Arabian Journal of Geosciences (2024) 17:169
https://doi.org/10.1007/5s12517-024-11976-7

ORIGINAL PAPER q

Check for
updates

Bearing capacity of shallow foundations: a focus on the depth factors
in combination with the respective N-factors

Lysandros Pantelidis’

Received: 15 December 2023 / Accepted: 20 April 2024 / Published online: 4 May 2024
© The Author(s) 2024

Abstract

The ongoing refinement of bearing capacity equations remains pivotal in soil mechanics and foundation engineering, reflect-
ing its critical role in ensuring design efficacy and construction safety. This study conducts a thorough evaluation of classical
bearing capacity methods—Terzaghi, Meyerhof, Vesic, and Hansen—and methods included in various design standards,
such as EN1997:2004, prEN1997:2023, GEO, AASHTO, FHWA, and API. It explores the performance and applicability
of these approaches, identifying areas for potential improvement. In response to identified challenges, the paper proposes
the integration of a unified depth factor. This new factor is designed to be applicable across all N-terms, providing a more
versatile and accurate tool for bearing capacity predictions. Unlike the original depth factors unique to each method, which
may not fully address complex soil and footing conditions, the unified depth factor is developed to enhance prediction accu-
racy for a wide range of conditions, including both flexible and rigid footings under varying flow rules (=0 and = @).
This depth factor corrects for modeling errors, emphasizing the importance of pairing the correct set of N-factors with their
corresponding depth factor. By offering a singular depth factor that aligns with the outcomes of finite element analysis, this
paper not only simplifies the computational process but also enhances the accuracy of bearing capacity predictions across a
diverse range of soil conditions and footing types. The comparative analysis, based on finite element analysis, validates the
proposed method’s effectiveness, showcasing its potential to significantly refine foundation design practices by comparing
it with both traditional and newly developed depth factors.

Keywords Bearing capacity - Strip footings - Non-associated flow rule - Associated flow rule - Unified depth factor - Rigid
and flexible footings

Introduction Prandtl (1920) gave an analytical solution for the bearing

capacity of a strip punch over a weightless, rigid-perfectly plas-

The bearing capacity of shallow foundations is one of the
major fields of soil mechanics and foundation engineering.
Probably the earliest attempt for giving an answer to this
problem has been made by Rankine (1857). His simplistic
approach with its crude assumptions, however, is far from
being considered a method, let alone a reliable one. Besides,
his formula g, = nyKI% gives zero bearing capacity, g,,, for
surface footings, a scenario that is implausible.
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tic half-space. The strength of the half-space is described by the
angle of internal friction, ¢, and the cohesion, c. In this solution,
Prandtl, introduced the failure mechanism consisting of a trian-
gular active wedge ABC with wedge angle equal to 45° + ¢ /2
(zone 1), a log-spiral radial shear zone BCD (zone II), and a tri-
angular passive wedge BDE (zone III), as shown in Fig. 1. Four
years later, Prandtl’s solution was extended by Reissner (1924)
to account for uniform distributed pressure at the surface of the
half space; Reissner’s material was purely frictional.

Terzaghi (1943) extended the works of Prandtl and
Reissner for considering the self-weight of the triangular
wedge (zone I). Also, it was Terzaghi who first expressed
the bearing capacity with three separate terms, i.e., for the
cohesion, lateral surcharge, and weight of the soil (Van
Baars 2018), as shown in Eq. 1.
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Fig. 1 The bearing capacity

failure mechanism with its three
zones (zones I, 11, I1I)

11

1
q,=cN.+ EYBN}, + }’Dqu (1)

c and y in Eq. 1 are the cohesion and unit weight of soil, B
is the width of the strip footing and N, Ny, and N , are the
three N-factors for the cohesion, the weight of the triangu-
lar soil wedge, and the lateral surcharge term respectively.
Terzaghi’s N-factors are the following:

e(%ﬂ—(p)lan(p
Ng=—F——-— 2
2c0s”(45° + @ /2)

- ) . Original equation

tan(p Kp/ 1
N. = cos? ¢
! 1. 74N0 0707 tan (1.72¢) : Best fit to Terzaghi’s values

3)
N = (N —1)cote )

Terzaghi (1943) did not provide a direct formula for
Kp,, but he gave N, values in chart form with respect to ¢.
A best-fit equation, which aligns perfectly within the range
0° < @ <45°, derived from regression analysis conducted
by the author; this is also presented in Eq. 3.

Since Terzaghi’s significant contribution to the prob-
lem, a huge number of bearing capacity methods has been
proposed in literature, mainly focusing on refining the N,
factor. In this respect, Taghvamanesh and Moayed (2021)
reported 60 different N, factors proposed in the litera-
ture, covering the time span 1943-2021. But despite this
plethora of methods, the earliest ones—namely Terzaghi’s,
Meyerhof’s, Hansen’s, and Vesic’s methods—remain the
most popular. Indeed, Terzaghi’s solution for general shear
failure constituted the basis for the majority, if not all,
the available methods, while Vesic’s N-factors are gener-
ally preferred by the design codes worldwide (e.g. IS6403
1981; API 2000; Kimmerling 2002; EN1997-1 2004;
Geotechnical Engineering Office 2006; AASHTO 2020;
prEN1997-3:2023 2023).

Meyerhof adopted Prandtl’s (1920) N, factor and Reiss-
ner’s (1924) N, factor, while he suggested his own (Mey-
erhof 1963) N, factor. These are given below:

NqR — KPemaan (5)
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Ny = (NqR — 1)tan(1.4¢p) (6)
N.p = (Kpe™™ — 1)cotp = (N, — 1)cote @)

= (1 + sing@)/(1 — sing) is Rankine’s (1857) passive
earth pressure coefficient. It is mentioned that, according
to Meyerhof himself (Meyerhof 1963), the N, of Eq. 6 is
an empirical, best-fit formula “in good agreement with the
theoretical factors derived by Caquot and Kerisel (1966),
Lundgren-Odegaard (1953-1961) and Meyerhof (1955)”.
Prandtl’s (1920) N, factor and Reissner’s (1924) N, fac-
tor have also been adopted by Hansen (1970) and Vesic
(1973). Hansen’s N, factor, which was based on calcu-
lations of Lundgren-Mortensen (1953) and Odgaard and
Christensen, is given in Eq. 8. Vesic’s (1973; 1975) N,
factor, which was based on table values given by Caquot
and Kerisel (1953), is given in Eq. 9.

