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A B S T R A C T   

In this study, the uplift load-carrying behavior of inclined micropiles (MP) embedded in various soil-rock layer 
conditions was investigated. For this purpose, a series of model load tests and finite element analyses were 
performed. The focus was given on the effects of MP inclination angle (θ) and rock-embedded ratio (Zr/L). For 
MPs in rock, the uplift load capacity (Qu,θ) was highest when vertically installed and decreased with increasing θ. 
The Qu,θ of MPs embedded in soil-rock mixed layers increased with Zr/L and decreased with increasing θ. Marked 
increases in Qu,θ were observed for Zr/L larger than 0.6 for all θs. As MPs inclination increased, the load-carrying 
mechanism shifted from the frictional resistance towards the passive resistance. The MPs inclined configuration 
caused less mobilization of the frictional resistance within the rock-embedded zone while producing the passive 
resistance within the upper soil zone. This explained the reductions in Qu,θ with increasing θ for MPs with the 
rock-embedded condition.   

1. Introduction 

Micropile (MP) is a small-sized, non-displacement pile with a 
diameter typically in 150 to 300-mm range. MPs are frequently used for 
underpinning structures to enhance the load-carrying capability, in-
crease the seismic performance, reduce differential settlements, and 
serve as main foundation components. They can also be effectively 
adopted in unfavorable hilly or mountainous areas where access con-
dition is limited (Lizzi, 1980; Esmaeili et al., 2013). Due to MPs small 
diameter characteristics, the load capacity of MP is mainly from the 
frictional bonding resistance along the side surface area and the end 
bearing resistance is often neglected in design (FHWA, 2010). 

The uplift load capacity of MP is an important design consideration 
when used for transmission tower structures. Lateral load acting on the 
tower is transferred to lower foundations as vertical compressive and 
uplift load components (Salisbury and Davidow, 2014; Kyung et al., 
2017; Ashour et al., 2020). For such cases, the uplift load capacity 
controls the design of the foundation as the uplift capacity is usually 
smaller than the compressive capacity (Hanna and Afram, 1986). In 
view of the design procedure, the estimation of MPs uplift load capacity 
is similar to that of the compressive load capacity as the end bearing 
capacity is not considered in both cases (Bruce et al., 1995; FHWA, 2005, 

2010). 
MP can be installed in an inclined condition. The effect of the in-

clined condition on the load-carrying behavior of foundations has been 
addressed mainly for conventional batter piles (Awad and Ayoub, 1976; 
Hanna and Afram, 1986; Nazir and Nasr, 2012). Awad and Ayoub 
(1976) and Hanna and Afram (1986) reported that the uplift load ca-
pacity of batter piles decreased as the inclination angle (θ) increased. 
Later, Nazir and Nasr (2012) investigated the uplift load capacity of 
batter piles for various conditions, including soil density, slenderness 
ratio and θ. It was presented that the uplift load capacity of batter piles 
increased and decreased with increasing L/d and θ, respectively. 

The inclined condition effect on the uplift load capacity of MP was 
addressed only recently (Kyung and Lee, 2017). Kyung and Lee (2017) 
conducted uplift model load tests using single and group MPs embedded 
in sands. It was reported that the uplift load capacity of MP increased 
with θ up to 30◦ and then decreased with further increases in θ. MP is 
often embedded or socketed in a rock layer to enhance the load-carrying 
capacity. In such cases, the frictional resistance of MP is mobilized 
mainly through the rock-embedded zone carrying most of the applied 
load and the load-carrying behavior would become further changed with 
the depth of rock-embedded zone. Highly concentrated load proportion 
within the rock-embedded zone would cause changes in the effect of MP 
inclination, which needs to be clarified further. 
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In this study, the uplift load-carrying behavior of inclined MPs 
installed in soil and rock layers was investigated. For this purpose, an 
experimental testing program was set up and a series of uplift load tests 
were conducted using model MPs installed in rock mass specimens. The 
finite element (FE) analyses were performed to investigate and analyze 
the uplift load capacity of inclined MPs for various soil-rock layer con-
figurations. The focus was given on the effect of inclination angle and 
rock-embedded ratio on the uplift load capacity of MP. 

2. Description of micropile foundation 

2.1. Classification of micropiles 

MPs can be categorized based on either installed configuration or 
grouting method, as specified in the Federal Highway Administration 
(FHWA, 2005). The first category with installed configuration includes 
two groups of CASE 1 and CASE 2 shown in Fig. 1(a) (Bruce and Juran, 
1997). CASE 1 indicates that axial and lateral loads are directly applied 
to MPs and transferred to a competent stratum (FHWA, 2005). CASE 2 
represents a network type of reticulated MP configuration to provide an 
underpinning or stabilization effect in foundation soil. The interlocked 
configuration of reticulated MPs constructs a composite block of rein-
forced soil mass and acts as a structural component. 

