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Abstract: Determining soil “E” (modulus of deformation)
value has been a persistent challenge in geotechnical engi-
neering. Existing correlations between “E” and SPT (stan-
dard penetration test) “N” values for granular soils yield a
notably broad spectrum of “E” values, leading to uncer-
tainty and subjectivity in design. A comprehensive review
of these correlations reveals significant limitations, such
as limited data, small-scale or indirect tests, and other
constraints. The present study highlights the deficiencies
inherent in existing correlations and proposes a reliable
correlation for granular soils. The present study utilizes
the results of numerous large-scale load tests conducted
on RCC (reinforced cement concrete) foundations resting
on granular soils, at various locations in India and at a
refinery site in Nigeria. These tests totalling 85 in number
serve as a basis for developing an improved and reliable
E-N correlation for granular soils. Soil “E” values (secant)
were back-calculated for each footing load test result and
correlated with SPT “N” values. The correlation presented
in this article is based on a sound large database and yields
higher “E” values than those predicted by most available
correlations. This advancement will lead to substantial cost
savings and enhanced reliability in the design of founda-
tions and substructures.
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List of notations

B Footing width (m)

C Clay content (%)

D Footing depth below the original ground (m)
E Soil modulus of deformation (kN/m?)
Ey Constrained modulus (kN/m?

G Gravel content (%)

GW.T Depth to the groundwater table (m)
I Depth factor

I Steinbrenner influence factor

LL Liquid limit (%)

M Silt content (%)

N Field SPT N value

PL Plastic limit (%)

qo Footing pressure (kN/m?)

S Sand content (%)

u Poisson’s ratio

1 Introduction

In geotechnical engineering, accurately determining soil
parameters from field tests is vital for the design process.
Standard penetration test (SPT) is one of the most widely
employed field tests for assessing the engineering proper-
ties of soil. In this test, a standard size sampler is driven
into the ground by the impact of a standard hammer,
and the number of blows required to drive the sampler
into the ground to a depth of 30 cm is known as the SPT
Nvalue. This value is then used to estimate the engineering
properties of soil, including the crucial soil modulus (E),
using correlations available in the literature. The “E” value
is the slope of the stress-strain graph and is a measure
of soil’s compressibility (strain) under the application of
a load. It plays a pivotal role in predicting soil/ground
deformation.

Numerous correlations exist in the literature for deter-
mining “E” from “N.” However, these correlations present
a significantly wide range of “E” values, lacking guidance
on which correlation to use in design. Consequently,

8 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

3


https://doi.org/10.1515/eng-2024-0046
mailto:jaydeepwagh@geoconint.com
mailto:anbambole@st.vjti.ac.in
http://orcid.org/0000-0002-5337-5530

2 =— Jaydeep Dinkar Wagh and Abhay Namdeorao Bambole

practitioners adopt different correlations resulting in wide
variations in outcomes and often overly conservative
designs. A detailed review of available correlations
reveals that these correlations have been derived from
limited data, indirect tests, and small-scale tests or are
afflicted by other limitations. The deficiencies of these
correlations are summarized in Table 1 and discussed in
Section 2 (past studies) of this article.

It is imperative to develop a new, reliable correlation
based on representative tests and ample data. This study
utilizes a large database of load tests conducted on rein-
forced cement concrete (RCC) footings resting on granular
soils to establish a reliable correlation between “E” and “N”
values. The proposed correlation offers the potential for
significant cost reductions in the design of foundations
and substructures.

2 Past studies

A number of E and SPT N correlations (>40) for granular
soils have been published over the past 60 years. Figure 1
provides a graphical presentation of currently available
correlations of E-N values for granular soils. The limita-
tions of these correlations are summarized in Table 1,
revealing that these correlations are either based on non-
representative indirect tests, small-scale tests, and limited
data or possess other constraints.

