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Modified Meyerhof approach
for forecasting reliable ultimate
capacity of the large diameter
bored piles

M. E. Al-Atroush?*, A. M. Hefny? & T. M. Sorour®

The static loading test is undoubtedly the most reliable method for forecasting the ultimate capacity
of the large diameter bored piles (LDBP). However, in-situ loading of this class of piles until reaching
failure is practically seldom due to the large amount of settlement required for shaft and base
mobilization. Therefore, many international design standards recommend either capacity-based or
settlement-based methods to estimate the LDBP ultimate capacity in case of the impossibility of
performing loading tests during the design phase. However, those methods are invariably associated
with various degrees of uncertainty resulting from several factors, as evidenced in several comparative
analyses available in the literature. For instance, the settlement-based method of the Egyptian

code of practice (ECP 202/4) usually underestimates the ultimate capacity of LDBP. In contrast,
Meyerhof’s capacity-based method often overestimates the LDBP’s ultimate capacity. In this paper,
a modified approach has been proposed to forecast the ultimate capacity of the LDBP. This approach
was modified from Meyerhof’s classical formula (1976) through three fundamental stages. First, an
assessment study was performed to evaluate the reliability of the estimated LDBP ultimate capacity
using Meyerhof’s classical method. For this purpose, results of full scale loaded to failure loading
LDBP test and related twenty-eight parametric numerical models with various pile geometrical and
soil geotechnical parameters have been used. Based on the assessment study findings, the essential
modifications were suggested in the second stage to adapt Meyerhof’s classic method. In the third
stage, the results of several numerical models and in-situ loading tests were employed to assess the
accuracy of the developed modified method. This study showed that Meyerhof’s classical method
overestimated the ultimate capacity of LDBP with an error percentage ranging from 14 to 46%. On
the other side, the proposed modified approach has succeeded in estimating the ultimate capacity of
loaded to failure in-situ LDBP test and twenty numerical LDBP models with error percentages ranging
from 0.267 to 7.75%.

In line with the rising population density, structures” height limits are being revisited and revised worldwide
to maximize land use. Moreover, with the recent advancements in engineering technologies, the construction
of higher and heavier structures has become more applicable. With that in mind, large-diameter bored piles
(LDBP) were the most frequently employed foundation system for such cases due to their effectiveness in sup-
porting heavy loads and minimizing settlement'. Nevertheless, most of the available methods for forecasting
the ultimate capacity of the LDBP are invariably associated with various degrees of uncertainty, as reported in
several assessment studies®”’.

In general, three types of methods are commonly used for estimating the ultimate capacity of LDBP at the
design phase. First are the settlement-based methods that estimate the ultimate bearing resistance of the LDBP at
a particular settlement value. Those methods generally define the nominal ultimate pile capacity (Q,,) using dif-
ferent percentages of the pile head settlement to diameter ratio (S,,,/d), such as 10%, according to Weltman®, 4%
according to Kulhawy and Hirany®, and 5%, according to O’Neill and Reese’. Second are the correlation methods
that estimate the pile’s ultimate friction resistance using empirical correlations with the standard penetration
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(SPT) and the cone penetration (CPT) results (i.e., Eslami and Fellenius'® and Niazi and Mayne!?). Lastly, analyti-
cal capacity-based methods mainly rely on geotechnical calculation models or analytical procedures to estimate
the ultimate capacity of the LDBP (i.e., Meyerhof 1976).

Comprehensive discussions on the aforementioned settlement-based methods were carried out by Meyerhof'?
and Charles et al.'%; also, an assessment study was performed by Abu-Farsakh and Titi'* and Tawfik" utilizing
loading tests to evaluate the reliability of those methods. It was concluded that those methods might result in a
conservative estimation of the ultimate pile capacity. On the other side, the negligence of the potentially existing
variation of the in-situ soil properties along the pile shaft due to the boring process and the considered assump-
tions in geotechnical calculation models were the most reported primary sources of the associated uncertainty
with the correlation empirical methods and the capacity-based methods, respectively'*-%.

No doubt that the full-scale static pile loading test represents the most reliable methodology for estimating
the ultimate capacity of the large diameter bored piles (LDBP)?!. Several international geotechnical codes and
foundation design standards (e.g.*>"**; and many others) recommend this method to study and investigate the
load transfer and failure mechanisms of this class of piles. However, in most cases, the obtained load-settlement
curves from such tests conducted on LDBP tend to increase without reaching the failure point or an asymp-
tote. Loading LDBP till reaching apparent failure is practically seldom because of the significant amount of
pile settlement that is usually required for the full mobilization of the pile shaft and reaching the ultimate base
resistances"*>?¢. Huge test loads, and hence, high-capacity reaction systems should be used to accomplish the
required enormous settlements. Thus, the targeted failure load may not always be practical to achieve, as reported
in many case studies?%’.

Eid et al.?® performed a full-scale well-instrumented loading test for an LDBP implemented in multi-layered
soil, with 1 m diameter and 34 m length. Although the soil profile included more than 15 m of soft soil and the
LDBP was tested under an applied load equal to three times the design load (Based on ECP202/4% design cri-
teria), but the results of this in-situ loading test highlighted that the tested pile safely sustained a load of 300%
of the design load without achieving the failure. Besides, the measured settlement under a load of 200% of the
working load was less than the allowable settlement (Calculated using the ECP criteria). This may raise a question
about the reliability of the suggested estimation methods by different international codes to forecast the allowable
capacity of LDBP at the design phase or in case of impossibility to perform pile loading test.