The other category of MPs is according to the method of grouting for 
the installation. The method of grouting has a marked influence on 
mobilized bonding and shear zone between grout and soil affecting the 
MP-soil interface strength. As described in Fig. 1(b), there are four 
different types of installation and grouting methods, as denoted by 
Types A to D (FHWA, 2005). Type A refers to MPs installed with the 
gravity grouting method using the water-cement ratio of 0.45 to 0.5. 
Type-B MPs are formed by pressurized grouting with the injection 
pressure of 0.5 to 1.0 MPa. Types C and D represent MPs with a two-step 
grouting procedure. The first step is the same as that for Type B with the 
gravity grouting method. The second step of pressurized grouting is 
followed in sequence with the injection pressure of at least 1 MPa 
without packers for Type C. The injection pressure is raised from 2 to 8 
MPa for Type D where a packer is used. The pressurized grouting enables 
to maximize the frictional resistance, and thus the interface strength for 
Type D is higher than for Type A by about 63% (FHWA, 2005). 

2.2. Design of micropiles 

The estimation of the uplift load capacity for MPs is similar to that for 
the compressive load capacity and can be obtained using the following 
design equation (AASHTO, 1997; FHWA, 2005): 

Qup = πD
∑

αbondLbi (1)  

where D = diameter of MP; αbond = MP-soil interface bonding strength; 
Lbi = length of bond zone. For MPs in the sand, αbond can be obtained 
using the β method based on the following relationship (Bruce et al., 
1995): 

αbond = β⋅σ′

vz (2)  

where σ′
vz = vertical effective stress at depth z and β = coefficient of 

interface friction that depends on the method of grouting varying in the 
range of 0.25 to 1.2 (O’Neill and Hassan, 1994; Bruce et al., 1995). 
Lower values of β should be adopted for Type-A MPs with the gravity 
grouting method and those for the pressurized grouting method are 
higher. 

The load-carrying behavior of inclined MPs is different from that of 
vertically installed MPs. Tsukada et al. (2006) and Sharma et al. (2014) 
showed an improved load-carrying capability from inclined MPs with 
inclination angles (θ) from 15◦ to 30◦. To quantify the effect of θ on the 
uplift load capacity of MPs in sands, Kyung and Lee (2017) proposed the 
following design equation: 

Qu,θ

Qu,θ=0◦
= cos

(θ
2

)
⋅cosθ + 0.8cosθ⋅sinθ (3)  

where Qu,θ = 0◦ and Qu,θ = uplift load capacities of vertical and inclined 
MPs; θ = inclination angle of MPs. Eq. (3) indicates that the optimized 
inclination angle ranges from 25◦ to 30◦. 

2.3. Load capacity of micropiles in rock 

The design of MPs embedded in a rock layer has been treated simi-
larly to that of conventional piles (Suzuki et al., 1972; FHWA, 1997, 
2005; Seo et al., 2013; Holman, 2009). It was specified that the unit skin 

Nomenclature 

List of notations 
MP Micropile 
θ Inclination angle 
Zr/L Rock-embedded ratio 
Zr Rock-embedded length 
L Length of micropile 
Qθ Applied Uplift load 
Qu,θ Uplift load capacity of inclined micropile 
Qu,θ = 0◦ Uplift load capacity of vertical micropile 
Qu,θ(R) Uplift load capacity for Zr/L = 1.0 
FE Finite element 
D Diameter of micropile 
αbond Micropile-soil interface bonding strength 
Lbi Length of bond zone 
В Coefficient of interface friction 
σ′

vz Vertical effective stress at depth z 
qu Unconfined compressive strength 
qu,avg Average value of unconfined compressive strength 
NSPT Standard penetration test blow count 
D50 Mean particle size 
γmin Minimum unit weight 

