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Abstract
This paper presents the details of an experimental and numerical analysis performed on two 1.0 m and one 0.9 m diameter 
bored piles socketed in the conglomerate rock mass. The study investigates how shaft and base resistance contribute to load 
settlement behavior of piles built in poorly and well-cemented conglomerate rock mass. Two of the piles were constructed 
as complete sockets, and the third one is a shear socket only. The testing procedure included measuring pile cap settlement 
and deformations along with the pile (telltales and strain gauges). The results indicate that not only well cemented but poorly 
cemented conglomerate as well can sustain heavy surcharge before settlements indicating the commencement of full slip 
were reached. Numerical simulation of the socket with explicitly modeled roughness was applied to assess the influence of 
socket side surface strength on the behavior of the test pile. The parameters of numerical models were derived from back 
analysis of field pile load test combined with recorded socket side roughness and the strength parameters obtained by the 
direct shear tests of conglomerate intact specimens. The results were compared with the experimental observations, and a 
good level of agreement with measurements was confirmed.

Highlights

•	 Reports the results of full-scale axially loaded bored piles 
socketed in a poorly cemented conglomerate rock mass, 
serving as a benchmark for verifying empirical models 
for piles of the relevant type.

•	 Reports the pile shaft roughness data and intact strength 
of conglomerate rock samples.

•	 Discusses and clarifies the pile-rock mass interaction.
•	 Introduces a complex 2D numerical model including 

shaft roughness, significantly contributing to understand-
ing the pile-rock mass interaction mechanisms.
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1  Introduction

Bored piles socketed into different rocks are often used to 
carry extreme structural loads. When designed to support 
heavy loads, these piles are usually arranged in a group, 
significantly influencing their behavior compared to a sin-
gle pile load-settlement response. Since the testing of large-
scale socketed pile groups is not rational, the data collected 
from isolated pile load tests are still used in designing pile 
foundation systems. According to Haberfield and Lochaden 
(2019), piles socketed in rock should be designed only to 
assess settlement at serviceability loads, not by shaft and 
base resistance estimates according to relevant standards.

Static load testing is the best solution for investigating 
and understanding pile load settlement behavior. Unfortu-
nately, there is a shortage of good quality static load test 
data, especially for bored piles built in the conglomerate rock 
mass. Additionally, since conglomerate cementation can 
vary significantly with depth, strength, and the stiffness of 
foundation rock mass are essential for pile group settlement 
prediction. In the absence of the load test results, selecting 
appropriate pile diameter and length for deep foundation 
systems in such materials is usually made using empirical 
correlations to conservatively assumed uniaxial compressive 
intact rock strength (UCS) values. The lack of appropriate 
input parameters about rock mass can lead to overdesigned 
deep foundations and increased construction time and cost. 
One of the best solutions for this problem is to perform static 
load testing with a properly defined testing program. The 
testing of piles in the rock mass is rarely performed to the 
ultimate bearing capacity of the rock mass since structural 
capacity often controls the maximum load at the top of the 
pile (Haberfield and Lochaden 2019). Therefore, rock mass 
deformation modulus is needed to obtain a more accurate 
estimate of the peak side resistance of a socketed part of 
the pile (Asem and Gardoni 2019; Seidel and Collingwood 
2001; Williams and Pells 1981). Since the displacements 
and deformations can be measured along with the test pile, 
numerical back analyses can be used to define the appropri-
ate rock mass stiffness and strength parameters. Numerical 
modeling is widely used in static pile load test simulations 
to generate synthetic data on how material characteristics 
influence the load settlement behavior (Alnuaim et al. 2020; 
Eid and Bani-Hani 2012; Eid and Shehada 2013; Vu 2013). 
Since such modeling relies on certain assumptions in setting 
parameters, experimental results are often used to provide 
verification benchmarks. This paper describes experimen-
tal investigations of three pile load tests. It compares the 
results of numerical models with those obtained in the field 
for one of the test piles. Special attention was paid to how 

static load tests can be arranged to gain sufficient data to 
select working pile lengths appropriately. Specifically, one 
of the three tested piles was designed to reach the irrevers-
ible displacement range (commencement of full slip) since 
these load tests are precious not only for a specific project 
but to the entire deep foundation engineering community 
(Turner 2006).

1.1 � Field Testing of Axially Loaded Piles in Rock

Pioneering works in experimental static pile load testing in 
rock include (Horvath et al. 1980; Pells et al. 1980; Rosen-
berg and Journeaux 1976; Rowe and Armitage 1984; Sey-
chuk 1970; Thorburn 1966; Williams 1980; Williams et al. 
1980), and many others. The data from those field tests were 
essential for formulating empirical methods used to predict 
the ultimate bearing capacity of socketed piles. Still, due to 
numerous factors influencing the load settlement response 
of piles, load testing is also performed in the more recent 
period (Alrifai 2007; Barbalić et al. 2007; Carrubba 1997; 
Chen et al. 2018; Ervin and Finlayson 2006; Kou et al. 2016; 
Omer et al. 2002; Russo 2012; Seol and Jeong 2007; Yong 
et al. 2017; Zlatar 2008). The main differences between 
large-scale static load tests reported in the literature include 
piles characteristics (diameter, socket length, construction 
technique), rock mass-pile interface roughness, and rock 
mass characteristics (rock type, rock mass stiffness, intact 
rock strength).

Socket lengths ranged from 1.37  m ((Horvath et  al. 
1983)-0.71 m diameter auger excavated piles in shale rock) 
to 11.0 m ((Carrubba 1997)-1.2 m diameter pile drill by a 
rock bit in gypsum rock mass).

Rock-pile shaft interface roughness prior to concrete 
installation was repeatedly missing information in those 
case study papers, although the designers are encouraged 
to measure socket roughness during pile construction 
wherever possible (Seidel and Collingwood 2001) because 
this factor can have a significant influence on the pile side 
resistance (Gutiérrez-Ch et al. 2021a; Xu et al. 2020b). 
The importance of side interface roughness for the pile 
shear resistance is interpreted by generating additional 
interface normal stress, induced as dilatation at rough pile-
rock contact occurs. Some empirical models developed to 
account for side roughness on ultimate shaft resistance 
along with the unconfined compressive strength (Gutiér-
rez-Ch 2020c; Horvath et al. 1983; Kulhawy and Phoon 
1993; Seidel and Collingwood 2001; Zhang and Einstein 
1998) indicate the importance of this factor.

The base cleaning technique undoubtedly influences 
the ultimate toe resistance. Ineffective base cleaning can 
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lead to a gradual increase in the base resistance and, more 
importantly, the negligible contribution of toe resistance 
mobilized at the serviceability limit state. The differences 
in tested piles led to various values of maximum load and 
displacement reached during the testing. The ultimate bear-
ing capacity responding to settlements of approximately 10% 
of pile diameter was not achieved even for tests with mini-
mum socket lengths. In a total of 5 load tests described in 
Carrubba (1997), none of the tested piles revealed apparent 
failure under a maximum axial load of 10.0 MN. Even for 
relatively compressible rock mass (marl), a maximum set-
tlement of only 2% of pile diameter was reached for a pile 
socketed 7.5 m in the rock. Similar conclusions are obtained 
in (Akgüner and Kirkit 2012; Kou et al. 2016; Zhan and Yin 
2000). However, ultimate mobilization of pile side resistance 
is expected at displacement in the range of 5.0–10.0 mm 
(Basarkar and Dewaikar 2006; Horvath 1982), so the results 
from static load tests are beneficial for defining ultimate 
shaft resistance of socketed pile even if not performed up to 
maximum resistance.

Some differences in rock-socket capacities might be 
expected between piles built-in sedimentary and other rock 
types (igneous and metamorphic) (Ng et al. 2001). Although 
this discrepancy may be attributed to the stiffness of rock 
mass or pile-rock interface roughness, some specific aspects 
of a particular rock mass may still influence the load set-
tlement behavior. For example, over 100 case studies were 
reported in Rezazadeh and Eslami (2017), and a new method 
was proposed for determining shaft bearing capacity for dif-
ferent types of rock.

Pile tests reported in the literature were built up in differ-
ent rock mass types. Still, interestingly, none of the experi-
ments was conducted on piles in conglomerate rock. Since 
the experimental results published in the present study 
includes the piles testing in a particular rock mass that is 
rarely reported in the literature, the reported results become 
more practical.

1.2 � Small‑Scale Testing of Axially Loaded Piles 
in Rock

Understanding pile-rock interaction mechanisms can be 
significantly improved by observing the load-settlement 
behavior and axial deformations distribution along with the 
socket in laboratory small-scale models. These tests were 
usually performed in centrifuge facilities, and the examples 
of such physical analyses of reduced-scale socketed piles 
may be found in (Dykeman and Valsangkar 1996; Gutiérrez-
Ch et al. 2020a; Gutiérrez-Ch et al. 2021b; Leung and Ko 
1993), among others. Small-scale testing was sometimes 
performed as conventional, without centrifuge (Benmokrane 
et al. 1994; Dai et al. 2016), noting that this approach may 

lead to overprediction on the ultimate unit shaft resistance 
as the magnitude of friction mobilized along the pile socket 
depends upon the confining pressure and lateral stiffness of 
surrounding rock (Leung and Ko 1993).

The advantages of small-scale socket models, compared 
to full-scale tests, were recognized by Xu et al. (2020). 
These authors applied advanced imaging techniques (micro 
X-ray computed tomography) to monitor axially loaded 
socket behavior, noting that this approach can not be com-
bined with full-scale tests. The complex pile-rock interaction 
mechanism was described comprehensively by observing the 
pile base and shaft interface.