Most of these correlations are best-fit lines with data
exhibiting notable scatter. As noted by Kulhawy and
Mayne [1], all existing E-N correlations exhibit consider-
able scatter. Furthermore, Table 1 reveals that several
correlations (correlations 1, 3, 4, 18, 23, and 32) rely on
laboratory experiments, which can potentially yield inac-
curate outcomes in granular soils due to the relatively
small size of specimens (<100 mm) and inherent distur-
bances during sampling and testing. Schultze and Melzer
[2] affirmed that the E values acquired from the earlier
E-N correlation (Correlation 1) by Schultze and Men-
zenbak [3], derived from laboratory tests, suffer from deficien-
cies due to sample disturbance. Nonetheless, the subsequent
correlation (Correlation 4) introduced by Schultze and Melzer
[2] relied on indirect methods using isotopic soundings and
other correlations based on laboratory test data. Moreover,
the N value of these correlations (Correlations 1 and 4) was
obtained from the Dynamic Cone Penetration Test and not
from the SPT. Chaplin [4] introduced a correlation (Correlation
3) using the fine sand and silt data from Schultze and Men-
zenbak [3], with all the limitations of Correlation 1 also impli-
citly applicable to this correlation.
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A number of correlations presented in Table 1 are
based on relatively small-scale tests or limited data. Corre-
lations 5, 17, and 20 are based on screw plate tests with a
screw diameter of 0.15-0.76 m. Correlations 7b and 16 are
based on plate load tests with plate sizes of 0.3-0.76 m.
Correlations 7a, 11, 15, 20, 22, 25, and 26 are based on a
pressure meter test. Correlation 36 is based on a flat plate
dilatometer test with a 0.06 m expandable membrane. One
of the widely used correlations (Correlation 6), presented
by D’Appolonia et al. [5], is based on foundation settlement
data of compacted soil fill from a solitary site in USA. Rocha
Filho’s [6] correlation (Correlation 30) is based on three
footing load tests conducted at a site in Brazil. Correlation
34, developed by Davie and Lewis [7], is based on founda-
tion settlement records of only one chimney structure in
England.

Two correlations (Correlations 29 and 33) rely on ver-
tical load tests conducted on relatively long bored piles,
which inherently involve various assumptions/approxima-
tions during analysis. A few correlations (Correlations 14,
19, 33, 35, and 41) are derived from the load test on driven
piles, which are known to alter ground conditions during
pile driving. In several correlations (Correlations 1, 3, 4, 6,
23, and 32), the constrained modulus “Ey;” is designated as
E, which is typically 20% lower than Ey;.

The most noteworthy attempt to establish a reliable
correlation (Correlation 31) was undertaken by Stroud
[8]. This correlation is based on historical case records of
foundation settlement along with SPT N values, docu-
mented by Burland and Burbridge [9]. The stress depen-
dency was emphasized by plotting E-N values against q/qu
in this correlation. However, as per the CIRIA report by
CIRIA report 143 [10], the development of this correlation
necessitated several assumptions. Further limitations of
the basis of this correlation are mentioned against this
correlation in Table 1.

A few correlations (Correlations 12, 13, and 21), which yield
notably high E values, were developed by measuring the shear
wave velocity in a cross-hole seismic test. Nonetheless, these
correlations are only suitable for the assessment and design
of sub-structures subjected to low-strain dynamic loads.
According to Bowles [11], the dynamic E values are typically
2.5-4 times higher than the static E values, as indicated in
graphs presented by Arango et al [12]. The source or basis of
some correlations (Correlations 8, 31, 38, 40, 42 to 48) was either
unmentioned or could not be found in the literature.

Correlation 2, which is presented by Farrent [13], relies
on load-settlement curves of Terzaghi and Peck (1948) [14].
Several authors, including the CIRIA report 143 [10], Ana-
gnostopoulos and Papadopoulos [15], and Bowles [11], have
stated these curves as being conservative.
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Komornik [21] introduced Correlation 11a based on the
initial loadings of pressure meter tests. Komornik [20] sub-
sequently updated the correlation by considering rebound
and re-loading data of pressure meter tests and presented a
new correlation (Correlation 11b). The E value obtained
from the updated correlation is noted to be 5-8 times higher.

Schmertmann [26] introduced Correlation 17, which is
derived from the standard cone penetration test (SCPT)
and screw plate tests (using relatively small 0.1 m? plates)
conducted in the USA. The resulting E value from this cor-
relation is specifically intended for use within the Schmert-
mann [26] settlement equation.

Improved correlation of soil modulus with SPT N values =— 9

2.1 Novelty statement

The present study has developed a precise and reliable
correlation for determining the elastic modulus “E” for
granular soils. This study relies on an extensive database
comprising 85 footing load tests and accompanying SPT
data conducted in India and Nigeria, as well as 5 footing
load tests carried out by FHWA in the USA. The proposed
correlation yields higher “E” values than a majority of the
existing correlations. This improvement offers significant
economic advantages in the design of foundations and
substructures.
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Figure 1: Graphical illustration of the existing published correlations of £ and SPT N values for granular soil.
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3 Footing load test details

3.1 Site details

The locations of footing load tests are distributed across dif-
ferent parts of India and at a refinery site in Nigeria. Tables 2
and 3 provide detailed information of these tests, including
relevant soil properties and groundwater levels. As observed
from the tables, a majority of the footing load tests in this study
were conducted on fine-grained granular soils, such as silty
sand, sandy silt, or silt. Table 2 presents the data for 19 footing
load tests conducted in India, 7 tests at a refinery site in Nigeria,
and 5 tests conducted in USA (by FHWA), while Table 3 pre-
sents the data exclusively for additional 59 tests conducted at
the refinery site in Nigeria after dynamic compaction.