γmax Maximum unit weight 
UUC Uniaxial unconfined compression 
w/c Water-cement ratio 
δ Uplift displacement 
Qθ-δ Uplift load-displacement 
Rint Strength reduction factor 
G0 Initial shear modulus 
G Shear modulus 
E0 Initial elastic modulus 
E Elastic modulus 
pA Reference stress = 100 kPa 
Cg, eg and ng Intrinsic soil variables 
e Void ratio 
σ′

vo Vertical effective stress 
σ′

m Mean effective stress 
σ′

ho Horizontal effective stress 
K0 Coefficient of lateral stress 
Qs Frictional load capacity 
Qp Passive load capacity 
Qs,s Frictional load capacity in soil layer 
Qs,r Frictional load capacity in rock layer 
Qp,s Passive load capacity in soil layer 
Qp,r Passive load capacity in rock layer  
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friction or bond stress within the rock-socket zone is equal to around 
10% of the unconfined compressive strength (qu) of the rock mass with 
the upper limit value of 4 MPa (FHWA, 1997). This is given as follows: 

αbond = qu/10⩽4MPa (4)  

where qu = unconfined compressive strength of rock mass. Suzuki et al. 
(1972) and Littlejohn (1970) suggested that αbond for soft shale to 
weathered rock can be determined using the standard penetration test 
(SPT) blow count as given by: 

αbond = 0.07NSPT + 1.2 (5)  

αbond = 0.1NSPT (6)  

where αbond = bond stress in the unit of MPa and NSPT = SPT blow count. 
The values of αbond for MPs with the gravity grouting method are 

different depending on the type of rock, ranging from 205 kPa for soft 
shale to 4200 kPa for granite and basalt (FHWA, 2005). All these 
guidelines and specifications were established only for vertically 
installed MPs. Inclined conditions of MP and layer configuration of the 
rock-socketed zone were not considered, and thus further investigation 

is still necessary to clarify the uplift load capacity of MPs for various 
inclined and rock-embedded conditions. 

3. Model load tests 

3.1. Test specimen 

A series of experimental model load tests were conducted to inves-
tigate the uplift load-carrying behavior of MPs installed in rock mass 
specimens. Various MP inclination angles (θ) were considered in the 
tests. The rock-mass specimens for the model load tests were prepared 
and formed using a steel chamber of 400 × 250 mm in plan and 300 mm 
in height. Weathered soil, cement and water were mixed with the ratio 
of 10:1:1 and compacted in the steel chamber at every 10-cm layer 
thickness, which was cured subsequently for another 28 days. The mean 
particle size (D50) of the weathered soil was 0.65 mm with the fines 
content of 3.3%. The minimum and maximum unit weights (γmin and 
γmax) of the weathered soil were 16.46 and 18.82 kN/m3, respectively. 
The unit weight of the rock-mass specimen was 18.5 kN/m3. 

The uniaxial unconfined compression (UUC) tests were conducted to 
characterize the compressive strength (qu) of the rock-mass specimen. 
The values of qu for the rock mass specimen obtained from UUC are 
shown in Fig. 2(a). The average value of qu (qu,avg) was 4.0 MPa, which 
was corresponding to that for weathered rock (ISRM, 1978). 

3.2. Model micropile and test set-up 

Model MP adopted in the tests consisted of an inner steel bar with a 
diameter of 5 mm and outer cement grout. The diameter (D) and length 
(L) of the model MP were 15 and 150 mm, respectively. This corre-
sponded to 1/10 to 1/20 scale of the actual MP with the range of 
diameter from 150 to 300 mm, respectively. As the small-scaled 1g 
model tests were conducted, the effect of size may arise. Therefore, the 
model test results will be further compared and analyzed with those 
from additional numerical analyses with full-scaled MP and ground 
configurations as described later. The fully rock-embedded condition of 
Zr/L = 1.0, where Zr represents a rock-embedded length, was adopted in 
the tests to install MP in the rock specimen. Four MP inclination angles 
of θ = 0◦, 15◦, 30◦, and 45◦ were considered. 

After 28 days of curing time for the rock-mass specimen, a 15-mm 
diameter borehole was created by drilling at a given θ. Guide frames 
that fit the inclination angle were installed on the top of the steel 
chamber and used to drill the borehole. Four guide frames were man-
ufactured and used in the tests for each inclination angle, as shown in 
Fig. 2(b). A 5-mm diameter steel bar was inserted into the borehole and 
cement paste was poured to fill the remaining space of the borehole. This 
process corresponds to the Type-A gravity grouting method in Fig. 1(b). 
The cement paste for grouting was prepared with the water-to-cement 
ratio (w/c) equal to 0.5 (Choi et al., 2020). The UUC tests were con-
ducted for the cement-paste grouting material and the average value of 
qu was 18.5 MPa, as shown in Fig. 2(a). 

A 25 × 25-mm cap was installed on the model MP, 20 mm above the 
rock specimen surface, to mount the loading device and to apply an 
uplift load. The hydraulic jack loading system was used to apply an uplift 
load on the model MP at the rate of 0.01 mm/sec. The detailed test set- 
up and schematic configuration of the model MP are shown in Fig. 2(c). 