N,y = 1.5(N,, — 1)tan(e) ®)

N,y =2(N,g + 1)tan(e) )

Vesic’s (1973) N, factor (Eq. 9), which is not an origi-
nal work but a best fit to the values provided by Caquot
and Kerisel (1953) in tabular form, has been checked by
the author against the original data (denoted in Table 1 by
the symbol N, ). In this respect, the author provides an
equation (see Eq. 10) that fits better to the same dataset.
Equation 10 has also been put in the same comparison
(see Table 1).

N
qR
Nyckp = . (10)
2. 8s1n(— — —)tan(z - %)

Thus, only Terzaghi’s N, is the product of original
research work. Meyerhof’s, Hansen’s, and Vesic’s Ny fac-
tors are just best-fit expressions on data published by other
researchers.

Considering the effect of embedment depth, the bearing
capacity formula takes the following form:

qg,=cN.d.+ ;yBN d,+yDsNd, an
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Table 1 Comparison of the original N, values reported by Caquot and Kerisel (1953) against the respective values calculated using Vesic’s
(1973) and author’s best-fit formulae (1ndlcated by the symbols N, cx, N,y, and N, ¢ ; p respectively). RD stands for “relative difference”

@(°®) N, cx N,y RD N, ck rp RD @(°) N,cx N,y RD N, ck rp RD

10 1.604 1.224 23.7% 1.636 -2.0% 40 114 109.4 4.0% 116.3 -2.1%
15 2.98 2.648 11.1% 3.013 -1.1% 45 300 271.7 9.4% 303.9 -1.3%
20 5.69 5.386 5.3% 5.691 0.0% 50 916 762.9 16.7% 915.4 0.1%
25 11.22 10.88 3.1% 11.12 0.9% 55 3640 2555 29.8% 3366 7.5%
30 22.69 22.40 1.3% 22.71 -0.3% 60 20,100 11,138 44.6% 16,552 17.7%
35 49.1 48.03 2.2% 49.47 -0.8%

d,, dy, and dq are the depth factors for the cohesion, the
weight of the triangular soil wedge, and the lateral surcharge
term respectively.

It is interesting that despite of the tens of N-factors sug-
gested in the literature (see Taghvamanesh and Moayed 2021),
the depth factors received only minor attention. The depth fac-
tors given by Meyerhof, Hansen, and Vesic, as well as those
included in the various design codes mentioned earlier, are

summarized in Table 2. It is noted that Terzaghi did not sug-
gest any such factor, while Skempton (1984, reprinted), Sal-
gado et al. (2004), Nguyen and Merifield (2012), and Edwards
et al. (2005) suggested depth factor only for the cohesion term
(i.e., d. factor). Edwards et al. did not provide a close formula
for d_ but values in chart form. Lyamin et al. (2007) suggested
a bearing capacity formula for sands containing only the the
term for the weight of the triangular soil wedge; the effect

Table 2 Depth factors incorporated in various methods and design codes for strip footings

Method d, d, d,
Skempton (1951) 1+02(ﬂ) [ﬂ <25 n/a n/a
205 )53 22
Meyerhof (1963) 1+02+vK <_/ [D_ < ] [ =0] > 10° d,
VR (5 )5 < 1+01\/1<P(Df).[(p&<1’}
7 =
Hansen (1970) 1+ 0.4(%) : [% < 1] 1 + 2tang(1 — sin(p)2<%>. 1 [any%value]
“1{ D \.| 2 |2 ' '
1 + 0.4tan (B—)[B— > 1] '[E < 1]

1+ 2tang(1 — sin(p)

san! () + [D,/8" > 1]
Vesic (1973) Hansen Hansen Hansen
Salgado et al. (2004) 14027 Df/B ‘@ = 0] n/a n/a

; —027 "

Lyamin et al. (2007) n/a |+ (0.0036¢° + 0393)(%) d, = d _ 2 - N 2

Nguyen and Merifield (2012)

EN1997-1:2004
prEN1997-3:2023

API

AASHTO
FHWA

1S6403:
1981

GEO

140283« /D;/B: [ =0]

n/a

14 0.33«tan™! (D;/B)

Do =0]

1 API: [use only for ¢ > 0]
1-d,

T dq - N, tanp

n/a

n/a

Meyerhof:

: [no restriction for D, /B]

n/a

d* -
+(8 404 - 0.151¢° )
. | 25° < @ < 45°

Dy/B<2
n/a n/a
n/a n/a
n/a: [p =0] n/a: [p =0]
Hansen (B instead of B') : Hansen: [¢ > 0]
Tp > 0]
Hansen's d, for D /B <1: Hansen

1 [Dy/ B not spemﬁed]

Hansen

(values given in tabular form) n/a

Same as AASHTO n/a

Meyerhof': [no restriction for D;/B

Meyerhof': [no restriction for Dy /B;

id, = 1for ¢ < 10° and not for ¢ = 0] d, = 1for ¢ < 10°and not for
@ =0]
n/a n/a

@ Springer



169 Page4of24 Arab J Geosci (2024) 17:169

Table 3 Data for the example

. (a) Effective stress analysis (b) Total stress analysis (¢, = 0)

cases: (a) effective stress

analysis, (b) total stress analysis s/n B(m) D,/B c'(kPa) @'(°) s/n B (m) D,/B ¢, (kPa)

®:=0) 1 2 0.5 0 40 29 2 0.5 200
2 2 0.5 0 35 30 2 0.5 150
3 2 0.5 0 30 31 2 0.5 100
4 2 0.5 0 25 32 2 0.5 50
5 2 0.5 0 20 33 2 1 200
6 2 0.5 0 15 34 2 1 150
7 2 0.5 0 10 35 2 1 100
8 2 0.5 20 35 36 2 1 50
9 2 0.5 20 30 37 2 0 200
10 2 0.5 20 25 38 2 0 150
11 2 0.5 20 20 39 2 0 100
12 2 0.5 20 15 40 2 0 50
13 2 0.5 20 10 41 1 0 200
14 2 0.5 40 30 42 1 0 150
15 2 0.5 40 25 43 1 0 100
16 2 0.5 40 20 44 1 0 50
17 2 0.5 40 15 45 1 1 200
18 2 0.5 40 10 46 1 1 150
19 2 1 0 30 47 1 1 100
20 2 1 20 30 48 1 1 50
21 2 0 0 35 49 1 2 200
22 2 0 0 30 50 1 2 150
23 2 0 0 25 51 1 2 100
24 2 0 20 25 52 1 2 50
25 2 0 20 30 53 1 3 200
26 2 0 40 30 54 1 3 150
27 1 1 20 30 55 1 3 100
28 1 2 20 30 56 1 3 50