With that in mind, the load transfer method is generally a simple analytical procedure that can be applied
in many complex situations, such as variation in the sections along a pile shaft and an inhomogeneous layered
soil system. In the same line, Meyerhof’s capacity-based classic formula is endorsed in several international
design standards for estimating the ultimate pile capacity. Meyerhof*® developed his theory of bearing capacity
of foundations based on the plastic theory by extending the previous analysis for surface footings to shallow and
deep foundations in a uniform, cohesive material that exposed internal friction (c-@ soil). Meyerhof*' utilized
the empirical data obtained from field observations alongside some theoretical considerations in developing his
classic formula for the bearing capacity of a pile in a soil possessing both cohesion and friction. As presented
in Eq. (1), the foundation’s physical characteristics and the soil’s mechanical properties were represented in this
formula through bearing capacity factors (N, Ny and Ny).

L D
Pt = A (ca + Ksyi tan 8) + Ay (CNC + yLNg + yENy) (1)

where Ag: Shaft surface area; c,: soil adhesion per unit area; §: friction angle of the soil on the shaft; K;: the earth
pressure coefficient; L/2: critical depth; Ay, Base cross-sectional area; D: Pile diameter; c: soil cohesion; y: Soil
unit weight; N, N and N,: bearing capacity factors depend on ¢ and the embedment depth ratio L/B.

Several assessment studies admitted the accuracy of the Meyerhof formula in forecasting a reliable pile
ultimate capacity for the small diameter piles less than 60 cm. However, Al-Atroush et al.>* compared the field
measurements of loaded to failure LDBP with a diameter of 1.30 m with the estimated ultimate pile capacity
using Meyerhof’s capacity-based method and different settlement-based methods from several codes. It was
concluded that for both drained and undrained conditions, Meyerhof’s method overestimated the ultimate
capacity of the LDBP (with diameters greater than 60 cm). In contrast, different codes’ settlement-based criterions
underestimated the LDBP ultimate capacity of the same case. Those results were also consistent with the find-
ings of several other assessment studies®**>**-** for different pile loading tests with various large diameters and
different sub-surfaces. Therefore, there is still a need for a theoretically sound method able to predict a reliable
value for the ultimate capacity of large diameter bored piles (LDBP).

This paper aspires to propose an analytical approach able to estimate a reliable ultimate capacity for LDBP.
Results of a comprehensive numerical parametric study are utilized to assess the reliability of Meyerhof’s’!
capacity-based method and several settlement-based methods in estimating the ultimate capacity of the LDBP
with respect to the variation of the pile geometrical and soil geotechnical parameters. Several adaptations are
proposed accordingly to enhance the reliability of Meyerhof’s method. In addition, in-situ LDBP tests and twenty
numerical LDBP models are utilized to examine the accuracy of the modified Meyerhof method.

Background and reference studies

Three studies’ findings were fundamentally incorporated to construct the hypothesis of this study. First is the
field study of the Alzey bridge full-scale LDBP test. This LDBP was axially loaded to failure by Sommer and
Hambach®. Second, the established numerical studies to simulate the behavior of the Alzey case history’s
LDBP**¥. Third, the comprehensive parametric study® that carried out to investigate the effect of different
geometrical and geotechnical parameters on the ultimate capacity and settlement of the LDBP. The following
sections give a brief about each of those three studies.
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Figure 1. Large diameter bored pile loading to failure test (Modified from Sommer and Hammbach®). (a) Test
arrangement and typical soil profile with mechanical properties. (b) Measuring devices and instrumentations.
(c) Field measurements of the LDBP loading test.

Full scale loaded to failure LDBP in-situ test. Sommer and Hammbach® carried out a full-scale and
well-instrumented loading test at the location of Alzey bridge (Germany) to investigate the behavior of a large
diameter bored pile (LDBP). The length and diameter of the investigated pile were 9.50 m and 1.30 m, respec-
tively. Test setup and the soil characteristics at the site location are given in Fig. 1a. The instrumentations utilized
in the LDBP loading test are described in Fig. 1b. This LDBP was installed in over consolidated stiff clay soil
and subjected to axial loading cycles until achieving failure. Finally, the main measurements of the well-instru-
mented load test are summarized in Fig. 1c.

As shown in Fig. Ic, the significant increase in the measured settlement indicated apparent failure at the end
of this test when the last load increment was applied on the pile head. More details of the loading test are avail-
able in Sommer and Hammbach?.

Numerical calibration study. The numerical studies*>*” have been carried out to simulate the response
of the LDBP of the Alzey bridge case history. Figure 2a shows the numerical model established to simulate the
drained condition of over consolidated (OC) stiff clay soil. The micro-fissures associated with the OC stiff clay
were the main reason behind using the drained condition to simulate the behavior of the soil in this case study.
These micro-fissures usually provide avenues for local drainage; soil along fissures has softened (increased water
content) and is softer than intact material. A more comprehensive discussion for using the drained condition
with OC stiff clay is provided in Al-Atroush et al.?.

Three constitutive soil models have been utilized to simulate the drained condition of the overconsolidated
(OC) stiff clay soil. It was found that for this case history, Modified Mohr-Coulomb (MMC) constitutive model
was superior to the Mohr-Coulomb (MC) and the soft soil model (SS) in the simulation of the soil behavior®”3¢.
Furthermore, the secant stiffness non-linear convergence method has been utilized to provide numerical stabil-
ity required for software solvers to obtain convergence at substantial strain results (At failure). The performed
sensitivity analyses highlighted the significant effects of the mesh size and geometry dimensions on the analysis
results, and the optimum mesh size was accordingly obtained. Results of this calibration study showed an excel-
lent agreement between finite element results and the in-situ measurements of both the pile load settlement and
load transfer relationships, as presented in Fig. 2b and c.