3.3. Measured uplift load-displacement curves 

The uplift load-displacement (Qθ-δ) curves of the model MPs were 
obtained from the model load tests and plotted in Fig. 3(a) for θ = 0◦, 
15◦, 30◦, and 45◦. The uplift load (Qθ) response of MP was sensitive to θ 
showing a decrease in the uplift load capacity (Qu,θ) with increasing θ. 
The shape of the Qθ-δ curves was different depending on θ. For the 
vertically installed MP of θ = 0◦, the maximum Qu,θ was reached at the 
displacement (δ) level of 13% of MP diameter, beyond which no increase 

Fig. 1. Classification of MPs according to (a) configurations and (b) grouting 
methods (FHWA, 2005). 
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in load was observed. For θ = 15◦, the maximum load was reached at 
larger δ, 15% of MP diameter. For θ = 30◦ and 45◦, the uplift load- 
displacement curves continuously increased without indicating any 
sign of failure. 

From the uplift load-displacement curves in Fig. 3(a), the values of 
Qu,θ were obtained and plotted in Fig. 3(b). The values of Qu,θ in Fig. 3(b) 
were determined at the uplift displacement equal to 10% of MP diameter 
(0.1D). It was clear that Qu,θ decreased with increasing θ by 29%, 72% 
and 86% for θ = 15◦, 30◦ and 45◦, respectively, compared to that of the 
vertical MP (Qu,θ = 0◦). To compare Qu,θ of MPs in rock and sand, the 
values of Qu,θ in Fig. 3(b) were normalized with those for θ = 0◦ (i.e., 
Qu,θ/Qu,θ = 0◦) and plotted in Fig. 3(c) with those in sand obtained by 
Kyung and Lee (2017). The compared results in Fig. 3(c) revealed that 
the effect of θ on Qu,θ/Qu,θ = 0◦ is different for MPs in sand and rock. For 

MPs in the sand, Qu,θ/Qu,θ = 0◦ increased with increasing θ, highest at θ 
= 30◦, and then decreased with further increasing θ. 

For the rock case, on the other hand, Qu,θ/Qu,θ = 0◦ continuously 
decreased with increasing θ and the vertical MP indicated the highest 
Qu,θ. These results imply that the inclined condition is no longer bene-
ficial when MPs are installed in rock and the vertical installation is a 
more effective option. The ineffectiveness of an inclined condition for 
MP in rock can be attributed to less mobilized skin friction within the 
rock. The main load carrying component for small-diameter MP is the 
skin friction. When MP is inclined, the skin friction is not fully mobilized 
while the secondary passive resistance becomes rather prevailing 
dominating the overall uplift capacity. This will be further analyzed in 
more detail for different rock embedded depths. 

Fig. 2. Description of model load tests: (a) Unconfined compressive strength of rock mass and grout; (b) installation of inclined MPs and (c) configuration of 
model tests. 
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4. Numerical simulation of inclined micropiles with uplift loads 

4.1. Description of finite element modeling 

The model load tests conducted in this study were for the fully rock- 
embedded condition of Zr/L = 1.0. Common soil profiles in the field 
often exhibit multi-layer configurations of soil and rock, which requires 
additional investigation and analysis for the uplift load-carrying 

behavior of MPs. For this purpose, the finite element (FE) analyses 
were performed for MPs embedded in various soil-rock layer configu-
rations under uplift loading conditions. A commercial FE program 
PLAXIS 3D (PLAXIS, 2015) was used. Two main variables were 
considered in the FE analyses, inclination angle (θ) of MP and rock- 
embedded ratio (Zr/L). 

The length (L) and diameter (D) of MP were set equal to 10 and 0.2 
m, respectively, considering the typical MP condition in practice. In-
clined MP configuration and soil-rock layer conditions adopted in the FE 
analyses are described in Fig. 4(a). The size of the FE model was 50 × 50 
× 30 m, 5 times wider laterally and 3.0 times larger vertically than the 
MP length (L). Fig. 4(b) shows the FE model prepared for the analyses. 
Embedded pile elements, available in the PLAXIS 3D program, were 
used to model MP, and 10-noded tetrahedral elements were used to 
model soil and rock. Four MP inclination angles of θ = 0◦, 15◦, 30◦, and 
45◦ and seven rock-embedded ratios of Zr/L = 0.0, 0.2, 0.4, 0.6, 0.8, 0.9 
and 1.0 were considered. Zr/L = 0.0 and 1.0 represent MPs embedded in 
the single layers of sand and rock, respectively. 