3.2 Experimental setup of footing load tests

The footing load tests (85 tests) were conducted in accor-
dance with ASTM D1195 (2004) and also conforms to IS1888

Table 2: Data for footing load test at 31 different locations in India

DE GRUYTER

(1985) standards. The tests were performed on large square
RCC footings ranging from 1.5 to 3m in size. Figure 2 illus-
trates the typical setup of footing load tests. The data
obtained from the 85 footing load tests and an additional
five tests carried out by FHWA were collectively analysed
for this study.

4 Results and discussion

4.1 Pressure vs settlement curves of footing
load tests

Pressure—settlement curves derived from footing load tests
(31 tests) conducted at various locations across India, at a
refinery site in Nigeria, and the USA (FHWA data) are pre-
sented in Figure 3. Conversely, Figure 4 exhibits pressure—
settlement curves obtained from footing load tests (59 tests)
conducted on dynamically compacted soil at the refinery
site in Nigeria. The soil E values (secant) from each of the

Sr. no. Project B (m) D (m) N G S M+ C LL/PL G.W.T. (m)
1 Brys Buzz, Noida 1.5 25 10 0 80 20 NP 35
2 Ajnara, Noida 2 5.5 10 0 64 36 NP 2.0
3 ORB, Radiant, Noida 2 10 49 0 93 7 NP 12.9
4 ORB, Opulent, Noida 2 10 Ul 0 88 12 NP 12.5
5 Assotech BreezeFLT1, Gurgaon 1.5 7.5 21 0 70 30 NP 11.0
6 Assotech BreezeFLT2, Gurgaon 2 7.5 21 0 92 8 NP 10.9
7 AssotechBlith, Sec 99, Gurgaon 1.5 5 7 0 53 47 25/18 1.2
8 Gaur City Mall, Noida 2 10 15 2 84 14 NP 133
9 Gaursons, GY16 Area, Noida 2 3 1 1 92 17 NP 13.9
10 Equinox, Bangalore (FLT1) 2 6 18 0 85 15 NP 5.0
" Equinox, Bangalore (FLT2) 2 6 18 0 85 15 NP 5.0
12 FHWA 3 m North, Texas, USA 3 0.8 17 0 85 15 NP 5.0
13 FHWA 1.5 m, Texas, USA 1.5 0.8 15 0 85 15 NP 5.0
14 FHWA 3 m South, Texas, USA 3 0.9 21 0 85 15 NP 5.0
15 FHWA 2.5 m, Texas, USA 25 0.8 15 0 85 15 NP 5.0
16 FHWA 1 m, Texas, USA 1 0.7 13 0 85 15 NP 5.0
17 Dangote Refinery, Nigeria FLT 1 2.5 15 5 0 98 2 NP 1.4
18 Dangote Refinery, Nigeria FLT 2 2.5 15 2 0 87 13 NP 1.5
19 Dangote Refinery, Nigeria FLT 3 2.5 1.5 2 0 95 5 NP 21
20 Dangote Refinery, Nigeria FLT 5 25 15 3 0 80 20 NP 1.8
21 Dangote Refinery, Nigeria FLT 6 2.5 1.5 5 0 77 33 NP 2.0
22 Dangote Refinery, Nigeria FLT 7 2.5 1.5 7 0 91 9 NP 1.5
23 Dangote Refinery, Nigeria FLT 8 2.5 1.5 7 0 86 14 NP 19
24 DLF (Cyber Park), Gurgaon 2.0 13 31 0 45 55 22117 >25
25 DLF Midtown, Gurgaon-FLT1 3 13.5 28 4 25 Al 27/20 20.0
26 DLF Midtown, Gurgaon-FLT2 3 13.5 32 3 23 74 27/20 20.0
27 Amaravati High-court-FLT1 2 7.4 31 0 99 1 NP 8.1
28 Amaravati High court-FLT2 2 7.0 25 26 69 5 NP 7.7
29 Bhivani Medical, Haryana, FLT1 1.5 2.0 0 6 94 NP 2.4
30 Bhivani Medical, Haryana, FLT2 1.5 2.0 " 29 60 NP 3.0
3 Bhivani Medical, Haryana, FLT3 1.5 2.0 0 35 65 NP 3.0
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Table 3: Data of footing load tests conducted after dynamic compaction at 59 locations at Dangote Refinery, Nigeria