The failure of the LDBP was explained by the arching action that occurred after the full shaft mobilization®.
The study also revealed that arching action at the pile base causes a change in both soil’s vertical and horizontal
stresses around the pile. As shown in Fig. 3, horizontal soil stresses values were less than vertical ones at the
upper zone of the pile shaft length (along the first 4.0 m below the ground surface). However, at a distance of
about 3.0 m (H/3) above the base, the horizontal soil stresses tended to be greater than the vertical ones. On the
other hand, both vertical and horizontal stresses decreased at the pile base level, leading to an observed decrease
in the unit skin friction results after full mobilization (Fig. 3b). It was also noted that at the full mobilization of
side resistance, K values along the pile (Fig. 3c) were greater than the at-rest initial value (0.8) (Fig. 3a) except at
the base of the pile, where a value equal to the at-rest value was observed. Moreover, the most significant values
of K were observed near the ground surface.

Ezzat et al.”” also investigated the propagation of the plastic zone around the pile at the failure state. It was
found that at the failure load, the plastic zone fully covered the whole length of the pile shaft interface. The formed
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Figure 2. Numerical model established to simulate the response of the LDBP of the Alzey bridge case history
(After Al-Atroush et al.*2). (a) Details of boundary conditions. (b) Deformed shape of the finite element mesh
under the Failure load. (¢) Comparison between field measurements and the numerical results.

plastic bulb around the pile base has a size of about four times of pile diameter (4D) and is extended below the
pile base for a length of about three times (3D) of pile diameter.

Parametric numerical study. A comprehensive numerical parametric study® was carried out to investi-
gate the effect of pile geometrical and soil geotechnical parameters on the ultimate capacity and settlement of
LDBP. This study was based on the field measurements of the loaded to failure Alzey LDBP test. Factors affecting
the response of large diameter bored piles in clayey soils were classified in this study into two main categories,
as demonstrated in Fig. 4. The procedure followed in this parametric study aimed to explore the characteristic
effect of each geometrical or geotechnical factor affecting the behavior of LDBP. Therefore, a particular sequence
was followed in this study, as each factor was explored separately. Measurements of the reference Alzey bridge
case were used to assess the variation in both pile settlement and ultimate capacity due to the change in the factor
under investigation, and the influences of the other parameters were filtered out at this step. In that way, it was
possible to examine the specific effect of each factor.

Results of the twenty-eight models performed were compared with the calibrated model results, and the
variation in the LDBP behavior was discussed due to the change in any of the hyperparameters. Accordingly,
three primary characteristics were identified to diagnose the failure of LDBP. The failure of LDBP was diagnosed
by the ratio between the inducted settlement at the failure load (S;) and the settlement (S;_,) at the pre-last load
increment (90% of the ultimate load). Also, it was identified through the size and the height of the plastic bulb
formed around and below the base of LDBP at the failure state. In addition to that, the achievement of full fric-
tion mobilization can be ensured using Mohr-Coulomb failure criteria (o}, tan @; +¢;).
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Figure 3. Finite element results of soil stress distribution with depth (After Ezzat et al.”’). (a) Vertical and
horizontal soil stress distribution with depth at the initial condition. (b) Vertical and horizontal soil stress
distribution with depth after full mobilization. (c) Lateral earth pressure coefficient at the initial condition (Kj)
and after full mobilization.
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Figure 4. Factors affecting large diameter bored pile behavior (After Al-Atroush et al.%).

Hypothesis

The following hypothesis is proposed depending on the conclusions of the three reference studies briefed in the
previous section. Three main phases are embraced to describe the behavior of the large-diameter bored piles
(LDBP). Elastic, mobilization, and failure are the three phases governing both load transfer and failure mecha-
nisms of LDBP, as demonstrated in Fig. 5. Those three phases are expressed to organize the relation between the
pile bearing and friction resistances and the expected settlement at each phase, which is essential for developing
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Figure 5. Schematic diagram of three load transfer phases describing the failure mechanism of the LDBP.

the aspired analytical approach. This three-phase concept is based on the propagation of the plastic zone formed
around the LDBP’s base at different loading levels, as shown in Fig. 5a-c.

In the first stage (Elastic Phase), the interaction between soil and pile is close to being linear elastic. The
applied load is expected to be predominantly transferred by friction in this stage. The first plastic points are
anticipated at the base’s corners (See Fig. 5a) by the end of this elastic phase. Moving to the second phase, an
evident increase in the pile settlement rate was always noticed in the mobilization phase in both field measure-
ments and numerical results. This is attributed to the expected increase in the percentage of the load transferred
by the bearing; also, soil skin friction is expected to increase and achieve its peak value of the soil shear strength
at the end of the mobilization phase. As a result, plastic zones are formed at the pile base and vertically extended
to a large part of the shaft, as shown in Fig. 5b. In the failure phase, the applied load is predominantly transferred
by bearing, and the pile load transferred by friction tends to be constant or slightly decreased. Apparent failure
is observed through the large induced pile settlement at the end of this last stage. The plastic points are extended
around the base and cover almost the whole length of the pile shaft, as described in Fig. 5c.

On the other hand, as mentioned before, Meyerhof’s capacity-based method?®! overestimates the ultimate
capacity of the LDBP; in contrast, different codes’ settlement-based criteria underestimate the LDBP’s ultimate
capacity. This conviction was built on the results of several comparative analyses performed to assess the associ-
ated uncertainties with different capacity-based methods and settlement-based approaches recommended by
various international standards****** for different pile loading tests with various large diameters and in different
subsurfaces. That’s why Meyerhof®! method has been chosen for the capacity-based part of this investigation.
However, a detailed assessment study will be necessary to stand on the specific etiologies behind this method’s
overestimated capacities for the LDBP cases.