550 kN/m2

v | A ’

25
Pl s

75
PR 54

10
Tl

Fig.2 Rocscience’s RS2 model showing geometry, loading, mesh, and boundary conditions of the problem
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Fig.3 Convergence chart

Table 4 Bearing capacity values
for effective and total stress
analyses for the cases listed

in Table 3 derived from finite
element analysis

1800
1780
1760
1740
1720
1700
1680
1660

qu in kPa (FEA results)

1640
1620
1600

-~ - Best-fit curve (exponential decay model)
— — — Asymptotic value (qu=1614 kPa)

Number of elements per square meter

O

10

FEA values

15

20 25 30

s/n Effective stress analysis s/n Total stress analysis
Rigid footings Flexible footings Rigid footings Flexible footings
v=0 v=0 v=0 v=0

1 2352 2970 2390 2728 29 1170 1120

2 1310 1653 1116 1456 30 891 858

3 764 855 732 779 31 621 593

4 428 455 400 418 32 335 320

5 238 246 220 226 33 1302 1207

6 133 135 123 125.6 34 1012 950

7 74 74 90 91 35 710 664

8 2209 2574 2350 2460 36 392 360

9 1380 1602 1424 1518 37 1008 1008

10 910 990 893 940 38 766 748

11 618 641 584 601 39 528 517

12 419 423 396 403 40 270 261

13 292 294 273 278 41 1170 968

14 2021 2256 2075 2208 42 893 738

15 1378 1518 1376 1442 43 627 500

16 959 1008 935 960 44 342 261

17 679 704 663 665 45 1170 1118

18 495 498 474 475 46 893 865

19 1176 1365 1118 1275 47 627 623

20 1900 2093 1890 2064 48 342 330

21 570 714.4 - - 49 1380 1275

22 290 325 - - 50 1089 989

23 143 151 - - 51 768 697

24 630 644 - - 52 423 383

25 912 1008 - - 53 1548 1377

26 1440 1504 - - 54 1209 1066

27 1290 1472 1358 1424 55 860 756

28 2046 2262 1826 2037 56 479 420
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Fig.4 Actual versus predicted values for the Terzaghi method. a y = 0;

v = @; flexible footings

of the lateral surcharge is taken into account through the d;k
factor. Benmebarek et al. (2017) suggested depth factors for
undrained bearing capacity of circular footings with or without
side resistance. Circular footings are out of the scope of the
present paper; however, in a bearing capacity analysis, a cir-
cular footing could be dealt with the respective square footing.

In this paper, the initial step involves comparing classical
bearing capacity methods of Terzaghi, Meyerhof, Hansen,
and Vesic, along with methods included in various design
codes such as EN1997-1:2004, prEN1997-3:2023, API,
AASHTO, FHWA, 1S6403:1981, and GEO (IS6403 1981;
API 2000; Kimmerling 2002; EN1997-1 2004; Geotechnical
Engineering Office 2006; AASHTO 2020; prEN1997-3:2023
2023) against finite elements using several example cases.
Besides, design codes are supposed to represent the best
contemporary practices. The paper will subsequently dem-
onstrate that a depth factor in the form of k(1 + 4 « D;/B)
ork(1+ 4s(D;/B)"), common to all three bearing capac-
ity terms, leads to improved predictions of bearing capac-
ity. Such factors will be proposed both for rigid and flexible
footings, and for soils adhering to the associated and non-
associated flow rules, with y = @ and 0, respectively. These
proposed depth factors will apply to the classical methods of
Terzaghi, Meyerhof, Hansen, and Vesic, with distinct factors
tailored to each method. This differentiation is crucial as the

@ Springer
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depth factors also aim to mitigate errors arising from the
derivation of the N-factors.

In this paper, the friction angle and cohesion are designated
by the generalized symbols ¢ and ¢. The actual application
determines whether these refer to the shear strength param-
eters in the drained or the undrained conditions, {c’ , @' } and
{cu, ®, }, respectively; apparently, in the plane strain problem
studied herein, ¢ and ¢ are plane strain values.

Kp = (1 +sin@)/(1 — sing) is Rankine’s (1857) pas-
sive earth pressure coefficient. The factors marked with the
symbol 1 have been derived from the method of character-
istics. The n/a(not applicable) notation means that there is
no provision for the specific factor. If the domain of ¢ is not
mentioned, the factor stands for any ¢ value. Lyamin et al.’s
(2007) d;‘ factor includes also the influence of lateral sur-
charge on the bearing capacity of footings; d, was calculated
from: g, = '/,yBN,d, +yD;N,d, = '/,yBN,d;

Evaluating existing bearing capacity
methods

In this section, the well-established methods of Terzaghi,
Meyerhof, Hansen, and Vesic and the methods incorporated
in EN1997-1:2004, prEN1997-3:2023, API, AASHTO,
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Fig.5 Actual versus predicted values for the Meyerhof method. a w = 0;

v = @; flexible footings

FHWA, 1S6403:1981, and GEO design codes are compared
against finite elements. To assess the N- and depth factors
of these methods, 56 example cases were considered, 28 for
effective stress analysis and 28 for total stress analysis. The
corresponding data values can be found in Table 3.

Rocscience’s RS2 (v11.0.12) was used for obtaining the
numerical results for the comparison; RS2 is a commer-
cial program for 2D finite element analysis of geotechnical
structures. All examples were solved twice, first consider-
ing the footings as perfectly rigid and later as perfectly
flexible. This raised the number of different cases consid-
ered to 56 X 2=112.

The methods, however, being evaluated adhere to the
less conservative associated flow rule (v = @). Yet, an
analysis considering the non-associated flow rule (v < @)
is more representative of the actual soil behavior (Bol-
ton 1986; Loukidis et al. 2008; Mortensen and Krogsbgll
2019). Indeed, fine-grained soils have practically zero dila-
tion angle (y = 0), while loose sands may even exhibit
negative values. In such scenarios, the assumption y = 0
is commonly adopted. As a result, all effective stress
analysis examples have been analyzed both for y = 0 and
v = @, increasing the total number of different cases con-
sidered to 168. Given that dilation occurs mainly in dense

2500
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rigid footings. b y = ¢; rigid footings. ¢ y = 0; flexible footings. d

sands and gravels, the difference in the bearing capacity
is expected to be greater for the case of soils with greater
friction angles. In this context, Bolton (1986) specified
@ = @, + v as an elementary friction-dilatancy relation;
y is often taken in the literature equal to 30°, but this is
rather a lower boundary on the safe side.