Improved correlation of soil modulus with SPT N values = 11

Sr. no. Footing load test B (m) D (m) N G S s+C LL/PL G.W.T. (m)
1 Tank 13A 3 1.5 18 0 77-98 2-33 NP 1.3
2 Tank 13B 3 1.5 1 0 77-98 2-33 NP 1.16
3 Tank 14A 3 1.5 9 0 77-98 2-33 NP 1.3
4 Tank 15A 3 1.5 29 0 77-98 2-33 NP 1.4
5 Tank 15B 3 1.5 29 0 77-98 2-33 NP 1.2
6 Tank 16A 3 1.5 26 0 77-98 2-33 NP 1.2
7 Tank 16B 3 1.5 26 0 77-98 2-33 NP 11
8 Tank 17A 3 1.5 14 0 77-98 2-33 NP 1.2
9 Tank 17B 3 1.5 27 0 77-98 2-33 NP 1.3
10 Tank 18B 3 1.5 31 0 77-98 2-33 NP 1.3
1 Tank 19C 3 1.5 14 0 77-98 2-33 NP 1.25
12 Tank 19D 3 15 10 0 77-98 2-33 NP 1.31
13 Tank 23E 3 1.5 21 0 77-98 2-33 NP 1.3
14 Tank 23F 3 1.5 1 0 77-98 2-33 NP 1.4
15 Tank 25C 3 1.5 13 0 77-98 2-33 NP 1.3
16 Tank 25D 3 1.5 21 0 77-98 2-33 NP 1.3
17 Tank 26A2 3 1.5 21 0 77-98 2-33 NP 0.6
18 Tank 26B1 3 15 29 0 77-98 2-33 NP 1.2
19 Tank 33A 3 1.5 15 0 77-98 2-33 NP 1.3
20 Tank 33B 3 1.5 28 0 77-98 2-33 NP 1.4
21 Tank 34A1 3 1.5 23 0 77-98 2-33 NP 1.3
22 Tank 34A2 3 15 22 0 77-98 2-33 NP 1.3
23 Tank 34B1 3 1.5 17 0 77-98 2-33 NP 1.2
24 Tank 58A1 3 1.5 25 0 77-98 2-33 NP 1.1
25 Tank 27A 3 1.5 24 0 77-98 2-33 NP 1.3
26 Tank 27B 3 1.5 29 0 77-98 2-33 NP 1.28
27 Tank 35A 3 1.5 14 0 77-98 2-33 NP 1.4
28 Tank 35B 3 15 17 0 77-98 2-33 NP 1.2
29 Tank 36C 3 1.5 25 0 77-98 2-33 NP 1.4
30 Tank 36D 3 1.5 23 0 77-98 2-33 NP 13
31 Tank 38G 3 1.5 20 0 77-98 2-33 NP 1.2
32 Tank 38H 3 1.5 21 0 77-98 2-33 NP 1.3
33 Tank 39A 3 1.5 23 0 77-98 2-33 NP 1.4
34 Tank 39B 3 1.5 26 0 77-98 2-33 NP 1.3
35 Tank 41E 3 1.5 22 0 77-98 2-33 NP 1.2
36 Tank 41F 3 1.5 24 0 77-98 2-33 NP 11
37 Tank 42A 3 1.5 23 0 77-98 2-33 NP 1.4
38 Tank 42B 3 1.5 25 0 77-98 2-33 NP 1.4
39 Tank 44E 3 1.5 25 0 77-98 2-33 NP 1.3
40 Tank 44F 3 1.5 19 0 77-98 2-33 NP 1.2
| Tank 45A 3 1.5 22 0 77-98 2-33 NP 1.35
42 Tank 45B 3 1.5 26 0 77-98 2-33 NP 1.4
43 Tank 46C 3 1.5 22 0 77-98 2-33 NP 12
44 Tank 46D 3 1.5 22 0 77-98 2-33 NP 1.3
45 Tank 49A 3 1.5 13 0 77-98 2-33 NP 1.2
46 Tank 49B 3 1.5 10 0 77-98 2-33 NP 11
47 Tank 50A 3 1.5 23 0 77-98 2-33 NP 1.1
48 Tank 50B 3 1.5 21 0 77-98 2-33 NP 1.1
49 Tank 52C 3 1.5 27 0 77-98 2-33 NP 1.7
50 Tank 52D 3 1.5 28 0 77-98 2-33 NP 1.2
51 Tank 53B 3 1.5 28 0 77-98 2-33 NP 1.6
52 Tank 53D 3 1.5 16 0 77-98 2-33 NP 1.2
53 Tank 54A 3 15 44 0 77-98 2-33 NP 1.4
54 Tank 54B 3 1.5 30 0 77-98 2-33 NP 1.2
55 Tank 54C 3 1.5 31 0 77-98 2-33 NP 1.4
56 Tank 55A 3 1.5 48 0 77-98 2-33 NP 1.0