Methodology
The proposed analytical approach in this study was developed through three stages. First, an assessment study
was performed to evaluate the reliability of the estimated LDBP ultimate capacity using the capacity-based
method?! and the different settlement-based methods"®°. This assessment study was based on the results of the
parametric numerical models of the comprehensive study® that investigated the effect of different parameters
on the ultimate capacity of LDBP. The parameters influencing the ultimate capacity and settlement of the LDBP
were classified into two main categories. The first category included pile geometry factors: pile diameter and
length. The second category was concerned with the cohesive soil parameters: effective cohesion, effective fric-
tion angle, lateral earth pressure coefficient, Young’s modulus, and dilatancy angle. Consequently, the results
of twenty-eight models were compared with those obtained using Meyerhof’s and settlement-based methods.
The second stage was mainly concerned with the adaptations. The essential modifications were elaborated
to Meyerhof’s classic formula to estimate a more reliable value for the ultimate capacity of the large diameter
bored pile, based on the assessment study findings (First stage). Correlation analysis has been performed to
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understand the relation between load transferred and the induced settlement at the failure stage of LDBP. The
relation between the plastic zone size and the bearing stress at the pile base was used to review and adopt Mey-
erhof’s bearing capacity factors (N, Ny, and Ny). The pile head settlement to diameter ratio (S,,,,/d)%, which
corresponded to the maximum test load (P,,,,), was also investigated to define the LDBP failure with the presence
of variation in any pile geometrical or soil geotechnical parameter. On the other side, the skin friction distribution
along the shafts of the twenty-eight models has also been investigated to review and adapt Meyerhof’s ultimate
skin friction formula.

In the third phase, the results of the parametric study® were utilized to investigate the relation between soil
resistance and pile settlement at the three load transfer stages (Elastic, Mobilization, and Failure). The propagation
of the plastic zones around the pile shaft and under its base have been monitored to differentiate between the
elastic, mobilization, and failure stages. This was vital to determine the proper factor safety that guarantees the
safety and reliability of the estimated allowable capacity of the LDBP. Finally, results of the 28 numerical models
with different diameters and lengths were utilized to assess the calculated ultimate friction resistance, bearing
resistance, and the ultimate capacity using the modified Meyerhof analytical approach. Also, several field LDBP
loading tests were employed to assess the accuracy of the developed method.

Assessment of estimated capacity and settlement using different methods

Table 1 summarizes the results of the twenty-eight numerical models and the estimated ultimate capacity of the
LDBP cases using Meyerhof’s*! capacity-based method. Figure 6 compares the obtained ultimate pile capacity
using finite element analysis and Meyerhof’s formula (Eq. 1) and shows the error percentage of each case.

Results of the calibrated numerical model of the loaded to failure LDBP test (1.30 m diameter) were compared
with those calculated using Meyerhof’s method. As observed from Fig. 6a, the estimated ultimate LDBP capacity
using this classical method was 37% greater than the one measured in the field loading test and its calibrated
numerical model. Figure 6 also indicates that Meyerhof’s method almost overestimated the ultimate capaci-
ties of the large diameter bored piles of all cases with diameters greater than 60 cm, and the error percentage
increased with the pile diameter increases, as shown in Fig. 6b. The error percentages ranged from 14 to 46% in
the cases with large diameters (greater than 60 cm), which is relatively high compared with the small diameter
cases (Cases 2 and 3); as the error percentages ranged from 4 to 6% in those small diameter cases. Conversely,
the error percentages were linearly decreased with the pile length increases, as demonstrated in the results of
cases 11-13 (Fig. 6¢). In the presence of variation in the mechanical properties, the error percentages increased
with friction angle increases (Fig. 6d). In contrast, it decreased with soil cohesion, and the lateral earth pressure
coefficient increase (Fig. 6e—f). In addition, soil young’s modulus did not affect the error percentage as it was not
included in Meyerhof’s capacity-based formula (Fig. 6g).

On the other side, the pile’s settlement to diameter percentage (S/D%) was also calculated using the results
of the 28 numerical models (Table 1). The relations between pile geometrical parameters, soil geotechnical
parameters, and the (S5/D%) are presented in Fig. 7. It can be seen from Fig. 7a that pile with a diameter of
0.40 m (Small Diameter pile) achieved a settlement with a percentage of 4.50% of its diameter (S/D%). This
percentage increased to near-equal to 7.0% (6.71%) when the pile diameter was increased to 0.60 m. However,
the S/D% percentage was obtained as 6.71% of the pile No.4 diameter (0.70 m), which almost equals the same
value obtained for the pile with a diameter of 0.60 m; in spite of the corresponding increase in ultimate capac-
ity due to diameter increase (Q, increases from 1250 kN for pile with diameter 0.60 m to be 1500 kN for the
pile with diameter 0.70 m). Fundamental to note that despite the significant increase of the ultimate load at
the last large diameter pile case (2.0 m diameter), but the percentage (S/D%) at this case (6.67%) didn’t exceed
the obtained percentage at the third small diameter pile case (0.60 m diameter) which was 6.71%, however, the
higher obtained ultimate capacity (6250 kN) of the tenth pile with a diameter of 2.00 m. This result highlights
the main advantages of the large-diameter bored piles as they are employed most frequently to support heavy
loads and minimize settlement'.

Figure 7a,c,d, and g demonstrate that the calculated pile settlement percentages (S/D %) increase with
increases in pile length (L), clay effective cohesion (c'), effective friction angle (@), or soil dilatancy angle (¥).
Conversely, as shown in Fig. 7e and f, the S/D percentage decreased with the increases in lateral earth pressure
coefficient (K), and soil Young’s modulus (E). Those results revealed that the obtained S/D% percentage ranges
from about 5-12% of pile diameter. Besides, it is affected by both pile geometry and soil geotechnical parameters,
which disagrees with the different settlement-based methods!%’.

Adaptation of Meyerhof’s capacity-based method (1976)

Based on the assessment results presented in the previous section, the obtained bearing resistance using the
Meyerhof method was more significant than the field measured value of the loaded to failure LDBP test (Case
1, Table 1). The field measured bearing resistance represented about 45% of the ultimate bearing resistance
calculated using Meyerhof’s classic formula. Therefore, the LDBP’s bearing resistance will be the starting point
in this adaptation phase.