MPs were modeled as a linear elastic material and the Mohr- 
Coulomb model was used to model the soil and rock. Interface condi-
tion was specified for the surfaces between MP and surrounding soil and 
rock, where the interface shear strength was defined using the strength 
reduction factor (Rint) provided in the PLAXIS 3D program. Rint indicates 
the ratio of the interface strength to that of original material. The values 
of Rint in sand and rock were set equal to 0.7 and 1.0, respectively, based 
on previously reported cases in the literature (Gireesha and Muthuk-
kumaran, 2011; Borana et al., 2016; Borana et al., 2017; Hong et al., 
2017). A higher value of Rint was assigned for rock to reflect fully 
mobilized interface strength. The soil and rock mass were assumed as 
silica sand and weathered rock, respectively (Hoek and Brown, 1988; 
Salgado et al., 2000; Alejano et al., 2014). The properties of soil, rock 
and MP for the FE analyses are summarized in Table 1. Note that the MPs 
elastic modulus was equivalent to the composite material of steel bar 
and cement grouting. Load was applied by imposing prescribed upward 
displacement at MP head, and the uplift capacity of MP was determined 
using the vertical load component at the MP-head node and element 
where upward displacement was applied. 

4.2. Soil parameters 

The state-dependent stiffness characteristics of soil were introduced 
to consider actual soil condition in the FE analyses. The following 
stiffness correlation by Hardin and Black (1966) was used to obtain the 
shear modulus for a given soil condition: 

G0 = Cg

(
eg − e

)

1 + e
p(

1− ng)
A

(
σ′

m

)ng (7)  

where G0 = initial shear modulus at small strain; pA = reference stress =
100 kPa; σ′

m = mean effective stress; Cg, eg and ng = intrinsic soil var-
iables equal to 612, 2.17 and 0.44, respectively, for typical silica sand; 
and e = void ratio. Assuming the initial Poisson’s ratio equal to 0.15, the 
value of initial elastic modulus, E0, can be obtained (Salgado et al., 
2000). 

The depth profiles of the vertical (σ′
vo), horizontal (σ′

ho) and mean 
effective (σ′

m) stresses were obtained using the unit weight of the soil in 
the FE analysis and the coefficient of lateral stress (K0) using the Jaky’s 
K0 equation (Jaky, 1943). These depth profiles of the stresses were 
introduced to estimate G0 of Eq. (7). As G0 indicated the initial 
maximum shear modulus at small strain, which was excessively large to 
describe the entire load-response range, the input values of E were 
reduced and adjusted to those for 50% of strength level (Salgado et al., 
2000; Kim et al., 2018). Note that the input values of E adopted in the FE 
model were not a single value but varied non-linearly with depth. 
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Fig. 3. Results from model load tests: (a) Uplift load-displacement (Qθ-δ) 
curves; (b) Qu,θ with θ and (c) Qu,θ/Qu,θ = 0◦ with θ. 
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4.3. Model validation 

To validate the FE analysis model, the results of experimental model 
tests for soil from the literature (Kyung and Lee, 2017) and for rock in 
this study were compared with those obtained using the FE analysis. 
Fig. 5 shows compared values of the uplift load capacities (Qu,θ) 

normalized with those for the vertical case of θ = 0◦ (Qu,θ = 0◦), plotted as 
a function of θ. In this validation, the measured and calculated results for 
both rock (Zr/L = 1.0) and sand (Zr/L = 0.0) were all included. Overall, 
the predicted results from the FE analyses were in close agreement with 
the measured results from the model load tests, except for sand cases at 
higher θ. This can be attributed to the slip behavior of MPs in model tests 
at higher θ. For the rock-layer condition of Zr/L = 1.0, the values of Qu,θ/ 
Qu,θ = 0◦ continuously decreased with increasing θ, which was consis-
tently observed from both model tests and FE analyses. For the sand- 
layer condition of Zr/L = 0.0, an optimum θ was observed where Qu,θ/ 
Qu,θ = 0◦ was Maximized. The results in Fig. 5 indicate that the overall 
trend and agreement between the measured and predicted results were 
acceptable to validate the FE model. 

Fig. 4. Description of FE analysis model: (a) Model configuration and (b) FE model detail.  

Table 1 
Input parameters used in FE analysis.  