The geometry, typical mesh, and boundary conditions in
this plane-strain problem considered are shown in Fig. 2.
Favoring reproduction of the example problem, all relevant
information is given below (if something is not mentioned,
the RS2 default value was used). The “Gaussian elimination”
solver type was used. Regarding the “stress analysis” menu,
the maximum number of iterations was 1000, and the toler-
ance was set to 0.001, while the “comprehensive” conver-
gence type was adopted (the “comprehensive” setting means
that force, energy, and displacement are checked at the same
time). The “mesh type” was set to “graded,” while six-noded
triangular elements were used. In addition to the above, the
“field stress type” was “gravity” with “stress ratio” in- and
out-of-plane defined by Jaky’s (1948) K, = 1 — sing. The
“initial element loading” was “field stress and body force.”
The problem was solved for static conditions. The shear
strength parameters are those given in Table 3 (apparently,
the “plastic” material type was chosen). The unit weight,
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d y = ; flexible footings

modulus of elasticity, and Poisson ratio of soil were y =17
kN/m?, E = 20,000 kPa, and v = 0.3 respectively.

For the elastic constants E and v, it is widely recognized
that they do not influence the bearing capacity of footings.
Similarly, the unit weight of soils y does not affect the N
-bearing capacity factors or the depth factors. Therefore,
to simplify, these parameters were kept constant across all
examples. It should be noted that some combinations of
¢! — @/ in Table 3 may not correspond to real soil cases.
However, the effective stress analysis examples in Table 3
are organized into several groups (i.e., nos. 1-7, 8-13,
14-18, 19-20, 21-23, 24-25, and 25-26). Within each
group, all parameters remain constant except for one of the
shear strength values. The consistency in the results (bearing
capacity values) attests to the validity of the finite element
models. The total stress analysis examples were also grouped
for the same reason.

Some additional important information about the geom-
etry of the finite element models is provided below. The
nodes on both sides of the excavation (at the bottom of
which the footing is placed) are allowed to move vertically
but are restricted horizontally. This setup simulates foot-
ings with smooth sides (assumption on the side of safety).
However, the outermost nodes of the footings are permitted
to move in any direction. The extent of the boundaries was
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also carefully evaluated. Boundaries that are too close to
the footing may result in a significant portion of the stresses
returning back to their source (i.e., the footing), whereas
the computational cost of modeling large domains is con-
siderable, especially with the appropriate mesh density.
The geometry and mesh depicted in Fig. 2 strike a balance
between accuracy and computational expense. The mesh
is generally uniform, with increased densification in areas
where the bearing capacity mechanism is expected to be
developed. The discretization density on the foundation sur-
face and near the footings’ boundaries was further increased.
A convergence chart for example no. 9 (featuring a rigid
footing on a low plasticity clay with y = @) is presented in
Fig. 3. As indicated, the failure load of 1614 kPa (asymp-
totic value) closely matches the 1602 kPa determined using
the finite element model in Fig. 2. The best-fit curve and
the asymptotic value in Fig. 3 were found using the expo-
nential decay model y = a « ™ + ¢ and regression analy-
sis (a = 393.6,b = 0.199, ¢ = 1614). It should be noted that
the convergence chart in Fig. 3 refers to meshes of uniform
density with lateral boundaries extended to twice the width
shown in Fig. 2 (e.g., the coordinates of the lower-right cor-
ner were [30, —20]). It is also important to be mentioned that
the load in each model was applied in 101 loading steps. The
applied load was about 10% greater than the failure load (a
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Fig. 11 Actual versus predicted values for the AASHTO and FHWA methods. a y = 0; rigid footings. b y = ¢; rigid footings. ¢ y = 0; flexible

footings. d y = @; flexible footings

preliminary analysis was conducted in each case to deter-
mine the appropriate load). This introduces a minor error in
the failure load calculation, but less than 1%.

For the case of rigid footings, an elastic “liner” element
was inserted between the (uniform) loading and the soil. The
liner had modulus as high as 300 GPa and thickness 10 m
(extreme values for ensuring rigidity), while its Poisson’s
ratio and unit weight were 0.2 and 0 (weightless footing)
respectively. The “Timoshenko” beam element formulation
was adopted. No interface element (“joint” element in RS2)
was considered; thus, the footings were rough. Not only does
the case of rough footings allow for the direct comparison
with Terzaghi’s, Meyerhof’s, Hansen’s, and Vesic’s meth-
ods, but also this is more realistic. The author adopts Vesic’s
(1973) point of view that the stress and deformation pat-
terns under compressed areas are such that they always lead
to the formation of single wedges and that the foundation
roughness has little effect on the bearing capacity as long
as the applied external loads remain vertical (as in the case
considered herein).

All finite element results can be found in Table 4. While
results from other methods are not presented in tabular form
to conserve space, readers can easily reproduce them. How-
ever, these results are depicted in the comparison charts
shown in Figs. 3,4, 5,6,7, 8,9, 10, 11, and 12. Four charts

are given for each method, more specifically for (a) w =0
and rigid footings; (b) w = ¢ and rigid footings; (c¢) w =0
and flexible footings; and (d) y = @ and flexible footings,
although it is supposed that they correspond to rigid footings
over soils with y = @. The total stress analysis examples
have been merged with the respective effective stress analy-
sis examples for y = 0.

To compare different methods, the percent error
(PE = W X 100%) was first calculated for each
example. Then, the following indices were used: (a) the
mean absolute percentage error (MAPE = % 27 PE;) and
(b) the standard deviation of PE. Additionally, a linear
regression line was plotted on each chart with the origin
set as the intercept point, noting both the coefficient of the
best-fit equation and the coefficient of determination (R?).
The four indices are summarized in Figs. 13 and 14, focus-
ing exclusively on methods labeled as “original,” which
are applied according to their published specifications,
including any depth factors (note that Terzaghi’s method
does not include such factors). The optimal values for
MAPE and standard deviation (SD) are 0, and for the coef-
ficient of the best-fit equation, it is 1. A coefficient of the
best-fit equation below 1 suggests the model tends to yield
results on the unsafe side, and vice versa. For the coeffi-
cient of determination, RZ, the ideal value is 1. However,
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Fig. 12 Actual versus predicted values for the IS6403 method. a w = 0; rigid footings. b y = ¢; rigid footings. ¢ y = 0; flexible footings. d

v = @; flexible footings

even if there is a significant but symmetrical scatter around
the regression line, R? can still be relatively high, indicat-
ing the model captures the overall trend of the data despite
wide variations in individual data points. High R? values
will be used to reject rather than accept a model. Figures 13
and 14 also include histograms for Terzaghi’s, Meyerhof’s,
Hansen’s, and Vesic’s methods, as modified by the author,
which will be explored in the following section. Putting
all alternatives on the same chart facilitates comparison.