Ultimate bearing resistance of the LDBP.  Prandtl®, Reissner, Terzaghi*!, Meyerhof>* and Vesic*? have
studied the bearing capacity of shallow and deep foundations. They all built their theories based on plasticity
wedge failure mechanism but with different shear patterns and rupture lines reverting to the shaft. Most of those
studies assumed a theoretical distribution of the contact pressure on the base of a foundation to approximately
determine the ultimate bearing capacity from the corresponding distribution of the passive earth pressure on the
central zone of material below the base (Fig. 8, and Eq. (2)). Accordingly, different derivations were conducted
to estimate the bearing capacity factor N,.
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In particular, Meyerhof determined the bearing capacity factor (Ny) based on the passive earth’s normal and
tangential components along with the AC plane (Fig. 8), as expressed in Eq. (3). Besides, Meyerhof™ stated that
at great foundation depths (e.g., long piles), the N. and Ny components could be ignored compared to the great
value of the N, component. Also, as given in Eqgs. (4) and (5), the values of N and Ny are governed by the value
of the N, factor.

Ng = "™ tan? (45 + ¢/2) 3)
N¢ = cot ¢(Ng — 1) (4)
N, = (Ng — 1) tan (1.49) (5)

Meyerhof*! developed his chart of the bearing capacity factors N, Ny and Ny to obtain the point bearing
resistance of the bored piles In this chart, the bearing capacity factors were dependent not only on the soil fric-
tion angle (©) but also on the depth and shape of the foundation and the depth of the overlying soil layer. Thus,
factor (N,) was predominantly affected by the soil friction angle (@) and lateral earth pressure coefficient (K) at
the pile base. Therefore, the passive lateral earth pressure coefficient (K,) was considered in this derivation (Eq. 3).

Meyerhof’s analytical solutions®**! ignored the effect of arching action that occurs around the pile’s base at
the failure state. With that in mind, it was proven in several studies*”*>~** that this arching action is affecting the
vertical and horizontal stresses around the pile’s shaft and base. As explained in Fig. 9, after full mobilization,
at a distance of about (H/3) above the base, the horizontal soil stresses were observed to be greater than the
vertical soil stresses. Also, both vertical and horizontal stresses were accordingly decreased at the pile base level
after the full mobilization. This was also consistent with the calibrated model results®’, as shown in the results
presented in Fig. 3b.

In the presence of the arching action and the change in soil compressibility at the failure state, the acting
pressure on triangular wedge AC might no longer be a fully passive pressure in all cases. The results of vertical

and horizontal stresses around the Alzey Bridge LDBP model (Fig. 10) base were determined at the failure load

h
o)
By comparing the obtained Kg,,,. with the passive lateral earth pressure coefficient (K;) determined using the
Rankine formula* (Eq. 6), it was found that K, represents 82% of the entire Kp. This may explain the great
N, values and, hence, Meyerhof’s method overestimated bearing resistances.

using the calibrated numerical model®’. The lateral earth pressure coeflicient (Kg,,.) was determined as

_ 1+sinf

Ky — — > =
P 1—sinf

= tan? (45 + ¢/2) (6)

Similarly, the models of the comprehensive parametric study® were utilized to investigate the change in Kpyjjyre
with the change of the different geotechnical parameters. The results of vertical and horizontal stresses around the
pile base were obtained at the failure load for the 28 numerical models. For instance, five models with different
friction angles (0°, 10°, 15°, 22.5°, and 30°) are presented in Table 2.

For the first two cases with small soil effective friction angles of 0° and 10°, Table 2 shows that the obtained
lateral earth coefficient around the pile base (Kg,,.) using the numerical models equals the passive earth pressure
coefficient (k) calculated using the Rankine equation. However, the difference between the obtained Ky, and
K, was increased with effective friction angle increases. For instance, the obtained lateral earth pressure coefficient
(Kraiture) Was about 70% of the passive earth pressure coefficient (k) with a 30° friction angle.

On the other hand, the plastic zone formation sequence around the pile at the failure state has also been
explored through the parametric numerical study®. Based on the twenty-eight model’s results, It was found that
the plastic bulb was obviously increased in size and height not only with soil friction angle increases but also
with the pile diameter increases. For instance, the diameter of the plastic blub (D,) under the base of the first
pile case with a diameter of 0.40 m was 2.14 m (~5D), while the greatest size of the plastic bulb was achieved
as 7.08 m (3.54D) when pile diameter increases to be 2.00 m. However, almost the same diameter of the plastic
bulb is obtained in all cases with equal diameters and different lengths. Those findings are consistent with**
conclusions (Fig. 9), and the zone of arching action was located around the pile’s base in a zone ranging from
0 to 5 times the pile’s diameter, according to the change in soil effective friction angle and the pile’s diameter.
Thus, the parametric numerical models with different diameters were utilized to calculate the N, factor with the
same Meyerhof*® formula (Eq. 3), but with determined K gy, instead of the K. The obtained N, values were
compared with Meyerhof’s ones in Fig. 11.

It can be seen from Fig. 11 that good agreement between the Meyerhof”s and the calculated N, values using
numerical results was only obtained for cases with friction angles less than 15° In addition, very good agreement
was found for the cases with diameters less than 60 cm. However, the difference between obtained N, values and
Meyerhof’s values increased with pile diameter increases. At friction angles higher than 15°, Meyerhof’s suggested
values were more significant than those obtained from numerical analyses. The difference between obtained N,
values and Meyerhof values was about 46% in the last case with a friction angle of 30°. The adapted N, values
addressed in Fig. 11 will be used for validation purposes in the coming sections of this study.
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Figure 6. Comparison between numerical results and the ultimate pile capacity calculated using Meyerhof’s
capacity-based method. (a) Case No. 1: The Field loading test and its Calibrated Model. (b) Cases with various
pile diameters (D) (c) Cases with various pile Length (L) (d) Cases with various soil effective friction angle (@)
(e) Cases with various soil effective cohesion (C) (f) Cases with various lateral earth pressure coefficient (k) (g)
Cases with various Young’s modulus of Pile material (E).