Parameter Soil Rock Micropile 

Unit weight, γ (kN/m3) 17.8 24 25 
Angle of internal friction peak, ϕ’ 35◦ 40◦ – 
Cohesion, c’ (kPa) 1.0 150 – 
Elastic modulus, E (GPa) Variable with depth 1.0 90 
Poisson’s ratio, ν 0.3 0.3 0.3  
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5. Characterized uplift load-carrying behavior 

5.1. Uplift load-displacement curves 

The uplift load-displacement (Qθ-δ) curves of MPs for the single-layer 
conditions of Zr/L = 0.0 (sand) and 1.0 (rock) were obtained from the FE 
analyses and plotted in Fig. 6. For Zr/L = 0.0 in Fig. 6(a), the case of θ =
15◦ showed the highest range of the Qθ-δ curve with the largest uplift 
load capacity (Qu,θ). The case of θ = 45◦ showed the lowest range. The 
Qθ-δ curve of vertical MP with θ = 0◦ lied between those of θ = 15◦ and 
30◦. For θ = 30◦ and 45◦, continuously increasing Qθ-δ curves were 
observed without indicating a limit displacement or maximum capacity 
level. 

For Zr/L = 1.0 in Fig. 6(b), the load response and the effect of θ were 
different from those for Zr/L = 0.0 in Fig. 6(a). The Qθ-δ curves became 
continuously lower with increasing θ and Qu,θ was highest for vertical 
MP with θ = 0◦. An optimum θ, at which the load capacity was maxi-
mized, was not observed. The load-displacement curves for θ = 30◦ and 
45◦ were less steep when compared with those of the sand case in Fig. 6 
(a). Overall, the Qθ-δ curves for MPs in rock obtained from the FE ana-
lyses in Fig. 6(b) were consistent with those from the model load tests 
shown in Fig. 3. 

The Qθ-δ curves of MPs embedded in mixed soil-rock layers are 
shown in Fig. 7 for Zr/L = 0.2, 0.6 and 0.9. The Qθ-δ curves and load 
levels became higher and increased with increasing Zr/L. For Zr/L = 0.2 
in Fig. 7(a), the Qθ-δ curve was highest for θ = 15◦. For Zr/L = 0.6 and 
0.9, the vertical MPs with θ = 0◦ showed the highest Qθ-δ curves. The Qθ- 
δ curves of MPs with θ = 45◦ were lowest for all Zr/L cases. The Qθ-δ 
curves for Zr/L = 0.2 were similar to those for Zr/L = 0.0 in Fig. 6(a) yet 
showing the lower range of the Qθ-δ curves for θ = 30◦ and 45◦. The Qθ-δ 
curves for Zr/L = 0.6 and 0.9 were similar to those for Zr/L = 1.0 in Fig. 6 
(b) implying that the rock layer governs overall load response, and the 
contribution of the sand layer becomes negligible. 

5.2. Effects of inclination angle for single layer condition 

The values of the uplift load capacity (Qu,θ) for the single-layer 
conditions of Zr/L = 0.0 and 1.0 were obtained from Fig. 6 and 
plotted in Fig. 8(a) and (b), respectively. It was also observed that the 
effects of θ on Qu,θ of MPs with Zr/L = 1.0 in Fig. 8(b) were different 
from those of the sand case with Zr/L = 0.0 in Fig. 8(a) for which an 
optimum θ producing maximized Qu,θ was observed. For the single rock- 
layer condition of Zr/L = 1.0, the values of Qu,θ continuously decreased 
with increasing θ. This indicated that, for inclined MPs in soil, both 
frictional and passive resistances contributed Qu,θ and it was found that 
θ = 15◦ was the optimum inclination angle producing maximum Qu,θ. 

However, for MPs in rock, as θ increases, the secondary passive resis-
tance became continuously prevailing, while the frictional resistance 
was less mobilized, resulting in reduced frictional resistance with a 
decrease in the overall uplift load capacity. 

5.3. Effects of inclination angle and rock-embedded ratio for mixed layer 
condition 

The values of Qu,θ for the soil-rock mixed layer conditions were ob-
tained from the FE analyses and plotted in Fig. 9(a) with Zr/L for 
different θs. Qu,θ increased gradually up to Zr/L of around 0.6 for all 
cases, beyond which Qu,θ increased exponentially. This indicates that, 
for Zr/L larger than 0.6, the contribution of the soil layer is small, and 
the load capacity from the rock layer dominates the overall load ca-
pacity. The values of Qu,θ for each θ in Fig. 9(a) were normalized with 
those for Zr/L = 1.0 [i.e., Qu,θ(R)], and plotted in Fig. 9(b). It is seen that 
the correlation between Qu,θ/Qu,θ(R) and Zr/L in Fig. 9(b) is fairly unique 
regardless of θ, and can be approximated with the following equation: 

Qu,θ/Qu,θ(R) = 0.11e1.98Zr/L (8)  

where Qu,θ(R) = uplift load capacity for Zr/L = 1.0. Using Eq. (8), the 
values of Qu,θ of inclined MPs for any Zr/L can be estimated based on Qu,θ 

(R). 