Some simplifications must be introduced during the 
preparation of the small-scale models. Natural rock is usu-
ally replaced by synthetic materials (for example, mixtures 
of sand, cement, bentonite, gypsum powder, water). Those 
manufactured mixtures were prepared to represent rock mass 
with appropriate uniaxial strength. Piles were simulated by 
different artificial materials like plexiglass or aluminum 
tubing, aiming to achieve axial stiffness of full-scale piles. 
The additional parameter used for scaling is related to the 
roughness of the shaft surface. Different authors have used 
various approaches to introduce the rough surface, resulting 
in shaft surface conditions appropriate for full-scale socket 
profiles shaped during drilling operations. Dai et al. (2016) 
used 50.0 mm piles with asperity amplitudes equal to 1.0, 
2.0, and 3.0 mm, and the sinusoidal wavelength of 40.0 mm. 
A similar approach was used by Gutiérrez-Ch et al. (2020a) 
with an asperity amplitude and a wavelength of 0.8 mm 
and 10.0 mm, respectively. Finally, Dykeman and Valsang-
kar (1996) simulated rough sockets by machining circular 
asperities, 0.5 mm wide, 0.5 mm deep, and spaced at 5.0 mm 
intervals. Generally, the relative measure of roughness 
defined by Horvath et al. (1983) ranged from 0.0 (smooth) 
to 0.232 (very rough).

This paper will only use qualitative results for a relatively 
small settlement ratio obtained from model studies as valu-
able data to interpret full-scale test results. The most impor-
tant finding from small-scale simulations indicates that the 
shaft resistance is first fully mobilized at a settlement ratio 
in the range of 1% to 2% for the shaft only and complete 
socket piles, respectively. Additionally, the ultimate shaft 
resistance was first mobilized in the upper portion of the 
pile, noting that degradation of asperities and significant 
bond breakage becomes more relevant for socket settlements 
over 3% of pile diameter (Gutiérrez-Ch et al. 2020a), which 
is rarely reached in the full-scale tests. When model pile 
sockets were constructed with a styrofoam base to exclude 
the base resistance, side resistance mobilized near the top 
and bottom of the pile is higher than side resistance in the 
middle part of the socket (Dai et al. 2016; Gutiérrez-Ch et al. 
2021b). Regarding the roughness influence, it is repeatedly 
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confirmed that the asperities on the socket shafts increase 
the side resistance compared to smooth shafts.

1.3 � Conglomerate Rock Mass

The geotechnical characteristics of conglomerate rock mass 
are challenging to define. Geotechnical parameters of this 
material are heavily influenced by the dimension of tested 
volume and the interpretation methodology followed by 
testing (Sousa et al. 2020). The measurements of its intact 
strength and stiffness properties are largely constrained 
by extracting representative samples that meet the recom-
mended testing requirements (Akram et al. 2010). The tests 
conducted on small-scale specimens in the laboratory gener-
ally do not yield strength and deformation parameters that 
would directly be applied to the rock mass from which the 
specimens were collected (Bieniawski and Heerden 1975). 
Selecting appropriate specimens for laboratory testing is 
another challenge since the diameter of the sample should 
be a minimum of 10 times the largest grain (International 
Society for Rock Mechanics 1978). Using different correla-
tions relating the UCS of intact rock to deformation modu-
lus (Asem and Gardoni 2019; Rowe and Armitage 1987) 
becomes unreliable because of the value of uniaxial strength 
itself. The same problem was found during dilatometer test-
ing of such materials (Sousa et al. 2020) due to the small 
tested volume that may not represent rock mass. Another 
option to determine the rock mass deformation modulus is 
plate load tests. Even when performed, this kind of testing 
could lead to misleading results due to the material hetero-
geneity if a relatively small diameter of the plate is used. 
Some results from the published literature indicate that the 
values of conglomerate deformation modulus (Em) range 
from 641.0 MPa to 1511.0 MPa (Sousa et al. 1997).

Determining the strength parameters of the conglomerate 
rock mass is another difficult task. Examples of conglomer-
ate direct shear testing in the laboratory exist (Krsmanović 
1967). However, during direct shearing, the complex 
stress–strain response brings inconvenient interpretation if 
relatively simple constitutive models were used.

Since conglomerate cementation can be different even at 
close distance locations, a set of large intact specimens were 
sheared in direct shear test conditions in the present study. 
The obtained results were used to define the strength param-
eters around the socket of the test piles. These parameters 
will serve in numerical simulations of the one selected static 
pile load test, and the outcome will be compared against 
measurements. Additionally, the ultimate pile resistance 
was compared with the empirical correlation results, which 
rely on intact strengths determined on relatively small speci-
mens that do not meet the recommendation given by Inter-
national Society for Rock Mechanics (1978). As a result, the 

possibility of using these material characteristics to predict 
pile capacities in similar conditions is investigated.

1.4 � Numerical Modeling of Axially Loaded 
Rock‑Socket Piles

Numerical modeling of axially loaded piles in the rock was 
first introduced in the late seventies (Pells and Turner 1979). 
The beginning of the current century saw significant addi-
tional progress in analysis techniques using primarily finite 
element and finite difference methods. Developed numerical 
models of full-scale pile load tests may be found in works by 
(Eid and Bani-Hani 2012; Haberfield and Lochaden 2019; 
Kirkit et al. 2010; Wang et al. 2020), among others. Differ-
ent assumptions were used to investigate pile geometry and 
rock characteristics on socket-rock interaction. These models 
were formulated in 2D by modeling the pile as an axisym-
metric 2D elastic solid element and planar contact surface 
without irregular asperities. Since the pile roughness was not 
explicitly included in the socket shaft geometry, an interface 
element is usually introduced as simplification (Mahmoud 
and Samieh 2017; Rahman et al. 2019). Some difficulties 
were pointed out in case the roughness of the pile-rock 
interface would be modeled by a large number of irregular 
asperities (Kong et al. 2006), noting that it would be highly 
time-consuming, especially since it does not eliminate the 
need for rock-concrete bonding characteristics recognized 
as very important in numerical modeling of rock-socketed 
piles (Cheng et al. 1996; Zhou et al. 2020).

Nevertheless, (Hassan and O'Neill 1997) used the finite 
element method and explicitly included idealized sinusoidal 
undulations and pile-rock contact bonding in the axisymmet-
ric 2D model. The contact between rock mass and sinusoi-
dal wave surface was modeled with a sliding friction angle 
equal to 30˚ and without cohesion, aiming to stimulate the 
side surface conditions representative of shale rock masses. 
Additionally, (Melentijevic and Olalla 2014) modeled the 
asperities as idealized triangles. The results indicated that 
the influence of different roughness classes is negligible for 
the low load levels and generally of much lower importance 
than expected. A similar approach was later used by (Dai 
et al. 2016; Gutiérrez-Ch and Melentijevic 2016; Zuo et al. 
2004), who simulated the undulations by sinusoidal profile, 
including the contact bonding with reduced strength at the 
shaft surface, similar to Hassan and O'Neill (1997).

The interface irregular surface was currently considered 
using idealized roughness data in distinct-element numerical 
simulations (Gutiérrez-Ch et al. 2019, 2020b, 2021a). These 
authors successfully compared DEM results with empirical 
formulations and developed a methodology, which based 
on a few laboratory tests (UCS tests and directs shear tests), 
can use 3D DEM numerical models as a powerful tool to 
simulate the load capacity and shaft resistance response of 
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rock-socketed piles considering socket roughness. These 
DEM results showed that roughness is an important factor 
that significantly increases rock-socketed piles' load capacity 
and stiffness.

The selection of appropriate input parameters for numeri-
cal modeling (primarily the rock characteristics and shaft 
surface roughness) of piles in rock rarely includes inde-
pendently defined strength parameters. These parameters 
influence load settlement behavior significantly if the test 
is performed on a relatively large settlement. This approach 
was considered in the present study to compare numerical 
and experimental results. Since the pile shaft surface rough-
ness was measured, a back numerical analysis that includes 
appropriate sinusoidal undulations was used to obtain repre-
sentative values of pile-shaft contact strength that simulate 
observed pile response.

2 � Test Piles Details

2.1 � Geotechnical Site Characterization

Figure 1 shows the geotechnical characterization of the loca-
tion and test piles socket lengths (Ls) and a typical borehole 

log at the test piles location obtained by three investigation 
boreholes.

The boreholes B1 and B2 were drilled next to the test 
piles 1 and 2, confirming the same engineering-geological 
conditions. The near-surface soil consists of relatively low 
strength and stiffness sandy gravel with cobbles down to the 
depth of 4.5 m (Nspt ranges from 30 to 40). This soil does not 
provide the required bearing capacity and stiffness to carry 
an additional load from the heavy structure designed at the 
location. At the 4.5 m depth from the surface (z = 0.0 m) 
illustrated in Fig. 1, 5.0 m deep poorly cemented conglomer-
ate rock was recognized by drilling rate and visual inspec-
tion of borehole core. Below this layer, a 5.8 m thick layer of 
the well-cemented conglomerate was encountered to a depth 

Fig. 1   Geotechnical characteri-
zation of test pile location
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Table 1   Data related to drilling tools used for test piles

Pile No Depth range [m] Drilling tool

TP1 4.5–14.0 Core barrel + casing
14.0–15.0 Core barrel

TP2 4.5–6.5 Core barrel + casing
TP3 4.0–7.0 Core barrel + casing

7.0–10.0 Core barrel
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of 15.3 m. The poorly cemented conglomerate was observed 
from 15.3 to 18.0 m, and it is followed by a conglomerate 
with a varying degree of cementation until a borehole (B1) 
depth of 40.0 m was reached. The additional information 
gained during the borehole drilling investigation was the 
groundwater level measured at one meter below the ground 
(z = − 1.0 m), as indicated in Fig. 1. This water level agrees 
with the water surface elevation in the nearby river. Similar 
conditions were confirmed at borehole B3, located 100.0 m 
from the first two investigation points (at the test pile 3-TP3) 
with different depths of gravel and conglomerate layers, as 
indicated in Fig. 1.