Ultimate friction resistance of the LDBP.

Fundamental to state that the difference between the esti-

mated skin friction using Meyerhof®' and the field measurements was not as big as the difference noted in bear-
ing stress results, as presented before in “Methodology” section. According to Meyerhof®!, the unit of frictional
resistance along pile length increases with pile depth, to be with a maximum value at a depth of half pile length,
and remains constant after that. So that Meyerhof defined half pile length (L/2) as a critical depth. With that in
mind, critical depth is one of the most debatable issues in soil-pile interaction studies. Therefore, to ensure its
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Figure 7. Variation in the pile’s settlement to diameter percentage (S/D%) due to the change in different
parameters. (a) Pile diameter (D). (b) Pile length (L). (c) Soil effective cohesion (c’). (d) Soil effective friction
angle (@"). (e) Soil lateral earth pressure coefficient (k). (f) Soil Young’s modulus (E,). (g) Soil dilatancy angle
(P).

existence, the distribution of unit skin friction along pile length was investigated through the four cases with
different lengths ranging from 9.50 to 26 m (1, and 11-13).

As shown in Fig. 12, numerical results of the distribution of the unit skin friction along pile length indicate
that the unit skin friction was increased from the pile head level to the level near the pile base and only decreased
at the pile base level after full mobilization. The decrease in skin friction around the pile base was attributed
to the arching action effect, as explained before in Figs. 3b and 9. This response was consistent in the four pile
cases with various lengths, which pinpoint that, there is no existence for the critical depth in this study, and unit
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Zone It
a triangular zone below the strip load. Since there is no friction on
the ground surface. the directions of the principal stresses are

horizontal and vertical: the largest principal stress is in the vertical
direction.
Zone II:
a wedge with the shape of a logarithmic spiral, in which the

principal stresses rotate through 3 m or 90°radians, from Zone I to
Zone 111 The pitch of the a]xdiné surface of the logarithmic spiral
equals the angle of internal friction; creating a smooth transition
between Zone I and Zone III.

Zone III:

Prandtl: a triangular zone adjacent to the strip load. Since there is
no friction on the surface of the ground, the directions of principal
stress are horizontal and vertical; the largest principal stress is in the
horizontal direction.

Meyerhof: a mixed shear zone BDEF in which the shear varies
between the limits of radial and plane shear, depending largely on
the depth and roughness of the foundation. The plastic equilibrium
in these zones can be established from the boundary conditions
starting at the foundation shaft.

[a] Prandtl theory [b] Meyerhof theory

Figure 8. Plastic zones near the rough pile foundation.

friction is increased with loading and with depth increases to achieve its maximum value that equals the soil
shear strength (Mohr-Coulomb failure criteria (o}, tan @;+ ¢;) at the failure load of the pile.

Fundamental to note that the results of the two models with lengths of 9.50 and 13.0 m were compared with
the provided field measurements of the average unit skin friction in the case study”. Figure 13 presents the
relation between the obtained pile friction resistance and settlement of the two numerical models with different
lengths. As shown, good agreement was obtained between the numerical results and field measurements of the
two loading tests.

Furthermore, the impact of clay effective cohesion (C'), effective friction angle (@’), pile length (L), and lateral
earth pressure (K,) were investigated in the parametric reference study®. It was found that whatever the change
in each of those parameters values, the full friction mobilization always occurs when the transferred shear stress
from the large diameter pile to the surrounding soil achieves the value of the soil shear strength according to
Coulomb-Mohr’s theory of failure (c, + Ko, tan §).

Ezzat et al.*” also highlighted that at the initial stage, the value of the lateral earth pressure coefficient equals
the at-rest value (K,) (See Fig. 3a). Then, the lateral earth pressure coefficient (K) increased with loading increases
during pile loading. Also, it was observed from field tests and numerical studies that at the failure state, lateral
earth pressure coefficient (K) was not a constant value along the pile length, but it changed from its most sub-
stantial value at the pile head level to its smallest value at the pile base (See Fig. 3c), due to change in both verti-
cal and horizontal stresses corresponding to the arching action occurs at failure state as explained by Franke*,
Reese et al.*” and Kamal et al.**. With that in mind, as shown in Fig. 3c, at the pile head level, the lateral earth
pressure coeflicient (K) was higher than the initial lateral earth pressure coefficient (K;). At the middle levels of
the pile, the k value was near equal unity. In contrast, at the pile base level, the lateral earth pressure coefficient
(K) was the same or less than the initial lateral earth pressure coefficient (K,). This finding also agrees with Rol-
lins et al’s*® conclusions.

To simplify the analysis, and based on the results of the parametric study; it was found that at the ultimate
state, the average value of the lateral earth pressure coefficient (K,,,) along the pile length was usually near equal
to the initial (at rest) lateral earth pressure coeflicient (K). As shown in the cases sample presented in Fig. 14, the
average skin friction obtained using fourteen (14) numerical models for piles with different geometries were com-
pared with those calculated using at-rest lateral earth pressure coeflicient (K;) and good agreement was noted.