From Figs. 3,4,5,6,7,8,9, 10, 11, 12, 13, and 14, the
following observations can be made:

e The Vesic original method exhibits a commendable bal-
ance of accuracy (MAPE), consistency (standard devia-
tion of percent error), and predictive fit (slope and R?)
across both rigid and flexible footings and under vary-
ing soil conditions of y = 0 and y = ¢. Its performance
is notably superior under flexible footings with v = @,
where it shows enhanced accuracy, reduced variability,
and strong predictive correlations.

e Surprisingly, Terzaghi’s method, which does not incor-
porate depth factors, offers a reliable and accurate frame-
work for predicting foundation behavior across a range of
conditions. While it exhibits solid performance in both
rigid and flexible footings, its standout accuracy and
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consistency are more noticeable under rigid conditions.
The method’s strong linear correlation and substantial
explanatory power, as evidenced by the coefficient of best
fit equation and R? values, further confirm its applicabil-
ity in geotechnical engineering designs. When compared
to Vesic’s original method, Terzaghi’s shows compara-
ble accuracy and predictive power, especially under rigid
footing conditions. However, Vesic’s original method
tends to outperform Terzaghi’s under flexible footings
for w= ¢ conditions, offering enhanced accuracy, lower
variability, and stronger predictive correlations.
Meyerhof’s original method shows variability in its
accuracy, consistency, and predictive fit across different
conditions. Compared to Terzaghi’s and Vesic’s original
methods, Meyerhof’s method may not consistently offer
the same level of precision or reliability, particularly
under flexible footings.

Hansen’s original method reveals significant limitations
in its performance, especially concerning accuracy, con-
sistency, and predictive fit. The elevated MAPE values,
high variability in predictions, and deviations in the
slopes of the regression line collectively underscore
Hansen’s challenges in delivering reliable foundation
design estimations. When compared with Vesic’s original
method, Hansen’s deficiencies become more apparent.
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Fig. 13 a MAPE and b standard deviation of percent error values for the various methods

e ENI1997:2004, GEO, AASHTO, FHWA, and API show
similar challenges with accuracy and consistency, as high-
lighted by their MAPE and standard deviation values.
The slope deviations from the ideal value further ques-
tion their predictive alignment across varying conditions.
When comparing these with Vesic’s original method,
Vesic generally offers better accuracy and consistency.

e The [S6403 method demonstrates variability in its perfor-
mance, with high MAPE and standard deviation values.
The predictive fit, measured by the slope and R? values,
also suggests potential misalignment with actual founda-
tion behaviors, particularly under rigid footing conditions.

e EN1997:2023 showcases a compelling superiority over
all the above methods. It exhibits superior accuracy,
lower variability, and stronger predictive correlations.

The proposed depth factors

In the analysis presented below, all three depth factors within
the bearing capacity equation have been substituted with
a singular depth factor (i.e., a depth factor that is uniform
across all three bearing capacity terms). Both linear and

non-linear forms of depth factors were explored. As a result,
the bearing capacity equation is represented in one of the
following forms:

Dy
K<1 +ﬂ§>qu,o
U
K<1+z(ﬁ> >q .
B ”’

In these formulas, g, , represents the bearing capacity
value derived from the method of Terzaghi, Meyerhof,
Hansen, or Vesic, excluding the application of their origi-
nal depth factors, if present. The coefficients «,4, and
u are obtained from regression analysis (in MS Office
Excel) based on the finite element results presented in
the preceding section. The results are presented in chart
form in Figs. 15, 16, 17, and 18. The values of «,4, and
u are summarized in Tables 5 and 6. The MAPE, stand-
ard deviation of percent error, coefficient (slope) of the
best-fit equation, and R? values can be found in Figs. 13
and 14. Based on these, the following observations can
be made:

9u 12

9u (13)
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The depth factor is influenced by the type of analysis
(effective or total stress), the dilation angle of soil, and
the rigidity of footing.

The analysis clearly showed that a single depth factor can
effectively replace the set of depth factors associated with
the three N-terms in the basic bearing capacity equation.
The proposed depth factor, which is able to effectively
absorb the modeling errors related to the embedment
depth and the assumed failure surface, was successfully
applied to Terzaghi’s, Meyerhof’s, Hansen’s, and Vesic’s
method. However, it could be used to any similar method.
Not only does the proposed depth factor simplify the cal-
culations with the use of a single depth factor, but it also
improves the prediction of the bearing capacity of footings.
This improvement is evident from the values of the statisti-
cal indices (MAPE and standard deviation of percent error
closer to 0 and slope of the best-fit equation and R closer to
unity).

The balance of vertical forces considered by Terzaghi
(see “Introduction”) ignores the fact whether the footing
is rigid or flexible. However, different contact pressures
result in different bearing capacity values, as this is evi-
dent by the finite element analysis results. In the present
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Fig. 14 a Coefficient of the best-fit equation and b R? values for the various methods

paper, «,4, and u coefficients (recall Eqs. 12 and 13) are
given for both flexible and rigid footings.

e In addition, «,4, and u coefficients are provided for both
the case of y = ¢ (associated flow rule) and the more
realistic, and simultaneously more conservative, non-
associated flow rule where y = 0. It is reminded that
all methods examined herein refer to the w = ¢ case.

e The finite element analysis carried out also revealed the
strong correlation between the bearing capacity of rigid foot-
ings and the respective one of flexible footings. This correla-
tion is illustrated in Fig. 19. The corresponding equation is:

Gy Fiexible = 0.95 ¢ 9. Rigid (14)

As shown in Tables 5 and 6, the parameter k varies across
all four methods examined, though it remains quite close to
1. In related research, the author (Pantelidis 2023) analyti-
cally demonstrated that the three N-factors in the bearing
capacity equation are directly proportional to the depth of
failure. The impact of embedment depth on failure depth
can be readily illustrated through common finite element
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and footing rigidity but are derived from non-linear regression analy-
sis. LRA, linear regression analysis; NLRA, non-linear regression
analysis
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v = @, rigid footings; ¢ y = 0, flexible footings; and d y = ¢, flex-
ible footings. Panels e to h correspond to the same conditions of y