A comprehensive set of useful information about in situ 
geotechnical conditions was gained during the bored pile 
drilling operations, especially for the poorly cemented con-
glomerate that could not be sampled during the small diam-
eter borehole drilling. Different excavation techniques (core 
barrels, drilling bits with buckets, heavy chisel, and grabs) 
were combined to construct the first working pile used as 
part of an investigation program. The depth of this 1.5 m 
diameter pile was 23.0 m. The drilling process included 
driving a temporary steel casing that was advanced after 
rock breaking and grabbing the excavated material using 
drilling bits, heavy chisel, and grabs. The maximum instal-
lation depth of the steel casing was 14.0 m since any further 
progress was disabled by rock mass friction resistance. The 
detailed information on drilling tools used for test piles at 
different depths is shown in Table 1. Collected rock samples 
were used to determine unconfined compressive and shear 
strength presented in the following two sections.

2.2 � Unconfined Compressive Testing of Intact 
Specimens

The drilling operation significantly disturbed the collected 
rock core from investigation boreholes. The intact samples 

longer than 10.0 cm could only be assembled in the well-
cemented conglomerate (for example, at 10.0–15.3 m depth 
in Borehole B1), indicating RQD value in the range of 30% 
(average value for 5.3 m interval). These 10.016 cm diameter 
samples were cut to maximum obtainable lengths ranging 
from 10.0 to 20.0 cm and tested in a uniaxial testing machine 
(a total of 13 specimens). After the correction of test results 
due to sample length to diameter ratio (ASTM D2938-79) 
was applied, UCS ranging from 10.0 to 35.0 MPa, with an 
average value of 19.0 MPa were confirmed. These values 
were consistent with the results published in Šunjić et al. 
(2020). However, since the results were very discrete, it will 
be used only as indicative, noting that the grain size and 
matrix condition significantly influence the UCS for this 
kind of material. In most tests, the specimen failure was 
caused by splitting along the vertical axis by forming verti-
cal cracks that pass through the matrix (Fig. 2).

The same average unconfined compressive strength 
was confirmed for six specimens, 150.00 mm in diameter 
collected from 13.0 m depth (cut from pile core of well-
cemented conglomerate) at test pile 3, located 100 m from 
test piles 1 and 2.

Excavated material collected by drilling bored pile (TP1 
and TP2) in a poorly cemented rock mass (depths ranging 
from − 4.5 to − 6.5 m for TP2 and − 7.5 to − 8.5 m for 
TP1) was cut to a relatively small but maximum obtain-
able 15.0 cm in diameter and height. These specimens were 
tested in uniaxial compression to measure poorly cemented 
conglomerate strength. Observed UCS values ranged from 
5.0 to 10.0 MPa with an average value of 7.5 MPa and coef-
ficient of variation equal to 21%. These results were rela-
tively less scattered when compared with the well-cemented 
conglomerate, but still, it could only be used as an indicative 
UCS value.

These results were compared with field estimates of the 
UCS of intact rock proposed by Hoek and Brown (1997). 

Fig. 2   Typical crack observed after intact specimen failure during 
uniaxial testing

Fig. 3   Excavated material during pile drilling at the location: a Grain 
matrix interface failure for poorly cemented conglomerate; b Com-
bined failure including grains and matrix for the well-cemented con-
glomerate
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The crumbling in poorly cemented conglomerate during 
hammering of rock mass occurred on the grain-matrix inter-
face (see Fig. 3a) rather than combined failure that includes 
grain collapse as observed in a well-cemented conglomerate 
(see Fig. 3b).

Four additional samples were collected from the TP3 
borehole during the pile drilling process (depths ranging 
from − 7.0 to − 10.0 m, corresponding to the socket length). 
These samples, 10.0 cm in diameter and 12.5 cm in height, 
were tested for failure. Average UCS equal to 5.1 MPa was 
obtained, confirming similar intact strengths as measured for 
samples collected from the TP1 and TP2 locations.

2.3 � Direct Shear Testing of Intact Specimens

Intact rock samples were shaped from the core collected dur-
ing the test pile (TP3) socket construction (depths ranging 
from − 7.0 to − 10.0 m, corresponding to the socket length). 
A total of six pieces were shaped by a rock cutting machine 
and tested in shear apparatus with specimens having the 
dimensions 25.5 × 12.5 × 12.5 cm. The samples were tested 
for different normal stresses to analyze the influence of the 

normal stress range on strength envelope curvature. All the 
specimens were cut to fit the shear box leaving the 2.5 mm 
gap at the sample sides, and a strong self-compacting grout-
ing mixture was used as an encapsulating compound. First, 
a plastic wrap was applied around the sample to prevent the 
penetration of encapsulation material. Then the specimen 
was positioned in the lower box and potted 2.0 mm below 
the top of the bottom half of the box. After the compound 
had hardened, silicon was applied to fill the 2.0 mm gap 
and an additional 3.0 mm above the shear plane. Finally, 
the upper box was placed on 1.0 mm in diameter steel wire 
inserted between the top and bottom box halve, forming the 
total gap thickness of 5.0 mm at the shear plane level. The 
steel surfaces were greased to reduce sliding friction. The 
selection of gap thickness was challenging since this dimen-
sion provides another possible source of unwanted effects. 
Based on the (ASTM D5607–02 2008), a gap zone of at 
least 5.0 mm between upper and lower encapsulating mate-
rial should be free, which is less than 10.0 mm suggested 
by International Society for Rock Mechanics (1978). The 
gap between the lower and upper box in the present study 
was fixed to 5.0 mm since the systematic investigation of 
the effects of opening size with respect to shear resistance 
is outside the purpose of this work. The shearing apparatus 
is indicated in Fig. 4.

The lateral displacement was applied to the lower box 
with a constant displacement rate equal to 0.1 mm/min, 
while the upper box was restrained by the load cell to the 
fixed frame. An acquisition system connected to a personal 
computer continuously collected the data on the lateral dis-
placement of the lower box and mobilized resistance at the 
upper box. The planar, nominal shear surface area was equal 
to 0.031875 m2. Constant normal stress conditions (test 1: 
0.125 MPa; test 2: 0.3 MPa; test 3: 0.65 MPa and test 4: 
0.95 MPa) were selected for all tests to simulate the normal 
stress conditions around the pile. An illustration of the fail-
ure surface is shown in Fig. 5b, together with the specimen 

LVDT

steel 
plate

steel frame

5.0 mm gap

upper box

lower box

sample
(25.5×12.5×12.5 cm)

rollers

rollers
load 
cell

LVDT

hydraulic jack 
200.0 kN

hydraulic jack 
200.0 kN

Fig. 4   Large direct shear test set up

Fig. 5   Specimen tested in the direct shear test: a Before testing; b after the failure
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condition before testing (Fig. 5a). The typical shear stress vs. 
horizontal displacement and normal stress vs. shear stress 
diagrams are shown in Fig. 6. The results of the four tests 
were shown because the remaining two tests deviated from 
the values that could have been expected. These two speci-
mens could not be considered because the structure of the 
intact material was different from the other four samples 
(a more large-grained conglomerate was recognized after 
visual observation of the failure surface). Similar observa-
tions were reported in Krsmanović (1967).

An increment in shear stress at constant normal stress 
resulted in the fissures appearing in the vicinity of the shear 
surface, overcoming the internal strength of the rock. The 

internal failure occurred at horizontal displacement ranging 
from 1 to 4 mm (Fig. 6a). Since the shearing is continued at 
larger horizontal displacements, the mobilized shear stress 
decreases with increasing displacement following strain-
softening behavior. Linear envelope approximation for dif-
ferent values of shear displacement was shown in Fig. 6b, 
indicating the Mohr–Coulomb effective strength parameters 
(c' and φ'). Aiming to compare strength parameters with the 
previous investigations, the peak and 18.0 mm horizontal 
displacement envelope were reprinted from the (Krsmanović 
1967) and shown in Fig. 6b. The resulting peak shear stress 
from the present study matches the literature results. As 
expected, the mobilized shear stress at 6.0 mm horizontal 

Fig. 6   Direct shear tests 
results: a Shear stress vs. shear 
displacement; b Shear stress 
vs. normal stress and selection 
of strength parameters used in 
numerical simulations
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displacement is enclosed by the highly stress-dependent 
peak and residual envelopes. The selection of appropri-
ate rock mass parameters for numerical simulation will be 
described in the numerical modeling section of this paper.

2.4 � Socket Sidewall Roughness

Rock material collected from the core barrel during pile 
construction (see Fig. 7a) was scanned using a laser-based 
profiling technique to obtain the roughness of the shaft.