Consequently, it may be wiser to determine the average unit skin friction using the average lateral earth pres-
sure coefficient (K,,,) instead of average length (L/2). Thus, the average ultimate skin friction (Drained condition)
could be modified as in Eq. (7);

Ssu = ca + Kaygy Le tand. (7)

where L, is effective pile length which could be defined as the full pile length after deducting the length of the
affected zone by the arching action at the pile base, as explained before, the affected zone length ranges from
zero to five times the pile diameter, according to the soil type!>3”43-45,
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Figure 9. Change in the stresses around the pile and at the tip due to arching action*.

Figure 10. Shear stress distribution around the LDBP base at the failure state.

0 1.0 1.0 1.00
10 1.42 1.42 1.00
15 1.59 1.69 0.94
22.5 1.83 2.24 0.82
30 2.08 3 0.69

Table 2. The ratio between vertical and horizontal stresses around pile base and under failure load for
different effective friction angle values.
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Figure 11. Comparison between Meyerhof ** values for the N, bearing capacity factor and the ones obtained
using numerical analysis.

Modified Meyerhof capacity based method. Previous sections presented a detailed assessment and
adaptation of the Meyerhof*! formula for estimating the ultimate capacity of the large diameter bored piles. The
derivations and the assumptions considered in this method were reviewed, and the responsible factors that led to
the overestimated LDBP ultimate capacity values have been identified. Accordingly, Meyerhof’s*! formula could
be modified as given in the modified Eq. (8); for the soil that gives both adhesion and friction angle (Drained
Condition).

D
Pyt = As(ca + KavgyLe tan 3) + Ay, <CN§ + YLN; + yEN;“,) (8)

where y: Soil unit weight (kN/m?); A;: Pile surface area (m?); A Pile cross section area (m?); D: Pile diameter (m).
L: Pile length (m); L: Pile effective length (m); ¢": clay soil effective friction angle (°); C: clay soil cohesion (kN/
m?). §: angle of friction of the soil on the shaft; C,: the adhesion per unit area (kN/m?), K.y The at-rest lateral
earth pressure coefficient; N, Nq”, and Ny”: the modified bearing capacity factors. For drained conditions, it is
recommended to obtain the Ny" factor from Fig. 11 based on soil effective friction angle (¢"). The two factors N’

and N, should be calculated using Egs. (4, and 5) using the modified N* factor.

Verification of the modified Meyerhof approach. The large-diameter bored pile of the Alzey Bridge
case study was utilized as an example to evaluate the accuracy of the modified approach. As presented before,
the ultimate capacity of this large-diameter pile (1.30 m diameter) was 3250 kN. The ultimate capacity of the
LDBP case was also calculated using the Modified Meyerhof method (Eq. 8). Thus, results calculated using the
modified approach were compared with field measurements. As shown in Fig. 15a and b, excellent agreement
was obtained; and the error percentages were 0.34%, 2.51%, and 5.02% for the ultimate friction and bearing
capacities, respectively.

Validation and discussion

Results of twenty numerical models®® (Appenxis-A) for LDBPs with variable geometries and different soil param-
eters have been used to validate the proposed combined methods. In comparison, soil and piles parameters of
those twenty cases were used to calculate the ultimate bearing, friction, and total capacities of the large diam-
eter bored piles using the Modified Meyerhof Method (Eq. 8). Furthermore, the determined ultimate capaci-
ties using the combined approach were also allocated on the same load settlement relationships of the twenty
cases (Appenxis-A). Concerning the variable geometries and different soil parameters included, the comparison
has shown that the Modified Meyerhof capacity-based method could estimate accurate values for the ultimate
capacity of the LDBP in both working and failure states, and the error percentages range from 0.267 to 7.75%,
as shown in Fig. 16a-e.

In the same line, to ensure the reliability of the proposed approach, four LDBP different in-situ loading tests
were utilized to evaluate the accuracy of the modified Meyerhof method. The soil and pile parameters of the
four case histories are given in Table A (Appenxis-A). More details about the four case histories could be found
in Zhang et al.?° and Hernan and Juan®. The comparison between the results calculated using the Modified
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Figure 12. Results of unit skin friction distribution with depth obtained using four numerical models with
different lengths. (a) Length of 9.50 m. (b) Length of 13.0 m. (c) Length of 19.0 m. (d) Length of 26.0 m.
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Figure 13. The relation between the obtained average unit skin friction and settlement for the four numerical
models with different lengths.

Meyerhof capacity-based method and the field measurements of the four LDBP in-situ loading tests confirmed
the reliability of the proposed method, as the error percentages range from 0.21 to 7.18%, as shown in Fig. 17a-d.

The presented results could enormously strengthen the proposed hypothesis, and the response of large diam-
eter bored piles (LDBP) in stiff clay soil can be described through three primary stages to achieve its expected
large settlement at the failure state. Those three phases are the elastic phase, the mobilization phase, and the
failure phase, as described in Fig. 5.

The parametric study Al-Atroush et al.?’ showed that the ultimate pile load represents about 1.5-2.5 times
the load at which the first plastic point was formed around the pile base edge. The first plastic point formed
around the pile base edge was the adopted criterial to identify the endpoint of the elastic phase. Based upon,
using a factor of safety (E.S) of 2-2.50 or greater will guarantee that the compressible soil is still in its elastic
phase, and the elastic soil young’s modulus can then be used to calculate the pile settlement under the working
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Figure 14. Comparison between the obtained average skin friction using fourteen numerical models with
different geometries and the calculated ones using at-rest lateral earth pressure coeflicient (Ky).

load (Q/2.5). It was also noted that the interaction between soil and LDBP in the elastic phase was close to
being linear elastic. The applied load was predominantly transferred by friction in this stage (more than 90% of

the total applied load). The ratios between the load transferred by both friction (%) or bearing ( 8—5,) compared

to the total load could be used to obtain the expected settlement at the elastic phase.