0.0
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(°)
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Fig. 5. Normalized load capacity measured and estimated from FE analyses.  

Fig. 6. Uplift load-displacement (Qθ-δ) curves of MPs in single layer condition 
of (a) Zr/L = 0.0 and (b) Zr/L = 1.0. 
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Fig. 10(a) shows the values of Qu,θ with θ for the mixed soil-rock 
layer conditions. Qu,θ decreased with θ for all cases, which was more 
pronounced for larger Zr/L. This can be further confirmed from Fig. 10 
(b) where the values of Qu,θ in Fig. 10(a) were normalized with those for 
θ = 0◦ (i.e., Qu,θ = 0◦), plotted as Qu,θ/Qu,θ = 0◦. The results in Fig. 10 
imply that the inclined condition is not an effective option for MPs with 
partially or fully rock-embedded conditions, which is consistent with the 
model load test results. The disadvantageous effect of inclination for 
rock-embedded MPs can be attributed to an altered load-carrying 
mechanism with incomplete mobilized frictional resistance within the 
rock-embedded zone and stress concentration at soil-rock interface. The 
stress concentration can cause high bending stress and a structural 
damage for MP with a reduction in Qu,θ. This will be further analyzed in 
a later section. Based on these findings, it is suggested that the stiffness 
of MP needs to be increased by providing additional reinforcement such 
as high strength steel bar to get the beneficial effect of inclined MP. 

5.4. Compared uplift load responses with mobilized stress zones 

Fig. 11 shows the contour plots of the mobilized stresses for the cases 
of Zr/L = 0.0, 0.6 and 1.0 and θ = 0◦ and 30◦ at the load level corre-
sponding to 0.1D displacement. Note that the scales used in the contour 
plots in Fig. 11 represent the mobilized stresses on the scale of 0.0 to 1.0. 

Fig. 7. Uplift load-displacement (Qθ-δ) curves of MPs in mixed layer conditions 
of (a) Zr/L = 0.2; (b) Zr/L = 0.6 and (c) Zr/L = 0.9. 

Fig. 8. Uplift load capacity (Qu,θ) of MPs in single layer condition with incli-
nation angle (θ) for (a) Zr/L = 0.0 and (b) Zr/L = 1.0. 
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For θ = 0◦ in Fig. 11(a), it is seen that the frictional resistance along the 
MP predominantly influenced the uplift load capacity of MP. For the 
mixed-layer condition of Zr/L = 0.6, most uplift loads were carried 
through the rock-embedded zone, where the frictional resistance along 
the rock-MP interface became the main component of uplift load ca-
pacity. These are consistent with the results in Figs. 9 and 10 for θ = 0◦. 

For θ = 30◦ in Fig. 11(b), it is indicated that the load-carrying 
mechanism shifted from the frictional resistance towards the passive 
resistance. For Zr/L = 0.0, the extensive passive stress zone was devel-
oped within the soil layer, which became the main load-carrying 
component. For Zr/L = 0.6, the mobilized passive stress zone was 
similarly observed within the upper soil layer. However, the frictional 
resistance within the lower rock layer was less mobilized. This explains 
that the uplift load capacity of MP decreases with increasing θ for the 
rock-embedded condition. For Zr/L = 1.0, it was seen that the passive 
resistance within the rock layer was smaller than the frictional resistance 
for θ = 0◦ in Fig. 11(a). 

5.5. Load sharing mechanism of micropiles in soil and rock layers 

The conceptual description of the uplift load-carrying and sharing 
mechanism for vertical and inclined MPs is shown in Fig. 12. Qs and Qp 

in the figure represent the individual load-carrying components of the 
frictional and passive capacities, respectively, which develop differently 
depending on θ. The subscripts ‘s’ and ‘r’ of Qs and Qp indicate soil- and 
rock-layer capacities, respectively. Qs and Qp were determined from the 
skin frictional and normal resistances through the MPs interface zone, 
which was converted to load by integrating the resistance values along 
the MP. It is indicated that Qu,θ for θ = 0◦ in Fig. 12(a) is governed solely 
by the frictional capacity of Qs, while the frictional and passive capac-
ities of Qs and Qp are both mobilized for Qu,θ of inclined MP in Fig. 12(b). 