Trimble TX5 laser scanner with 2.0 mm standard devia-
tion accuracy was arranged next to drilled core samples, 
and 3D point clouds of pile surface were recorded. The 
core segments collected from the socket length of TP2 and 
TP3 were recorded, and the different patterns of irregular-
ity were recognized along the core surface (Fig. 7b). The 

scanning results were shown in Fig. 8b, c for typical cross-
sections of TP3 (150.0 cm in length) and TP2 (100.0 cm in 
length), which were considered representative. This pile-
rock roughness profile was obtained assuming that this 
surface was comparable to the pile-shaft interface surface. 

Fig. 8   Drilling tool and meas-
ured core roughnesses: a Core 
barrel; b Measured roughness 
for TP2 and c Measured rough-
ness for TP3
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Table 2   Data related to socket roughness

Pile No Representa-
tive profile 
measurements 
[mm]

Field measure-
ments [mm]

RF =
Δr

h

r
s

L
t

L
s1(Horvath et al. 1983)

Δrh Lt rs Ls1

TP2 7.0 1093.0 500.0 1000.0 0.015
TP3 8.8 1651.0 450.0 1500.0 0.0215
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This assumption may be less appropriate for the 2.0 m long 
socket of test pile 2 since it was constructed with a casing, 
different from test pile 3, whose socket was drilled only by 
the core barrel. Qualitatively, the pile side roughness was 
classified as class R3 according to Pells et al. (1980) since 
grooves of depth and width greater than 4.0 mm, at spacing 
50.0–200 mm, were visually recognized on the pile core 
surface (see Fig. 7a). A relatively rough borehole shaft was 
expected for this type of rock material, especially since the 
construction technique included the core barrel drilling 
(Fig. 8a), noting that the conglomerate side surface after 
drilling is affected by the matrix-grain interface strength.

Since this approach was found subjective, a more 
detailed interpretation of rock-socket roughness was per-
formed by applying Horvath's solution (Horvath et al. 
1983) for socket roughness defined by the factor (RF) fol-
lowing the interpretation given in Fig. 7c:

where: Δrh—mean roughness height (determined on the half 
of the socket length, Ls1), rs—nominal socket radius (defined 
as the largest imaginary cylinder which would fit into the 
socket assumed equal to 0.5 m for TP1 and TP2, and 0.45 m 
for TP3), Lt—total travel length measured by laser-based 
profiling technique, Ls1—nominal socket vertical length 
associated with the estimated traversed distance.

The resulting data used to obtain the roughness factor 
(RF) are given in Table 2. The average roughness heights 
correspond to the values representative of the standard 
drilling tool without artificial roughening (Gutiérrez-Ch 
et al. 2020b), and the relatively low RF values result from 
a large pile radius.

(1)RF =
Δr

h

r
s

L
t

L
s1

It is worth noting that the recorded roughness profile is 
very heterogeneous and that the authors selected the rep-
resentative roughness as the most appropriate. Since those 
values do not apply to every cross-section (slice) drawn at 
the recorded segment surface, it may still be considered sub-
jective. However, the maximum height of asperities (Δri as 
defined in Fig. 7c) was rarely higher than 2.0 cm.

2.5 � Properties of Pile Load Tests

A total of 3 piles named test pile 1 (TP1), test pile 2 (TP2), 
and test pile 3 (TP3) were tested at the location to investigate 
the shaft and base resistance and the influence of socket 
length and conglomerate rock mass conditions on pile load 
settlement behavior. The pile load test set up is shown in 
Fig. 9a, with the test layout illustrated in Fig. 9b.

A relatively large distance between test and reaction piles 
(approximately five test pile diameters) eliminates the inter-
action of test pile and reaction piles in the static load test. 
The detailed configuration and instrumentation of test piles 
are given in Fig. 10, showing the total pile lengths of 15.0 m, 
6.5 m, and 10.0 m for TP1, TP2, and TP3, respectively. For 
two reasons, the upper part of the piles was secured by a steel 
sleeve (thickness of 2.0 mm and outside diameter 0.82 m). 
First, for TP1, the sleeve simulates the conditions appropri-
ate for working piles (piles were constructed near the river 
flow). Second, TP2 and TP3 sleeves were erected to exclude 
the contribution of the material above the socket to shaft 
resistance. The sleeves lengths were indicated in Fig. 10 for 
TP1, TP2, and TP3, respectively. TP1 was constructed in 
poorly and well-cemented conglomerate rock mass, with a 
total socket length equal to 8.0 m (2.5 m in poorly cemented 
and 5.5 m in well-cemented conglomerate). The base of the 
TP1 was formed just above the poorly cemented rock mass.

Fig. 9   Pile load test set up a 
Photograph of test setup; b Test 
and reaction piles layout

Note:
(R1 – R4) – reaction piles 
TP – test pile
D – test pile diameter (1.0 m for 
TP1 and TP2: 0.9 m for TP3) 

D

R1 R2

R3 R4

9.0 m

TP 1.5 m 4.
5 

m

2.
25
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TP2 was socketed 2.0 m in a poorly cemented conglomer-
ate, while the well-cemented conglomerate rock mass does 
not influence its behavior. Finally, TP3 was socketed 3.0 m 
in the poorly cemented conglomerate, but its toe resistance 
was eliminated by 10.0 cm thick styrofoam fixed to the rein-
forcement cage before installation. The pile diameter was 
equal to 100.0 cm for TP1 and TP2 and 90.0 cm for TP3. 
Different diameter on TP3 was the outcome of the drilling 
technique used in this location (see Table 1).

All the test piles were reinforced by 16 bars of 32.0 mm in 
diameter. The steel sleeves (Lsl = 7.0 m for TP1, Lsl = 4.5 m 
for TP2, and Lsl = 7.0 m for TP3) were welded to the rein-
forcement. At the same time, the measuring equipment was 
mechanically connected along the steel bars before lower-
ing the reinforcement cage to the pile borehole. Aiming 
to measure relative vertical displacements along with the 
piles (pile contraction) at selected lengths, steel telltale rods 
(12.0 mm in diameter) fixed at the bottom of steel guide 
pipes and strain gauges were tight at the specified location 
along with the piles. Telltales were installed at different 
depths (ztt) along with the piles. As suggested in Fellenius 
(2017), a telltale attached to pile toe should be preferred for 
each test pile as a valuable addition to the static load testing 
program. Contraction of pile generates guide pipes shorten-
ing but leaving the rod length unaffected. The measurement 
of relative displacement between the pile cap and telltale 
rod was continuously recorded by LVDTs fixed to the top of 
the pile. The exact location of telltales is shown in Fig. 10 
for test piles TP1, TP2, and TP3, respectively. A total of 4 
telltales were installed along the TP1 and three telltales with 
the same characteristics along with the piles TP2 and TP3. 
The absolute movement of the pile toe is obtained as the 
measured pile shortening is subtracted from the movement 
of the pile head. The strain gauges installed in test piles 
were also indicated in Fig. 10 for three test piles. One set of 

strain gauges was repeatedly located at the pile base to fol-
low the pile of base resistance mobilization during testing. 
Four strain gauges were located at one depth (zsg), making it 
a total of 12 deformation indicators for three depths (z2 and 
z3) on TP1, two measuring points on TP2, and three measur-
ing locations along with the socket of TP3.

After constructing the reaction and test piles, the integ-
rity test was completed before static load testing. The piles 
were identified as homogenous, and the pile base-rock inter-
face was clearly recognized. Later, the preparation work for 
installing the reaction system was initiated. The reaction 
system is shown in Fig. 11.

It consisted of four 1.5 m diameter piles and the pre-
stressed beams anchored to the piles. First, the reaction 
piles were extended to the appropriate level (4.0 m above 
the working platform), and the pile cap was shaped at the 
top of the test piles. Afterwards, the reaction beams were 
arranged and stacked to reaction piles by prestressed steel 
strands (a total of four six-strand cables per reaction pile). 
A prestressed force equal to 5.0 MN per reaction pile was 
imposed to apply a vertical force that balances the capacity 
of 20.0 MN of hydraulic jacks. Since the reaction piles were 
planned to use as working piles, special attention was given 
to observing the reaction system. The uplift of working reac-
tion piles was continuously measured with an accuracy of 
0.1 mm to confirm that their movement is less than half of 
their specified permissible settlement at working load, as 
suggested by ICE Specification for Piling and Embedded 
Retaining Walls (2016).

After the reaction system and test piles had been con-
structed, two load cells and hydraulic jacks powered by an 
electric and hand-operated pump were placed on the top 
of the pile cap. An additional load is applied in increments 
according to the maintained load test defined by ASTM 
International (2013). Load cells used for load monitoring 
were calibrated before testing and supplemented by a set 
of strain gauges that control pile cap force value recorded 
by the acquisition system during in situ testing. The maxi-
mum load corresponding to F = 14.8–15.0 MN was defined 
according to the structural pile capacity (concrete-steel cou-
pled cross-section at the upper part of the pile). The tests 
were terminated once the maximum load had been reached. 
The piles were then carefully unloaded, and the irreversible 
vertical displacements were recorded.

The pile cap displacements (w) were continuously meas-
ured using HBM digital transducers (LVDT) fixed on a 
reference beam (steel profile HEB 300, 14.5 m in length) 
and controlled by surveying. The measuring range of induc-
tive standard displacement transducers was 50.0 mm with 
0.01 mm accuracy.
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3 � Test Results and Interpretation

The test results are described and interpreted in three groups. 
The first group relates to conventional displacement trans-
ducer measurements at the bottom of the pile cap. The sec-
ond part describes the strain gauges and the telltales meas-
urements, while the third part includes interpretations of 
shaft resistance response.