@ Springer

2500
© —~ Xt
2 5 2000
e
8o ¥ x y = 0.9969x
275 1500 XX R?=0.9969
S >
[9) 5
> s =
o
3 § 1000 LR
5 =
538 e
2= 500 X"
o< ,g?‘)«
R
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=¢; Rigid Footings)
2500 -
T~ (d) X
& £ 2000 LK
e~
2 £ 1500 XX ¥=0.9999x
SIS X R?=0.9992
1
33 000 X
O 5 %
B § 7
< 500 .Jix-
'y
X
o LX
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=¢; Flexible Footings)
2500
X .
ez X
X % 2000 o
£z
» ¢
(o] &K y = 0.998x
>
5 £ 1500 T R2 = 0.998
> S 5
33 1000 ,E
O = %
hsis} R
22 s00 se X
o LxX
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=¢; Rigid Footings)
2500
52 (h) x
T & 2000 oK
- ot
£z
3 5 y = 0.9989x
= £ 1500 )&CX R*=10.9993
[
3 g K
1
E 3 000 %
o= K
=] X
£ 2 s00 o X
= K
0 )?(
0 500 1000 1500 2000 2500

Actual qu values in kPa (FEA results; y=¢; Flexible Footings)

and footing rigidity but are derived from non-linear regression analy-
sis. LRA, linear regression analysis; NLRA, non-linear regression
analysis



Arab J Geosci (2024) 17:169

Page 17 of 24 169

2500
(a)
o X:
o = 2000
8 < « X"y =0.9957x
S g 1500 Xt R2=0.9957
S E §x.>‘3§"35
> X %
g, 3 1000 &x X
i A
g < 500 X% .
0%
x
0 X
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=0; Rigid Footings)
2500
. (©)
£z 2000 e
£ 3 XX
e LY = 0.9565x
S 8 1500 x R?=0.9962
o C v
> %
£ el
3 g 1000 X
3 ?§ ‘X;)%(
BZ s00 23
[on *R(x
0o X
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=0; Flexible Footings)
2500

RX
<y =0.9961x
R2=0.9961

2000

1500

1000

Predicted qu values in kPa
(Modified Hansen; NLRA)

a
o
(=}

X
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=0; Rigid Footings)

2500
©
€ g 2000 pEa
£3 X
2 Z %y = 0.9560x
S § 1500 s Re=0.9951
[}
2§ X 2
o %
338 1000 é{xo&‘
5 E
38 &
2= 500 xHx
&< oK
2%
0 %
0 500 1000 1500 2000 2500

Actual qu values in kPa (FEA results; y=0; Flexible Footings)

Fig.17 Actual versus predicted values for the modified Hansen
method using linear repression analysis: a y = 0, rigid footings; b
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Fig. 18 Actual versus predicted values for the modified Vesic method
using linear repression analysis: a y = 0, rigid footings; b v = ¢,
rigid footings; ¢ y = 0, flexible footings; and d y = ¢, flexible foot-

@ Springer

2500
b
. (b) ¥
< 2000 -
=4
il % % y=09994x
2 1500 K R2=0.9977
T @ ot
>3 X
335
o & 1000 w5
°
£ 500 ,x-"&(
X)S.%
e
0 L%
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=¢; Rigid Footings)
2500
© (d) K
£ 2 2000 oK
£
2 w Ty =0.999x
% 2 1500 *.'X. R?=0.9987
o
> P
Zo
o & 1000 i
© X
2= 500 s
o X
X,.xx'
0 L%
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; w=¢; Flexible Footings)
2500
) 0) e
% < 2000
clr
=1
8=z Xy =0.9994x
3 8 1500 K X R2=0.9966
© ‘0
>0 X
g_ > o
o
1000 =
3£ B
o 9 X 3
T 2 X
g < 500 ¢
XX.%
p:
2
0 L%
0 500 1000 1500 2000 2500
Actual qu values in kPa (FEA results; y=¢; Rigid Footings)
2500
. (h)
£ < 2000 K
£g
2z "y = 0.9986x
3 Y 1500 X R2=0.9986
v X
BE 1000 § il
0 T
52 x"
= X
2= 500 XX
X
X
0 | X
0 500 1000 1500 2000 2500

Actual qu values in kPa (FEA results; y=¢; Flexible Footings)

ings. Panels e to h correspond to the same conditions of y and footing
rigidity but are derived from non-linear regression analysis. LRA, lin-
ear regression analysis; NLRA, non-linear regression analysis



Arab J Geosci (2024) 17:169

Page 190f24 169

Table5 The proposed linear regression analysis coefficients (see
Eq. 12)

Modified method Type of footing w = ¢ w=0
K A K A

Terzaghi Rigid 0941 0.237 0.896 0.169
Meyerhof 1.158 0.237 1.079 0.138
Hansen 1.175 0.229 1.089 0.134
Vesic 1.030 0.295 0.997 0.177
Terzaghi Flexible 0971 0.134 0.906 0.108
Meyerhof 1.190 0.138 1.077 0.089
Hansen 1.206 0.131 1.084 0.086
Vesic 1.067 0.181 1.014 0.111

analysis. Since each method is based on its own set of
assumptions, k serves as a factor that compensates for rel-
evant modeling errors or decisions: such decisions include
the soil’s dilation angle and the footing’s rigidity. Con-
sequently, comparing the derived depth factors directly
is illogical because the critical measure is the product of
each N-factor with its corresponding depth factor, which
must yield a consistent value (for example, Terzaghi’s
N-factors with the proposed depth factor for Terzaghi’s
and no other method). This principle applies equally to
any published depth factor. Instead, the author provides
a comparison with Lyamin et al. (2007) finite-element
limit analysis solution for the bearing capacity of foot-
ings embedded in sand, which adheres to the associated
flow rule. The analysis does not mention either the dilation
angle or the rigidity of the footing. It is important to note
that some of the errors observed can be attributed to the
different assumptions adopted in the various finite element
analyses. Also, the author used the weighted average N,
values provided by Lyamin et al. (average values between
the upper and lower bound solutions). The comparison
presented in Table 7 encompasses all possible cases and
exclusively refers to example nos. 1 to 4 (examples with
¢ =0and D;/B > 0). The average error reported in Table 7
is merely 0.4%.

Two additional comparison tables are presented, focus-
ing on total stress analysis, in Tables 8 and 9, which relate
to rigid and flexible footings respectively. In these tables,
the method by Salgado et al. (2004) is compared with
the proposed modified methods. It is noted that for all
methods, N, is determined by Eq. 7, which is rather a
standard choice, except for the modified Terzaghi method,
where N, is determined by Eq. 4. The method proposed by
Nguyen and Merifield’s (2012) yields very similar results,
as their d, factor, derived from finite element analysis
using Abaqus, closely matches that of Salgado et al. (see
Table 2). Salgado et al. conducted their analysis using
both upper and lower bound limit analyses. As demon-
strated, the relative error with the proposed methods is
again very low. It is mentioned that the footing considered
by both Salgado et al. and Nguyen and Merifield was per-
fectly rigid.