Conclusions

This study introduced an analytical approach for estimating the ultimate capacity of the large diameter bored
piles (LDBP). The proposed approach was developed based on an adaptation of Meyerhof’s classical (1976)
method. The suggested adaptations were based on the results of the in-situ loaded to failure LDBP test and a
related comprehensive parametric numerical study.

A detailed assessment study was performed to evaluate the reliability of Meyerhof’s classical formula (1976)
and some common settlement-based methods in estimating the ultimate capacity of LDBP. This assessment
study revealed that Meyerhof’s method almost overestimated the ultimate capacities of the twenty-six large
diameter bored piles cases (with a diameter greater than 60 cm). Also, the error percentage increased with the
pile diameter increase. The error percentages ranged from 14 to 46% in the LDBP cases, which is relatively high
compared with the small diameter cases. The error percentages ranged from 4 to 6% in those small diameter
cases. On the other hand, the assessment study results showed that the calculated pile settlement percentages (S/D
%) ranged from about 5-12% of pile diameter. Besides, it is affected by both pile geometry and soil geotechni-
cal parameters, which disagrees with the different conventional settlement-based methods utilized in different
international design standards.

The relatively high bearing capacity factors utilized in the bearing resistance calculation were the primary
etiology behind Meyerhof’s classical formula (1976) overestimated capacities for the LDBP cases. Meyerhof
determined the bearing capacity factor (N,) based on the passive earth pressure’s normal and tangential com-
ponents acting on the triangular shear plane formed under the pile base. However, the parametric numerical
study results revealed that arching action occurs after the full friction mobilization affects both the vertical and
horizontal stresses around the pile’s shaft and base. Thus, in the presence of the arching action and the change
in soil compressibility at the failure state, the acting normal and tangential components on the triangular wedge
might no longer be an entirely passive pressure in all cases.

Numerical results indicated that the unit skin friction increased from the pile head level to the level near the
pile base and only decreased at the pile base level after full mobilization due to the arching action effect. This
response was consistent in the four pile cases with various lengths, which pinpoint that, there is no exitance for
the critical depth in this study, and unit friction is increased with loading and with depth increases to achieve its
maximum value that equals the soil shear strength (Mohr-Coulomb failure criteria (o}, tan @;+ ¢;) at the failure
load of the pile.

Excellent agreement was obtained between the theoretically calculated friction capacity and the numerical
results when the average unit skin friction was determined using the average lateral earth pressure coefficient
(Kivg) instead of average length (L/2). Furthermore, based on the results of the parametric study, it was found
that at the ultimate state, the average value of the lateral earth pressure coefficient (K,,,) along the pile length
was usually near equal to the initial (at rest) lateral earth pressure coefficient (K,).

The response of large diameter bored piles (LDBP) in stiff clay soil can be described through three main
stages to achieve its expected large settlement at the failure state. Those three phases are the elastic phase, the
mobilization phase, and the failure phase;

e In the elastic phase, the interaction between soil and LDBP is close to being linear elastic. The applied load
was predominantly transferred by friction in this stage (more than 90% of the total applied load). Plastic
points start to form around the corner of the pile base by the end of the elastic phase. The ultimate pile load
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Figure 15. Comparison between the calculated pile friction resistance, bearing resistance, and the ultimate
capacity using the modified approach and the in-situ measurements of the case history*®. (a) Load-settlement
relationship (b) Ultimate pile resistances.

represents about 1.5-2.5 times the load at which the first plastic point was formed around the pile base. The
factor of safety of 2-2.50 or greater will guarantee that the compressible soil is still in its elastic phase, and
therefore these values (ES: 2-2.5) are recommended to calculate the LDBP working load.

® A noticeable increase in the pile settlement rate was observed in the field measurements and numerical results
during the mobilization phase. The percentage of the load transferred by the bearing was also increased in
this phase according to the pile’s diameter and length. The soil skin friction was increased to achieve its peak
value of the soil shear strength at pile settlement ranging from 1%D to 3%D. Plastic points were existed at
the base and extended to a large part of the shaft.

® In the failure phase, the pile load transferred by friction tends to be constant or slightly decreased, and the
applied load was predominantly transferred by bearing. Apparent failure was often observed through the
large induced pile settlement at the end of this stage. Results of the parametric numerical models with differ-
ent pile geometries and soil properties revealed that the plastic points were existed at the base and covered
almost the whole length of the pile shaft.
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Figure 16. Comparison between numerical results and the LDBP ultimate pile capacity calculated using the

proposed Approach. (a) Cases with various pile diameters (b) Cases with various pile Length (c) Cases with
various Young’s modulus of Pile material (d) Cases with various soil effective friction angle (e) Cases with
various soil effective cohesion.
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Figure 17. Comparison between field measurements of four insitu LDBP loading tests and the ultimate pile
capacity calculated using the Modified Meyerhof method. (a) Case (1) for an LDBP (D=0.7 m) installed in
multi-layered soil (b) Case (2) for an LDBP (D =0.8 m) installed in multi-layered soil (c) Case (1) for an LDBP

(D

=1.0 m) installed in multi-layered soil (d) Case (1) for an LDBP (D =1.2 m) installed in clayey sand soil.

In-situ measurements of the Alzey Bridge LDBP were utilized to evaluate the modified approach’s accuracy.

Excellent agreement was obtained between the field measurements and the calculated ones. Error percentages

we

re 0.34%, 2.51%, and 5.02% for the ultimate friction, bearing, and total capacities, respectively. Furthermore,

four in-situ LDBP loading tests and twenty numerical models were embraced to validate the proposed approach.

Th

e comparison between numerical results and the calculated LDBP ultimate capacities showed that the Modified

Meyerhof method was able to estimate reliable values for the ultimate capacity of the LDBP. The error percentages
ranged from 0.267 to 7.75%. However, more in-situ loading tests for large diameter bored piles loaded to failure
should be utilized to assess the proposed method and evaluate its accuracy.
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