3.1 � Displacement Transducer Measurements of Test 
Piles Cap

Typical curves for the load (F) vs. pile head absolute (w) and 
relative (w/D) vertical displacement for the three test piles 
were shown in Fig. 12a, b.

The results obtained by displacement transducers were 
plotted, noting that similar results were confirmed by survey-
ing. The ultimate rock bearing capacity could not be reached 
for all three test piles, not even for the TP2 with relatively 
short socket length in poorly cemented conglomerate rock 
and for TP3, which is a shear socket only. Nearly elastic 

Fig. 12   Testing results for 
three test piles: a Load vs. 
displacement curves; b Load vs. 
normalized pile displacement 
curves
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behavior for the maximum applied load was observed for 
TP1 and TP3 piles. This may be explained by the signifi-
cant ultimate side friction capacity not being reached at 
maximum applied force. The bottom of the pile cap of TP1 
and TP3 settled 5.9 mm and 7.4 mm, respectively. The per-
manent displacement recorded at the end of the unloading 
stages (less than 1.0 mm for both piles) indicated practically 
elastic behavior of these two piles. The maximum recorded 
TP2 pile head settlements were 12.2 mm, with an irrevers-
ible displacement equal to 5.7 mm. A relatively large settle-
ment measured after reloading indicates that some plastic 
slippage occurred at the pile shaft interface, making this test 

more valuable for interpretation, numerical simulations, and 
generally, for deriving practical conclusions.

3.2 � Strain Gauges and Telltales Measurements

The axial forces distribution along with piles and pile base 
load were obtained using HBM linear strain gauge measure-
ments at different levels. When using strain gauges signals 
for axial load distribution, the following equation was used:

where P is axial force, ε is axial strain defined in correlation 
to the signals collected at the data acquisition system, Ap is 
the cross-section area of the pile, and Ep is the modulus of 
elasticity of the concrete pile.

The distributions of axial load along the pile at several 
load increments are shown in Fig. 13. Except for the TP3, 
strains were not measured at the top of the socket length. 
These strains were assumed to be the same as the pile 
caps' since the sleeve was installed to create a 9.0 cm gap, 
making it a theoretically unbonded part of the pile above 
the socket. This conclusion may be uncertain because the 
measurement at TP3 indicated some axial force reduction 
along the theoretically unbonded pile length, which can be 
explained by locally bonded parts created during the tremie 
pipe concrete installation (see Fig. 14). The reported results 
support observations from other full-scale (Chen et al. 2018; 
Zlatar 2008) and centrifuge tests for lower pile settlements 
(Gutiérrez-Ch et al. 2021b). Specifically, the mobilized axial 
load decreases with depth for a particular settlement. Addi-
tionally, the mobilized axial force along the pile increases as 
the applied pile cap load increases. The sudden reduction of 
strains measured along the socket indicates relatively high 

(2)P = εA
p
E
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Fig. 14   Illustration of the local bond (concrete bulges) along the 
sleeved pile length

Fig. 15   a Measured piles 
compression along the sleeved 
length and estimated elastic 
compression versus applied 
load (F) for 3 test piles; b Pile 
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compression of sleeved length 
vs. applied load for TP2
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skin friction mobilized in the upper part of the socket for all 
the tested piles.

The pile head displacement consists of pile compression 
and pile socket movement. The pile compression is mainly 
elastic, as shown in Fig. 15a, representing the pile cap load 
vs. shortening of the sleeved (unbonded) part of the pile.

Those values were obtained as the difference between 
pile head displacements and telltales installed at the bot-
tom of the sleeved pile lengths. Almost equal pile com-
pression was obtained for TP1 and TP3 since these two 
piles had the same sleeve lengths, while approximately 
30% lower values of pile compression were measured 
along the unbonded segment of TP2 due to shorter sleeve 
length. These measurements were compared to calculated 
elastic compression of all three test piles using the con-
stant value of elastic modulus equal to 34 GPa, obtained 
according to the principle defined in a later section. The 
comparison of calculated and measured results indicates 
some discrepancies related to the influence of pile head 
rotation, resulting in measured pile compression larger 
than the theoretical one since the telltales were not located 
in the center of the pile, while two hydraulic jacks applied 
the load. Additionally, the stress dependency of concrete 
elastic modulus can influence the additional curvature of 
the load-compression curve. Nevertheless, it is generally 
evident that the calculated elastic compression agrees well 
with the measured pile shortening.

The pile socket settlements were extracted from the 
telltale observations. Some difficulties were recognized 
during the definition of pile socket settlements since pile 
head displacements were collected at the bottom of the 
pile cap, while telltales were led to the top of the cap. The 
relative difference between those measurement levels was 
1.0 m. Consequently, the telltale reading was reduced by 

elastic shortening of pile cap computed by using constant 
pile head stiffness (k) according to:

where: k = E
p
A∕h—axial pile head stiffness, Ep—the Young 

modulus of the concrete pile (assumed constant); A—the 
pile cap cross-section area (1.0 m2) and h—the distance 
between telltale and pile cap reading levels (1.0 m).

Telltale measurements from the TP1 (4 locations) and 
TP3 (3 locations) show negligible settlements along the total 
socket length. These settlements extracted from the pile cap 
and telltales measurements indicate less than 1.5 mm val-
ues for these two pile tests. There was little or no plastic 
deformation at the pile-rock mass interface, even for the 
maximum applied load of 14.8 MN. Such a small deforma-
tion has no reference value for analyzing pile-rock ultimate 
friction characteristics since it needs a certain relative dis-
placement. However, it indicates the observed skin friction 
at the maximum test load. The telltale measurements for 
TP2 illustrated in Fig. 15b show a significant settlement of 
total socket length, including the pile base. Interestingly, 
the signals from strain gauges in TP2 were unexpectedly 
low compared to those settlements. The deformation equals 
97.1 μm/m resulting in a 3.0 MN axial force recorded in 
the middle of the socket length for the maximum pile cap 
load of 14.8 MN. The recorded pile base load was practi-
cally negligible compared to the measured pile base settle-
ment equal to 5.0 mm. These results can be explained in 
two scenarios. The first is that the strain gauge reading was 
not working correctly, while the second is that the pile base 
was not appropriately cleaned, so its resistance mobilization 
was minor for the range of measured settlements. Numeri-
cal modeling presented in Sect. 4 of this paper analyses 

(3)Δh = F∕k

Fig. 16   Mobilization of local 
side resistance for: a TP1; b 
TP2; c TP3
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both cases to improve the understanding of pile resistance 
mobilization.

3.3 � Shaft Resistance Response

The data collected by strain gauges were used further to 
discuss the side resistance mobilization during pile load 
tests. The shaft resistance was calculated from the axial 
force (P) distribution and corresponding pile stiffness. It 
is assumed that the load is distributed uniformly along the 

pile shaft between nearby strain gauges, and the average 
side resistance was determined as:

where qi is the average side resistance of layer i, Pi and Pi-1 
are axial forces at the top and the bottom of layer i; hi is 
the thickness of layer i, and D is the test pile diameter. The 
average side resistances for the particular segments of socket 
length are shown in Fig. 16.

The results were plotted against normalized head dis-
placements, w/D. It is repeatedly measured that shaft 
resistance mobilization is much higher in the upper por-
tion of the pile when compared to mobilized resistance 
in the lower part of the pile for each load level. These 
results agree with observations from small-scale models as 
described in the introduction of the paper (Dai et al. 2016; 
Gutiérrez-Ch et al. 2020a). Additionally, the mobilized 
shaft resistance in the upper part of TP2 and TP3 was com-
pared in Fig. 17, noting that the settlement values for TP3 
were reduced by elastic shortening measured for 2.5 m of 
unbonded length due to the difference in the sleeved sec-
tion between these two piles.

The results indicate practically the same response for 
the achieved relative displacements in the range of 0.4%D. 
Later, for the relative pile settlements in the range of 
0.4%D to 0.8%D, a notable decrease in the side resistance 
increment was recognized for TP2 with a shorter socket 
length. These results demonstrate that the side resistance 
in the upper part of the 2.0 m long socket reached the 
ultimate state after 0.8%D relative displacement. This 
complies with the considerable irreversible displacements 
measured for TP2 after reloading.

Aiming to interpret the influence of socket length on 
axial force and shaft resistance mobilization, a comparison 
between TP1 and TP3 was illustrated in Fig. 18. The sleeved 
lengths of these two piles were equal, while the difference in 
measured pile cap settlement (1.5 mm) for maximum applied 
load can be attributed to the socket length discrepancy. 
Minor socket-rock relative displacement typical tor TP1 
resulted in insignificant side shaft mobilization spread along 
with the upper 3/4 of 8.0 long socket. Unlike TP1, noticeable 
shear stress was mobilized, especially in the upper half of 
the 3.0 m long socket making the distribution of mobilized 
side resistance less homogeneous for reduced socket length. 
The observations mentioned above indicate the influence of 
socket depth on relative pile-rock displacements. Namely, an 
increase in rock-socketed depth decreased the pile-rock rela-
tive displacement, and consequently, the pile side friction 
gradually decreased (Fig. 18a). Consequently, the transfer 
rate of the axial force from the pile to the surrounding rock 
decreased (Fig. 18b).
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This phenomenon can be interpreted by an analytical 
solution of axially loaded piles in an elastic medium (for 
example, Wood 2003). For the same rock mass conditions 
and equal concrete pile Young's modulus, change in socket 
length will result in different axial load distribution in the 
socket, making it more homogenous for deeper embedded 
piles. A similar trend was confirmed by FEM simulations 
reported in Wang et al. (2020).

