground with the inclination of 30°: (a) at the left observed point 

of 14; (b) at the right observed point of 10. 

4.4. Stress level 

To analyze the stress variations and the damage ex-

tent comprehensively in the soil adjacent to the pene-

trometer as the penetration proceeds, the stress level S is 

adopted in this paper, which is defined as the following 

Eq. (4): 

 
1 3 1 3

2 ? °1 3
3 3tan 45 + +2 tan 45 +

2 2
f

S

c

   

  
 

 
 

    
     

     

(4) 

where 1  and 3  correspond to the major and minor 

principal stress respectively. The calibrated values of 

cohesion c and internal frictional angle   of each sand 



type were used as elaborated in Table 1..  

Fig. 12. provides the stress level variations of the 

soils at the observed locations (i.e. 10, 14, 18 and 22) in 

the inclinations of 0° and 45° respectively, which can 

reflect the characteristics of stress path in a quantitative 

way. Fig. 12. presents that, with the increasing penetrat-

ed depth, the stress levels increase to the peak gradually 

when the cone tip approaches toward the observed depth, 

then decrease and fluctuate at the residual constants 
when the tip moves downwards and away from the ob-

served location. The phenomenon indicates that the 

penetration leads to the soil near the penetrometer un-

dergoing the evident loading and unloading processes 

between the peak and residual strength envelopes, as 

previously investigated [36]. Moreover, in the vertical 

penetration, the soil on the left and right sides of the 

penetrometer at the same depth approach the peak stress 

state simultaneously, as presented in Fig. 12(a).. By 

contrast, with the penetrometer gradually inclines, the 

soil on the right side tends to approach its peak stress 

state little earlier than that on the corresponding left side, 
for example in the inclination of 45° (Fig. 12(b).). 
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Figure 12. The evolution of stress level at the observed points of 10, 

14, 18 and 22 in structured sand I ground: (a) with vertical pene-

tration; (b) with the inclination of 45°. 

In addition, in order to describe the features of stress 

level visually during the penetration process in the 

whole sand ground, the stress level fields in structured 

sand I ground with the inclination of 30° at different y/R 

are given, as presented in Fig. 13.. The stress level of 

the soil adjacent to the penetrometer is relatively low in 

each case, showing again an inverted bell profile, which 

seems to be partly consistent with the concentrated dis-

tribution of bond breakage. It can be deduced that, as 

the penetration proceeds, the soils adjacent to the pene-

trometer tip and sleeve undergo the obvious loading 

process and increase to the peak stress level firstly, lead-

ing to the numerous bond breakages and some minute 

failure surfaces. Then, the soil near the penetrometer is 

stress-released and unloaded to the residual stress state. 

Finally, the penetration effect extends outwards contin-

ually, making the higher stress level distributions of the 

soil outside the inverted bell-shaped range of inner soil 
at the residual stress state, especially of the soil ahead of 

the penetration path. Moreover, it can be seen from Fig. 

13. that, the deeper the penetration proceeds, the wider 

the high stress level distributions are extended at each 

inclination. 

      (a) 

      (b) 

      (c) 

Figure 13. Stress level field in structured sand I ground with the incli-

nation of 30°: (a) at y/R=5; (b) at y/R=10; (c) at y/R=15. 

From Fig. 12. and Fig. 13., it can be noted that, the 

stress level of the soil at the peak stress state may ex-

ceed 1.0 slightly in the penetration process, meaning 

that the soil arrives over the peak strength envelope 

slightly. This phenomenon appears not to be unreasona-

ble and can be explained by the rate-dependent behavior 

of soil [15, 37]. That is, the strain rate the soil has un-
dergone in the numerical CPTs, which depends on the 

relative position of soil to the penetrometer and varies 

with the penetration process, may not be always the 

same as the one used in the biaxial compression test 

simulations from which the peak stresses were obtained. 



 

5. Conclusions 

With the use of novel bond contact model, this paper 

presents a study on the penetration mechanism consider-

ing the varied penetrated inclinations and bond strengths 

of sand from the viewpoints of tip resistance, contact 

force chain, bond breakage, stress rotation and stress 

level via DEM simulations. The main conclusions are as 

follows:   

(1) The evolution characteristics of 
,/c v iniq   and its 

components on both sides, including its peak value, 

steady constant value and the depth that the shallow 

penetration and deep penetration-1 approaches re-

spectively, are influenced by the penetrated inclina-

tion and the bond strength of the sand.  

(2) The contact force chain tends to be distributed 

asymmetrically in the inclined penetration, which is 

more concentrated on the right sides of cone tip and 

sleeve. The inverted bell-shaped concentrated dis-

tribution of bond breakage can be observed in each 
inclination, which enlarges as the penetrometer in-

clines. 

(3) During the inclined penetration, the principal 

stresses on the left side adjacent to the penetrometer 

always rotate clockwise, whereas those on the cor-

responding right side rotate clockwise initially to 

approach the penetrated direction and then anti-

clockwise. The penetrated inclination affects the ro-

tation characteristics more significantly than the 

bond strength of sand. 

(4) The increase of penetrated inclination makes the 

corresponding depth of peak stress level on the 
right side near the penetrometer slightly deeper than 

that on the left side. The penetration effect leads to 

the obvious loading and unloading processes in the 

soils adjacent to the penetrometer tip and sleeve 

whose region is also like an inverted bell, and thus 

makes the higher stress level distribute widely out-

side. 

This paper mainly investigates the effect of bond 

strength of structured sand in several penetrated inclina-

tions, the effect of other factors like the frictional sleeve 

and the varied frictional properties of structured sand is 
worthy to be studied in the future. 
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