The author also experimented with the depth factors pre-
sented in Eqgs. 15-19, without, however, further improving
the bearing capacity prediction ( f; denotes regression analysis
coefficient,i =1, 2, or 3).

D Df
9, =i 1+f2— +f3< > qu0 (15)

g =fi( 1+5 f)quo (16)

Dy
=it (%))
()

a, =fi(1=f,0eBP®)q,, (19)

q, =

The importance of incorporating a depth factor in the
analysis is evident in Fig. 20. This figure refers to the total

Table 6 The proposed non-

A - . Modified method Type of footing v=¢ w=0

linear regression analysis

coefficients (see Eq. 13) K A U K A U
Terzaghi Rigid 0.879 0.343 0.586 0.886 0.190 0.897
Meyerhof 1.084 0.340 0.598 1.042 0.200 0.691
Hansen 1.101 0.329 0.595 1.051 0.195 0.680
Vesic 0.962 0.406 0.635 0.971 0.225 0.798
Terzaghi Flexible 0.608 0.837 0.266 0.868 0.171 0.661
Meyerhof 0.712 0.929 0.257 0.967 0.243 0.339
Hansen 0.864 0.600 0.316 0.967 0.250 0.308
Vesic 0.792 0.614 0411 0.961 0.188 0.620
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Fig. 19 Comparison of the finite
element results of rigid footings
against the respective ones for
flexible footings
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stress analysis example nos. 29 to 40 of Table 3, which
contrasts the analytical results derived from Terzaghi’s
method (before regression analysis) with the correspond-
ing numerical ones. These examples address rigid foot-
ings with varying D, /B values (specifically, 0, 0.5, and 1)
and a repeating set of undrained shear strength values of
soil (namely, ¢,=50, 100, 150, and 200 kPa). As shown,
the error is greater as the D, /B ratio increases (as seen by
the divergence of the dashed lines from the y = x line),
while for the same D, /B value (please focus on any of the
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three dashed lines of Fig. 20), all points for a specific ¢,
value fall on the same D, /B line.

Conclusions

The substantial number of N-factors and depth factors
present in the literature underscores the ongoing efforts
to refine bearing capacity equations. Upon examining
the classical methods and various methods included

Table 7 Comparison of the proposed modified method against Lyamin et al. (2007) method. Example nos. 1 to 4 of Table 3. The values in the

table indicate the relative error

No Case Modified method

Use of Eq. 12 Use of Eq. 13

Terzaghi Meyerh Hansen Vesic Terzaghi Meyerh Hansen Vesic
1 Rigid footing/y =0 soils -5.4% —2.4% -10.5% 0.9% -5.0% - 1.0% -92% 2.0%
2 -7.7% -7.8% -11.4% 0.1% -7.3% -6.5% —10.1% 1.2%
3 -5.1% -9.3% -10.2% 2.2% —-4.7% -7.9% —8.9% 3.3%
4 1.8% -6.5% -59% 8.7% 2.3% -5.1% -4.5% 9.8%
1 Rigid footings/y = ¢ soils 2.4% 9.5% 0.8% 9.9% 5.1% 12.2% 3.2% 12.9%
2 -0.1% 3.5% -0.2% 9.0% 2.5% 6.1% 2.2% 12.0%
3 2.7% 1.9% 1.1% 11.3% 5.4% 4.4% 3.6% 14.3%
4 10.3% 4.9% 6.0% 18.4% 13.2% 7.5% 8.6% 21.6%
1 Flexible footings/yy=0 soils -71% -4.9% —-12.9% -0.5% -6.5% -2.5% —10.5% 0.4%
2 -9.4% —10.1% —13.8% -1.3% -8.8% -7.9% —11.4% -0.5%
3 -6.8% —11.6% —12.6% 0.8% -6.2% -9.3% —-10.2% 1.7%
4 0.0% —8.9% -8.4% 7.1% 0.7% —6.6% —5.9% 8.1%
1 Flexible footings/yy= ¢ soils 0.8% 7.6% -1.0% 8.1% 0.3% 7.1% - 1.4% 7.6%
2 -1.7% 1.6% -2.0% 7.3% -22% 1.1% -2.3% 6.7%
3 1.1% 0.1% -0.7% 9.6% 0.6% -0.4% -1.0% 9.0%
4 8.5% 3.1% 4.1% 16.5% 8.0% 2.6% 3.7% 15.9%
Average -1.0% -1.8% -4.9% 6.8% -0.2% -0.4% -3.4% 7.9%
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Table 8 Comparison of the

. No Modified method

proposed modified method

against Salgado et al. (2004) Use of Eq. 12 Use of Eq. 13

and Nguyen and Merifield - - - -

(2012) methods. Example nos. Terzaghi Meyerh Hansen Vesic Terzaghi Meyerh Hansen Vesic

%2;;’633(_’ %‘}ﬂ ‘;‘;;::i;otﬁg ;fble 29 -79% ~15%  -08%  -73%  -75%  0.0% 0.7% -6.3%

indicate the relative error. Case 30 -7.5% -0.9% -0.2% -6.8% -71% 0.5% 1.2% -5.8%

of rigid footings 31 —6.6% 0.1% 0.8% -5.8% -6.2% 1.6% 2.3% —4.8%
32 -3.9% 3.3% 4.1% -2.8% -3.5% 4.8% 5.6% —-1.8%
33 -5.6% 0.0% 0.5% —-4.5% -5.0% 1.7% 22% -32%
34 -4.6% 1.0% 1.5% -3.5% —-4.1% 2.8% 3.3% —-2.2%
35 -2.8% 32% 3.7% -1.4% —-22% 5.0% 5.5% -0.1%
36 2.6% 9.6% 10.1% 4.7% 3.3% 11.5% 12.1% 6.1%
45 -6.9% -1.6% -1.1% -6.0% -6.3% 0.1% 0.6% —-4.8%
46 -6.5% -1.1% -0.6% -5.5% -5.9% 0.6% 1.2% —-4.2%
47 -5.6% 0.0% 0.5% —-4.5% -5.0% 1.7% 2.2% -32%
48 -2.8% 32% 3.7% -1.4% -22% 5.0% 5.5% -0.1%
49 -0.6% 3.0% 3.2% 1.0% -0.6% 3.0% 32% 1.0%
50 0.3% 4.1% 4.3% 21% 0.3% 4.1% 4.3% 2.1%
51 2.2% 6.3% 6.5% 4.3% 2.3% 6.3% 6.5% 4.3%
52 8.0% 12.9% 13.1% 10.7% 8.0% 12.9% 13.1% 10.7%
53 6.9% 9.2% 9.1% 9.3% 5.8% 6.3% 6.2% 7.0%
54 8.4% 11.0% 10.9% 11.0% 7.3% 8.0% 7.9% 8.7%
55 11.5% 14.4% 14.3% 14.5% 10.4% 11.3% 11.2% 12.1%
56 20.6% 24.7% 24.6% 24.8% 19.4% 21.4% 21.2% 22.2%
Av 0.0% 5.0% 5.4% 1.6% 0.1% 5.4% 5.8% 1.9%