The values of Qu,θ and the frictional (Qs,s and Qs,r) and passive (Qp,s 
and Qp,r) capacities were obtained at 0.1D displacement and plotted in 
Fig. 13 with θ for different Zr/L of 0.2, 0.6 and 0.9. For all cases of Zr/L 
with θ = 0◦ in Fig. 13, uplift loads were mainly carried by Qs,r from the 
rock layer while Qs,s from the soil layer became small to be negligible as 
Zr/L increased. For θ up to around 20◦ to 30◦, Qs,r dominated Qu,θ while 
the frictional capacities of Qs,s and Qs,r both decreased and the passive 
capacities of Qp,s and Qp,r increased with increasing θ. However, Qp,r was 
only noticeable for Zr/L = 0.9, below which Qp,s was more significant. 
This explains marked increases in Qu,θ for larger Zr/L in Fig. 9. 

As an inclined MP shows the bending behavior, the depth profiles of 
the bending moment (M) were obtained at the uplift load equal to 85.8 
kN, corresponding to Qu,θ of MP with Zr/L = 0 and θ = 45◦, and plotted 
in Fig. 14 for Zr/L = 0.0, 0.6, 1.0 and θ = 15◦, 30◦ and 45◦. Larger values 
of M were observed for larger θ and smaller Zr/L, both represent the 
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condition of larger passive zone. For the mixed layer condition of Zr/L =
0.6 in Fig. 14(b), the inflection point of the M− Z/L curve was observed 
at the depth of the soil-rock interface with high-stress concentration and 
thus most vulnerable. 

6. Summary and conclusions 

In this study, the uplift load-carrying behavior of inclined micropiles 
(MPs) embedded in various soil-rock layer conditions was investigated 
based on the results obtained from the model load tests and FE analyses. 

Fig. 11. Stress contour plots for MPs in different rock-embedded ratios for (a) θ = 0◦ and (b) θ = 30◦.  

Fig. 12. Uplift load-carrying mechanism for (a) vertical and (b) inclined MPs.  
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MP inclination angle (θ) and rock-embedded ratio (Zr/L) were selected 
as the main variables considered in the investigation. The following 
conclusions were drawn from this study.  

1) From the model load tests for inclined MPs embedded in rock, it was 
found that the uplift load capacity of MP was sensitive to θ showing a 
decrease in the uplift load capacity (Qu,θ) with increasing θ. An op-
timum θ, at which the load capacity was maximized, was not 
observed and the uplift load capacity was highest at the vertical 
condition of θ = 0◦.  

2) For the mixed soil-rock layer conditions with various Zr/L, the 
vertically installed MPs with θ = 0◦ showed the highest range of the 
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Fig. 13. Load-carrying components in soil and rock layers with θ for (a) Zr/L =
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Fig. 14. Uplift load-induced bending moment in inclined MP for (a) Zr/L = 0.0; 
(b) Zr/L = 0.6 and (c) Zr/L = 1.0. 
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load-displacement (Qθ-δ) curves. This revealed that the inclined 
installation is not an effective option for MPs with both fully and 
partially rock-embedded conditions under uplift loading condition.  

3) The values of Qu,θ increased gradually up to Zr/L of around 0.6 for all 
inclined cases, beyond which Qu,θ increased exponentially. This in-
dicates that the contribution of the soil layer becomes small for Zr/L 
larger than 0.6, and the load capacity from the rock layer dominates 
the overall load capacity.  

4) For inclined conditions, the load-carrying mechanism shifts from the 
frictional resistance towards passive resistance with increasing θ. 
The inclined configuration of MPs caused less mobilization of the 
frictional resistance within the rock layer. This explained reduction 
in the uplift load capacity of MPs with increasing θ for the partially or 
fully rock-embedded conditions.  

5) The individual load-carrying components were analyzed. For θ up to 
around 20◦ to 30◦, Qs,r from rock layer dominated Qu,θ. As θ in-
creases, the frictional capacities of Qs,s and Qs,r both decreased and 
the passive capacities of Qp,s and Qp,r increased. Qp,r was only 
noticeable for Zr/L = 0.9, below which Qp,s was more significant. 
This explained marked increases in Qu,θ for larger Zr/L.  

6) For inclined MPs, the stress concentration with high bending stress 
occurs at the soil-rock interface, which may cause a structural 
damage to MP. It was indicated that the maximum benefit of inclined 
MPs embedded in rock could be achieved by providing additional 
reinforcement such as high strength steel bar to increase the stiffness 
of MP. 
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