3.4 � Comparisons with Empirical Relations

Experimentally measured values of mobilized shaft resist-
ance will now be compared with the empirically deter-
mined ultimate side resistance values. It is well known 
that maximum shaft resistance can be estimated using the 
representative value of unconfined compressive strength of 
intact specimens. Many researchers reported different val-
ues of empirical coefficients relating UCS to the ultimate 
shear resistance of the socket. Most of these equations can 
be defined as:

where qu is the UCS of intact rock, and α and β are empirical 
coefficients that incorporate other factors that control the 
side resistance (for example, construction method, type of 
rock, rock mass stiffness, shaft roughness). Generally, the 
α value ranges from 0.15 to 1.11, while β usually takes a 
unit or 0.5 value. The pile side roughness (data available for 
two tested piles, TP2 and TP3) is a key factor affecting the 

(5)qi,max = �(qu)
�
[MPa]

socket shaft resistance (Gutiérrez-Ch et al. 2021a). Conse-
quently, the methods including roughness data as an input 
parameter (Gutiérrez-Ch 2020c; Horvath et al. 1983; Kad-
erabek and Reynolds 1981; Rosenberg and Journeaux 1976; 
Seidel and Collingwood 2001; Zhang and Einstein 1998) 
are primarily considered representative for comparison with 
measurements.

Some uncertainties were pointed out in Dai et al. (2016) 
regarding the selection of shear stress value when the back 
analysis is performed. Namely, since the shear stress is not 
constant along with the socket, different assumptions were 
usually introduced to determine the qi, max as defined in 
Eq. 5. The average value appears to be the best option for 
validating predictive methods (Dai et al. 2016). The pre-
sent study load test's precise cast-in-place side resistance 
capacities are unknown since none of the piles reached fail-
ure load. Only the TP2 data may provide empirical methods 
validation since the other two test piles were far from the 
ultimate loading stage, especially TP1 with an extremely 
long socket for the rock mass conditions. However, the data 
measured for TP3 will also be shown to illustrate mobilized 
maximum and average side resistance at the ultimate load 
level during the experiment. An additional problem with 
side resistance prediction is the selection of representa-
tive values for UCS. Laboratory test results ranged from 
qu, min = 5.0 MPa to qu, max = 10.0 MPa, with an average value 
of qu = 7.5 MPa, and the coefficient of variation equals 21%, 
which is quite scattered. However, minimum, maximum, and 
average measured intact strength values were used to com-
pare the empirically estimated side resistances with average 

Table 3   Comparison of observed and estimated side resistance qi, max (MPa) for TP2 and TP3 installed in a poorly cemented conglomerate rock 
mass

a Best practice construction, Δrh—Horvath's (Horvath et al. 1983) mean roughness, Em = 1.5 GPa, ν = 0.25
b αq is the adhesion factor related to SRC (Seidel and Collingwood 2001). For SRC > 2.1 it is not possible to obtain the adhesion factor
c Equation reported in (Gutiérrez-Ch et al. 2020b) for rough piles
d Roughness class R3
e αRF, 0.01D = 10RF(Ls/D) for qu ≥ 10.0 MPa, αRF, 0.01D = 2.5RF(Ls/D) for qu < 10.0 MPa

Test pile TP2 TP3

RF (Horvath, (Horvath et al. 1983)) 0.015 0.0215
Mean roughness height, Δrh (Horvath, (Horvath et al. 1983)) 7.0 8.8
Observed maximum 3.05 2.51
Observed average 2.38 1.6
UCS [MPa] qu, min qu, max qu, ave qu, min qu, max qu, ave

SRC (Seidel and Collingwood 2001)(a) 1.68 0.84 1.12 2.34 1.17 1.56
Seidel and Collingwood (2001)(b), qi,max = qu αq 1.525 2.25 1.8 – 2.6 2.2
Rosenberg and Journeaux (1976)(c), qi,max = 1.11qu

0.51 2.522 3.592 3.102 2.522 3.592 3.102
Zhang and Einstein (1998)(d), qi,max = 0.4qu

0.5 0.894 1.095 1.265 0.894 1.095 1.265
Kaderabek and Reynolds (1981), qi,max = 0.3qu 1.5 3.0 2.25 1.5 3.0 2.25
Horvath et al. (1983), qi,max = 0.8qu(RF)0.45 0.605 1.21 0.907 0.711 1.421 1.066
Gutiérrez-Ch (2020c)(e), qi,1%D = αRF, 0.01D(qu)0.5 0.168 0.949 0.205 0.4 2.27 0.491
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and maximum shear stresses from experiments. The results 
are given in Table 3, showing that some estimated values 
were very close to measurements.

The closest estimate was obtained using Kaderabek and 
Reynolds (Kaderabek and Reynolds 1981) and Seidel and 
Collingwood (Seidel and Collingwood 2001) methods. At 
the same time, some methods deviated significantly, noting 
that the average measured ultimate side resistance for TP2 
is generally higher than predicted. This discrepancy may be 
attributed to UCS values that may be unrepresentative due 
to sample characteristics (relatively small specimens). The 
only method that resulted in overpredicted shaft resistance 
was Rosenberg and Journeaux (Rosenberg and Journeaux 
1976). This is probably due to the approximate estimation 
of roughness in this method, defined as "rough piles" that 
may not be in accordance with the measured average rough-
ness height. The methods of Zhang and Einstein (Zhang 
and Einstein 1998) and Horvath et al. (Horvath et al. 1983) 
notably underpredict the maximum shaft resistance. A simi-
lar trend was obtained by the Gutiérrez-Ch (2020c) method 
that considers a pile settlement of 1% of the pile diameter 
(qi,1%D), the socket roughness (using the Horvath's RF fac-
tor (Horvath et al. 1983)), the length of the socket (Ls), the 
pile diameter (D), and the UCS of the weaker material (qu). 
This method, however, provides a good average shaft resist-
ance estimate for a longer pile (TP3) with a higher RF value 
and for a maximum measured UCS of qu = 10.0 MPa. Some 
deviations were also recognized between measured maxi-
mum skin friction for TP2 and TP3. This can be interpreted 
by the heterogeneity of the rock material and the different 
total socket lengths between these two piles. For a more 
extended socket (TP3), shear stress distributes on the larger 
shaft surface, and the ultimate side resistance could not be 
reached for the maximum applied load during testing.

4 � Numerical Modeling of Pile Load Tests Tp2

The axisymmetric numerical model was composed using 
Plaxis 2D V20 finite element program (FEM) (Brinkgreve 
et al. 2017). This approach ignores the presence of reaction 
piles. However, it can still be considered appropriate due to 
the relatively large spacing between test and anchor piles 
(≈ 5D, where D—tests pile diameter) and relatively short 
test pile length. Additionally, the position of steel sleeves 
used for reaction piles (embedded below the test pile bottom) 
contributes to the reduction of the anchor piles' influence 
on the behavior of the test pile. The details of the numerical 
models are described for the individual components, which 
include: the boundary conditions, piles, soil and rock mass, 
pile-rock mass interface, base conditions, and construction 
phases, including the loading program.

The experimental and numerical results were compared 
for the TP2 as this is the only test pile that experienced sig-
nificant irreversible deformation after surcharge removal. 
The numerical model is illustrated in Fig. 19, indicating 
the finite element mesh coarseness and the total number of 
elements.

Triangular 15 node elements were employed for modeling 
the soil/rock and concrete piles. Additional details of these 
modeling approaches were described below, along with the 
simulation results.

4.1 � Boundary Conditions

A horizontal (X-direction) restraint boundary was assigned 
to the right and left sides of the model. The bottom bound-
ary of the model was assumed to be fixed in both the X and 

Fig. 19   Numerical model of test 
pile 2 (TP2): a 2D axisymmet-
ric model; b Pile characteristics; 
c Socket details
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Y directions. A surcharge load was applied incrementally 
at the top of the test pile to simulate the testing procedure.

4.2 � Piles

Piles were modeled as a linear elastic solid element in 
line with the approximation shown in Fig. 19b. Finite ele-
ment mesh could not be generated for extremely complex 
measured shaft geometry, so the simplified representa-
tive sinusoidal surface was adopted in numerical simula-
tions. Namely, the idealized sinusoidal pile shaft profile 
was modeled as a sequential reverse curvilinear wave 
(Fig. 19c). The double wave amplitude equals 14.0 mm, 
which agrees with the mean roughness height calculated 
from the field measurements. The selected amplitude 
resulted in the roughens factor RF = 0.015, measured for 
TP2. Wavelength equal to 250.0 mm was selected as rep-
resentative according to the general shape of the roughness 
measurement profile, noting that this is a specific value 
used in other studies (Gutiérrez-Ch et al. 2020b). Con-
crete specimens were collected for unconfined compres-
sion testing (3 specimens per pile) and loaded to the failure 
in the laboratory. The characteristic cylinder compressive 
strength was determined from the unconfined strength 
measured 14 days since the piles were tested 14 days 
after installation. This strength value was later used to 
determine pile elastic modulus, corresponding to 34 GPa, 
according to EN (1992).

An average pile elastic modulus (Ep) of 36.7 GPa and 
40.0 GPa was assigned to the socket and sleeved pile seg-
ments, respectively. Such value was calculated using a for-
mula proposed in Zhan and Yin (2000) to estimate the elastic 
modulus of the composite material of steel and concrete as:

where: Ec—the elastic modulus of concrete equal to 
34.0  GPa, Es—the elastic modulus of steel equal to 

(6)E
p
= E

c(1 − r) + E
s
r

205.0 GPa, and r—the percentage of steel (reinforcement 
or steel sleeve) equals 1.63% and 3.5% for the socket and 
unbonded (sleeved) segment of piles, respectively.