in design standards, the following observations can be
made:

e While Vesic’s original method demonstrates com-
mendable accuracy and consistency across various
conditions, it underscores an inherent need for adaptive
approaches that further refine predictive capabilities,
especially in soil conditions and footing scenarios not
covered by traditional methods.

e Terzaghi’s method, although providing a solid foundation
for bearing capacity predictions, lacks the depth factor
integration for varying soil conditions and footing types.

e The observed variability in Meyerhof’s original method and
the limitations in Hansen’s original method serve as clear
indicators that despite the strengths of classical methods,
there is a pressing need for refined approaches that can pro-
vide more accurate, consistent, and reliable predictions.

e Design Standards Methods (EN1997:2004, GEO,
AASHTO, FHWA, and API) generally show challenges
with accuracy and consistency. Vesic’s original method
typically offers better outcomes in these aspects.

e [S6403 method shows considerable variability in its per-
formance, with potential misalignments in predictive fit
under rigid footing conditions.

e The superior performance of EN1997:2023 compared
to existing methodologies and standards illustrates the
substantial advantages that can be achieved with meth-
odological enhancements.

From this study, it becomes clear that incorporating a
unified depth factor into the classical methods of Terzaghi,
Meyerhof, Vesic, and Hansen significantly enhances the
utility and accuracy of these traditional models. Instead of
depending on the specific depth factors originally associ-
ated with each method, the use of a single, unified depth
factor, applicable under various conditions and across all
methods, represents a substantial advancement. This inno-
vation achieves compatibility with both flexible and rigid
footings and adeptly handles both associated and non-associ-
ated flow rules (v = @ and y = 0), thereby streamlining the
application of bearing capacity equations without sacrificing
accuracy.
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Table 9 Comparison of the

. No Modified method

proposed modified method

against Salgado et al. (2004) Use of Eq. 12 Use of Eq. 13

and Nguyen and Merifield - - - -

(2012) methods. Example nos. Terzaghi Meyerh Hansen Vesic Terzaghi Meyerh Hansen Vesic

%i;fe? %ﬁ ‘;Zfl']::igotﬁg ;fble 29 -9.6% —40%  -34%  —-86%  —89% ~16%  —-08%  —78%

indicate the relative error. Case 30 -9.1% -3.5% -2.9% -8.1% -8.5% -1.0% -0.2% -7.3%

of flexible footings 31 -82% —2.4% -1.9% -71% -7.6% 0.0% 0.8% -6.3%
32 -5.6% 0.7% —-4.2% —-4.9% 3.2% 4.1% -3.3%
33 -9.5% —4.6% —-4.2% —8.4% —8.4% -22% -1.7% -7.0%
34 -8.7% -3.6% -32% —7.4% -7.6% -1.1% -0.6% -6.0%
35 -6.9% -1.5% -1.1% -5.4% -5.8% 0.9% 1.5% —-4.1%
36 -1.7% 4.6% 0.4% -0.5% 7.2% 7.8% 1.9%
45 -10.9% -6.1% -5.7% -9.8% -9.8% -3.8% -32% —-8.5%
46 -10.4% -5.6% -52% -9.3% -9.3% -32% -2.7% -8.0%
47 -9.5% —4.6% -4.2% —8.4% -8.4% -22% -1.7% -7.0%
48 -6.9% -1.5% -1.1% -5.4% -5.8% 0.9% 1.5% —-4.1%
49 -8.8% -52% -5.0% —7.4% -8.7% -5.5% -5.3% -7.3%
50 -7.9% —-4.2% -3.9% —6.4% -7.8% -4.4% —-4.3% -6.3%
51 -6.1% -2.1% -1.9% —4.4% -6.1% -2.4% -2.3% —-4.3%
52 -0.9% 3.9% 1.5% -0.8% 3.6% 3.8% 1.6%
53 -52% -2.5% -2.4% -3.4% -71% -6.4% —6.6% -5.6%
54 -3.8% -0.9% -0.9% -1.9% -5.8% -4.9% -5.1% —-4.1%
55 -1.1% 2.2% 1.2% -3.1% -2.0% —-22% -1.2%
56 7.0% 11.4% 10.3% 4.8% 6.8% 6.7% 7.8%
Av -6.2% -1.5% -1.1% —4.6% -6.0% -0.9% -0.5% —4.4%

Key enhancements and insights from the present study

include:

¢ Universal depth factor efficiency: The introduction of a uni-

versal depth factor remarkably improves the application of
bearing capacity equations, offering a more efficient solu-
tion. This approach effectively mitigates potential inaccura-
cies that may arise from the oversimplifications inherent in

classical methods or from modeling errors.

Fig.20 Comparison of the
analytical results obtained by
Terzaghi’s method prior to
regression analysis against

the respective numerical ones
obtained using RS2. Examples
29 to 40 of Table 3; case of
rigid footings
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factor simplifies foundation design processes, offering a more
direct and accurate method for bearing capacity estimation.

XIB 405
e 6
X . . =9
0},\« ) e
47 D
xx’ i
X" Cu = 200 kPa
f‘lx’—
cu = 150 kPa
e ey =100 kPa
¢y = 50kPa
200 400 600 800 1000 1200 1400

Predicted qu values in kPa (Terzaghi)



Arab J Geosci (2024) 17:169

Page230f24 169

e Validation through finite element analysis: The effective-
ness of this approach is corroborated by thorough compari-
sons with finite element analysis results, demonstrating its
robustness and reliability under diverse conditions.

These enhancements highlight the significant advantages of
applying a unified depth factor to classical bearing capacity meth-
ods. This approach not only simplifies the methodology but also
ensures a high degree of accuracy and practical applicability.
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