Since the pile was modeled as a solid element with a 
diameter of 1.0 m, equivalent values of reference Young's 
modulus were defined, accounting for its entire surface. 
These values are indicated in Table 4, showing the input 
parameters of the numerical model.

Poisson's ratio for rock mass and piles (νp) equals 0.25, 
noting that the variation in Poisson's ratio of rock and con-
crete within these ranges has minimal effect on the elastic 
settlement of piles (Pells and Turner 1979).

4.3 � Soil and Rock Mass

The soil and rock were simulated by using the Mohr–Cou-
lomb constitutive model. The parameters are listed in 
Table 4. Gravel strength and stiffness parameters were 
correlated with SPT test results. In contrast, the direct 
shear laboratory test described in the first part of this paper 
determined the rock mass strength parameters. Internal 
friction angle and cohesion were selected to represent 
linear strength envelope slope and shear stress intercept 
for the 6.0 mm shear displacements since this value is in 
the range of pile socket displacements measured for TP2. 
To account for the non-associated flow rule, the plastic 
potential function was defined independently from the 
strength parameters by introducing a dilatancy angle. The 
selected dilatancy angle was the slope of load vs. ver-
tical displacement of the samples sheared in the direct 
shear test. Finally, the rock mass deformation modulus 
was determined by the equation suggested in Palmström 
and Singh (2001):

(7)Em = 0.2qu[GPa] = 1.5GPa

Table 4   Material properties for 
the numerical model

Parameter Gravel Rock mass Unbonded 
(sleeved) pile 
length

Pile socket Pile cap

Unit weight, γ [kN/m3] 16.0 23.0 25.0 25.0 25.0
Internal friction angle, φ’ [˚] 38.0 63.0 – – –
Cohesion, c’ [kN/m2] 1.0 260.0 – – –
Interface reduction factor, Ri [-] 0.2 1.0 – – –
Dilatancy angle, ψ [˚] 8.0 20.0 – – –
Deformation modulus, Em [GPa] 0.0525 1.5 26.9 36.7 43.3
At-rest lateral earth coefficient, K0 [-] 0.384 1.0 – – –
Poisson ratio, ν [-] 0.3 0.25 0.25 0.25 0.25
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where: qu = 7.5 MPa is the UCS in [MPa]. A similar value 
was suggested in Sousa et al. (1997), as cited in the introduc-
tion part of the paper.

The unit value of the at-rest lateral earth coefficient 
(K0 = 1.0) was used to generate initial stress conditions 
in the rock mass. The same value was suggested in Olalla 
(2014) since the concrete is very fluid, without any shrink-
age when setting in a wet medium, noting that such value 
is considered the most adequate to represent the stress 
state of the piles with its shaft submerged. The rock mass 
tensile strength was neglected by applying the "tension cut 
off" option with zero tensile strength.

4.4 � Soil/Rock‑Pile Interface

Zero thickness interface elements simulated contact 
between the sinusoidal pile surface and surrounding mate-
rial. The details of interface element formulation used in 
Plaxis 2D V20 software are described in the literature 
(Brinkgreve et al. 2017; Skejić 2012). Interface elements 
were defined between pile shaft and soil/rock to account 
for strength reduction along the pile length (part of pile 
constructed with a steel sleeve and socketed length). These 
elements also enable mesh optimization since the mesh 
dependency is reduced significantly when using interface 
elements (Tschuchnigg and Schweiger 2013).

The main difference between models analyzed in this 
study relates to the socket-rock mass contact strength. 
Unlike the conventional analysis, the strength of the pile-
rock interface strength was modeled explicitly by par-
ticular material assigned to the interface element and not 
relatively to surrounding rock strength by introducing the 
strength reduction factor Ri ≤ 1.0 on a planar surface. The 
unit value of the strength reduction factor, Ri = 1.0, was 
selected for rock material. This approach was considered 
appropriate since the values of Ri < 1.0 reduce contact 
strength and stiffness and introduce the additional param-
eters that conventional tests can not determine. Addition-
ally, reducing contact stiffness could result in excessive 
normal displacements on the contact surface. The pile-
rock interface along the socket sinusoidal surface was 
modeled by four different sets of Mohr–Coulomb strength 
parameters given in Table  5 (Models 2, 3, 4, and 5).

The listed contact strength values were selected to 
cover the wide range of theoretically assumed values. 
Dilatancy angle equal to zero was adopted since the rock-
socket contact region can dilate due to explicitly modeled 
undulations.

The strength and stiffness of the sleeved soil-pile length 
interface were modeled using a reduction coefficient of 
Ri = 0.2 (steel-gravel interface). The value of interface 
strength along unbonded pile length does not influence the 
results significantly, so the detailed investigation of this 
parameter is out of the purpose of this paper.

4.5 � Base Conditions

Numerical modeling was performed by applying two differ-
ent assumptions regarding the pile base condition, resulting 
in two model geometries illustrated in Fig. 20, and specified 
in Table 5 as follows:

Model 1: The model assuming immediate mobilization 
of socket base resistance,

Models 2 to 5: The models include the accumulated 
debris at the pile bottom.

The results of these models will serve to investigate the 
assumption of a no-base resistance scenario for the TP2, not-
ing that the same parameters of rock mass and socket shaft 
interface were adopted for this analysis.

Table 5   Main characteristics of 
analyzed numerical models

Model No Side geometry Pile base condition Pile-rock interface strength

Amplitude [mm] Wavelength [mm] Cohesion [kPa] Friction angle [˚]

1 7.0 250.0 Solid base ci = c tgφi = tgφ
2 No-base resistance ci = c tgφi = tgφ
3 ci = 0.67c tgφi = 0.67tgφ
4 ci = 0.5 c tgφi = 0.5tgφ
5 ci = 0.33c tgφi = 0.33tgφ

Fig. 20   Different base conditions assumptions: a Solid base; b No-
base resistance
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4.6 � Construction Phases and Loading Program

Construction phases for the numerical models were simu-
lated with respect to the erection of the pile load test (bored 
piles construction, surcharge load at piles tip). The reload 
stage has not been included in the numerical analysis.

After the pile installation phase (activation of concrete 
material), displacements were reset to zero, and the sur-
charge load was activated. It was applied in a single-phase 
staged construction procedure as a uniform load on the 
top of the piles. A sufficient number of additional steps 
was selected to apply the total loading (circa 100 steps). 
Incremental, iterative analysis with arc length control was 
applied (max 60 iterations and tolerated error of 0.01). Con-
sequently, the load was incrementally increased until the 
maximum applied load was reached.

5 � Results of the Numerical Modeling 
and Comparison with Measurements 
and Empirical Relations

The results for the numerical simulations are presented in 
three groups (investigation of base/shaft strength influence 
on pile response-back analysis, comparison with experimen-
tal data, and comparisons with empirical relations) in the 
following subsections.

5.1 � Base/Shaft‑Rock Strength Influence on Pile 
Response‑Back Analysis

Base conditions' influence on pile response was analyzed by 
comparing results observed for Models 1 and 2. The solid 
socket base assumption was simulated in Model 1. Apply-
ing the maximum load equal to 15.0 MN resulted in 3.9 mm 
base settlements (see Fig. 21) and the significant mobiliza-
tion of pile base resistance due to its relatively high stiffness.

The exact values of forces mobilized along the shaft 
and base were determined by integrating shear and normal 
stresses along the shaft and base, respectively. The repre-
sentative cross-section was selected 2.0 cm far from the 
pile-rock contact surface. The normal stress at the pile base 
indicates that 30% of the total pile load was supported by 
the base, which does not agree with observed values dur-
ing field testing. Contrary, the assumption of shaft socket 
only was adopted in Model 2 by including the 10.0 cm thick 
elastic material of relatively low stiffness (E = 5 000 kPa and 
ν = 0.3) below the pile aiming to simulate the ineffective 
base cleaning (accumulated debris) before concrete instal-
lation. Consequently, it resulted in a 5.1 mm pile base set-
tlement and higher side resistance mobilization. The total 
load was supported by the socket shaft, which agrees with 
field observations since zero axial force was measured at 
the pile base. These results indicate that the accumulated 
debris below the pile base may be the reason for zero base 
resistance, suggesting that the strain gauges were operative 
during the testing.

The influence of shaft-rock strength on the load-settle-
ments curves was analyzed by comparing outcomes for 
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Models 2 to 5. These results were shown in Fig. 21, illustrat-
ing comparative data for both the measured and the numeri-
cally predicted pile base settlement. The pile base rather 
than pile cap settlement was selected due to uncertainties 
with the modeling of the sleeved pile segment. Comparing 
the actual displacement measured at the pile toe with the 
numerical simulation confirms that the bond strength plays 
a significant role in the shear load-transfer characteristics 
of socketed piles. Incremental shear strains are shown in 
Fig. 22 for the final load stage, and different failure mecha-
nisms were observed during the simulations.

Namely, maximum shear bands were concentrated near 
the asperities for models with low bond strength resulting in 
asperity shorn off (curved failure surface). Similar observa-
tions were recorded during small-scale physical modeling 
that included a 3D deformation analysis system (Xu et al. 
2020) mentioned in the introduction, noting that those tests 
were performed with an aluminum alloy pile. By contrast, 
maximum shear deformations were distributed considera-
bly from the undulations for Model 2, indicating the failure 
surface contained two or more undulations. This behavior 
is related to the shear stress distribution around asperities 
(see Fig. 23). For low bond strength (Model 5-Fig. 23b), 
most of the pile load was supported by the front part of the 

asperities, and significant local shear stress initiated asperity 
shorn off. The higher bonded strength (Model 2-Fig. 23b) 
resulted in a more homogenous distribution of shear stress 
along with the socket. The failure surface was advanced 
deeper from the pile side in the radial direction.

The mobilized shear stress for F = 14.8 MN, correspond-
ing to the socket base settlement, wb = 0.51%D, for Model 
2 was given in Fig. 24. The locations of minimum mobi-
lized shear stress at the pile-rock interface match the loca-
tion of the back of asperity, indicating the gap between the 
pile and rock mass. Contrary, the maximum mobilized shear 
stress agrees with the location of the front of asperity. A 
similar distribution of mobilized shear stresses was obtained 
for other analyzed numerical models in this study, which 
is comparable with the results obtained by Gutiérrez-Ch   
(2020c) and Hassan and O'Neill (1997).

Fig. 23   a Idealized asperity 
geometry (RF = 0.015); Shear 
stress (σxy) contours near the 
socket asperities for F = 14.8 
MN (wb = 0.51%D): b Model 2; 
c Model 5
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5.2 � Comparison with Experimental Data

To assess whether numerical simulations would also con-
firm the general features measured during the experimental 
program of TP2, a comparison between the results will be 
presented in this section. The best matching between cal-
culated and observed socket settlements was confirmed for 
Model 2 (see Fig. 21), noting that numerical results do not 
fully reproduce the observed behavior. Aiming to illustrate 
the error percentage, Model 2 results were shown along with 
measured data in Fig. 25.

For instance, for a pile base settlement less than 0.5 to 
1.0 mm, the axial loads are about 10% to 20% lower for 
Model 2 than its corresponding field test (the calculated 
settlement was overpredicted). Additionally, for the socket 
base settlements higher than 4.5 mm, a total mobilized force 
from the numerical model indicated a stiffer response than 
the field test's response (the calculated settlements were 
underpredicted). After this displacement, the obtained load 
settlement curve suggests that Model 2 will have more load 
capacity than field tests. Aiming to explain this issue, the 
response of the pile in the elastic medium is illustrated in 
Fig. 24 by the dotted line. Generally, for the socket base set-
tlements (wb) less than 1.2 mm (wb/D = 0.12%), the observed 
pile response follows the pile-settlement curve obtained by 
assuming the linear elastic rock material and shaft-rock con-
tact. On the contrary, a less stiff response resulting in a lower 
mobilized load for the same displacement (wb = 1.2 mm) 
resulted from Model 2. This is attributed to plastic deforma-
tions in the rock mass around the socket after the stress state 
reached the peak strength envelope. However, such behavior 

was expected since the representative strength parameters 
were selected for mobilized shear stress lower than peak 
values measured in the direct shear test. As reported in 
Sect. 2.3 (see Fig. 6), peak strength was reached at approx 
1.5 mm shear displacement for the representative normal 
stress range.

This agrees well with the critical settlement correspond-
ing to the starting point of measurements and elastic model 
deviation. It is expected that a numerical model which 
includes peak and critical strength parameters rather than 
only one set of equivalent values of cohesion and internal 
friction angle would result in better agreement with observed 
load-settlement behavior.

An indication of shear stress mobilization with surcharge 
load increment was given in Fig. 26a.

The absolute values of shear stresses around the socket 
were illustrated for three representative phases of a pile load 
test. The distribution of shear stress along with the socket 
from the numerical simulation is generally uniform when 
compared with experimental data. However, the distribu-
tion of shear stress mobilized at 2.0 cm distance from sinu-
soidal socket surface captures the tendency of shear stress 
reduction from the top to the central part of the socket. The 
numerically obtained average side resistance (for total socket 
length) at maximum pile head load (F = 14.9 MN) equals 
2.05 MPa, which is 16% lower than measured on-site for 
TP2. The average shear stress mobilized in the upper por-
tion of the socket (1.25 m length) illustrates the difference 
between measurement and simulation (Fig. 26b). These rea-
sonably good shear stress estimates were obtained for lower 
load levels, noting that the discrepancy generally becomes 

Fig. 26   Comparison of socket 
shaft resistance predicted by 
Model 2 at the three loading 
stages and comparison with 
experimental data for TP2: 
a shear stress along with the 
socket; b average shear stress 
mobilized at the upper portion 
of the socket (1.25 m length)
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more evident as the surcharge load increases. This differ-
ence may be attributed to the relatively simple rock mass 
model that excludes the strain-softening similar to the load-
settlement discrepancy discussion.

Finally, the results in Fig. 27 compare relative shear stress 
(σxy/ σxy, max) distribution along with the socket (y/Ls) with 
similar studies from the literature (Dai et al. 2016; Gutiér-
rez-Ch and Melentijevic 2016). A typical cross-section for 
shear stresses comparison was defined at a 10.0 cm distance 
from the socket, similar to Gutiérrez-Ch and Melentijevic 
(2016). Some differences were recognized in the shear stress 
reduction rate, which may be attributed to different socket 
geometries analyzed in the present study. Moreover, the sur-
charge load (F' = F/Ap in [MPa]) and rock mass characteris-
tics differed considerably from referenced results. However, 
two shear stress peaks, near the top and bottom of the socket, 
with the lower being less noticeable, were obtained similar 
to numerical FEM results (Dai et al. 2016) and centrifuge 
small-scale model results (Gutiérrez-Ch et al. 2021b).

These numerical results indicate that satisfactory mod-
eling of relative displacement between the pile and sur-
rounding rock mass is possible on the basis of a linear elas-
tic solid pile element with sinusoidal undulations and its 
equivalent strength at the interface with the rock. However, 
due to different uncertainties in selecting reference stiffness 
and strength parameters, slippage of the elastic pile relative 
to the rock mass followed by incremental mobilization of 
shaft resistance should be modeled more appropriately to 
gain a more realistic displacement field. The load settlement 

response and pile base resistance mobilization of TP2 pre-
dicted by the numerical Model 2 does, however, agree well 
with experimental observation.

6 � Conclusion

This paper presents the experimental and numerical analysis 
of static load tests performed on axially loaded socket piles 
in a conglomerate rock mass. The measurements collected 
during testing of one selected pile (TP2) were compared 
against the numerical simulations with different model 
assumptions, noting that independent measurements deter-
mined socket roughness and shear strength parameters of 
conglomerate rock. The load-settlement behavior predicted 
by numerical simulations agrees well with the actual meas-
urements, while generally, the numerical model results 
improve the interpretations.

Based on the results of this study, the following conclu-
sions are drawn:

•	 The unconfined compression strength (determined on rel-
atively small intact specimens) and measured roughness 
(obtained for pile core surface) are valuable data for pre-
dicting the ultimate bearing capacity of socketed piles. 
Namely, the UCS values were used for predicting the 
ultimate average side resistance by advanced empirical 
formulations, including roughness data input. Estimated 
side resistance for particular methods was close to meas-
urements. At the same time, some deviated significantly, 
noting that the average measured ultimate side resistance 
for the shaft-only socket that reached the ultimate stage 
(TP2) was generally higher than predicted.

•	 The reported full-scale field tests can serve as a bench-
mark for verifying empirical models for piles of the rel-
evant type. Testing results indicate that even for relatively 
short socket length, the poorly cemented conglomerate 
(5.0 MPa < qu < 10.0 MPa) can sustain a heavy surcharge 
before settlements indicating the commencement of full 
slip were reached. A relatively rough pile shaft surface 
resulted in most of the load being attracted by the upper 
part of the socket. These findings support the results 
obtained by centrifuge tests, especially for rough sockets, 
adding great value to understanding the behavior of rock-
socketed piles. Moreover, due to high rock mass stiffness 
and strength, it is observed that significant bond strength 
is mobilized at small displacements (w/D < 1.0%).

•	 An increment in socket length resulted in decreased pile-
rock relative displacements, and the mobilized axial load 
distribution along the pile became more gradual for a 
given pile head load. These findings represent the socket 
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behavior for lower pile settlements (w/D < 1%) reached 
during testing.

•	 The FEM back-analysis results indicate that pile-shaft 
contact strength equals the rock mass strength (Model 2 
is the best-calibrated model). The average side resistance 
obtained by numerical modeling for TP2 was comparable 
(16% lower) to the average side resistance mobilized for 
maximum pile head load during full-scale testing. The 
numerical results generally tend to agree with the over-
all trends measured during the field test and small-scale 
physical models (1 g and centrifuge test results). How-
ever, some local-level differences were recognized, indi-
cating that asperities included in the FEM model geom-
etry are insufficient to reproduce all aspects of complex 
pile-rock interaction.

Even though the relatively short socket lengths were 
adopted in the present study, future research on a similar 
topic should include the tests on even more shortened socket 
lengths. Consequently, displacements indicating full slip at 
pile-rock interface could be reached on total socket length, 
and a particular value of ultimate average side resistance 
could thus be obtained. The scanned asperity height meas-
ured on the pile core corresponds to the values representative 
of the standard drilling tool without artificial roughening. 
However, a challenging direct measurement of shaft rough-
ness along the socket drillhole could provide more relevant 
results than those presented in this study, where shaft surface 
and pile core geometry were assumed to be equal.
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