(Continued)
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Table 3: Continued
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Sr. no. Footing load test B (m) D (m) N G S S+C LL/PL G.W.T. (m)
57 Tank 55B 3 1.5 25 0 77-98 2-33 NP 1.0
58 Diesel Tank A 3 1.5 15 0 77-98 2-33 NP 0.4
59 Diesel Tank-B 3 1.5 7 0 77-98 2-33 NP 11

)

Figure 2: (a) Typical setup of footing load test (India and Nigeria). (b) Setup of footing load test (Dangote refinery site, Nigeria).
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Figure 4: Footing load test results (pressure versus settlement curves - Dangote refinery site, Nigeria - after dynamic compaction).

footing load test results were determined using the elastic
settlement formula given by Bowles [11].

A-u
§=qB—F

mlk, @

where S is the settlement (m), q, is the footing pressure
(kN/m?, B' is B/2 (m), u is the Poisson’s ratio of soil
(assumed as 0.33), E is the soil modulus of deformation
(kN/m?), I is the Steinbrenner influence factor based on

the footing size (B) and thickness of soil layer (H) (I
assumed as 0.43 for H = 2B), m is 4 for the centre of footing,
and I; is the depth factor (adopted as 1.0 since test footing is
at the ground surface).

The E value (secant) was calculated using equation (1),
with the data point corresponding to a footing pressure of
0.5 times the ultimate bearing capacity (qyy). The selection
of 0.5 gy for the footing pressure is based on the com-
monly used factor of safety of 2 in the foundation design.
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Figure 5: Correlations between E and SPT N values (based on the results of footing load tests).

The ultimate bearing capacity (qy) is regarded as the pres-
sure where a distinct change is observed in the slope of the
pressure-settlement curves (Figures 3 and 4). The distinct
change in the slope of the pressure-settlement curve indi-
cates the onset of shear failure in soil.

4.2 Development of E-N correlation for
granular soils

The soil E values (secant) determined from the footing load
tests were plotted with SPT N values obtained from tests
conducted in close proximity, as depicted in Figure 5.

A linear plot through the lower range of the data of
Figure 5 establishes a lower-bound E-N correlation, as
depicted in Equation (2). Additionally, a linear plot repre-
senting all the data points establishes the best-fit correla-
tion, expressed as Equation (3).

E =1,705 N + 7,705(in kN/m?), @)
E =2,920 N + 41,287(in kKN/m?). 3

The correlation established in this study is compared
with existing correlations in Figure 6. As observed from the
figure, even the lower bound correlation established in this
study results in a higher E value than the majority of the
existing correlations. Notably, the best-fit correlation from

this study yields an E value that is more than double the
lower bound value.

A few existing correlations are found to yield higher E
values than the value obtained using best fit correlation
proposed in this study. Notably, these correlations yielding
higher E values are associated with dynamic E values
rather than static ones. It is an established fact that
dynamic E values of soil are around 2.5-4 times higher
than that of the static E value.

5 Conclusions

The primary objective of this study was to establish a reli-
able and sound correlation between the E value (secant)
and the SPT N value for granular soils. To achieve this, the
present study utilizes the data from 85 large-scale footing
load tests conducted on granular soils, at various locations
in India and at a refinery site in Nigeria and from 5 tests
conducted by FHWA in USA. Based on the analysis of data
of these footing load tests, the following conclusions are
drawn:

1. According to the findings of this study, a near lower-
bound correlation was found between the E value (kN/m?)
and the SPT N value, expressed as E = 1,705N + 7,705.
Furthermore, a best-fit correlation of E = 2920 N + 41,287
was established. For design purposes, the best fit line should
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Figure 6: Proposed correlations superimposed on existing previously published best-fit correlation.

be used cautiously, and a lower-bound correlation is con-
servatively recommended.

2. Tt is worth highlighting that the resulting E values are
notably higher than those obtained by most of the

available correlations. This has important practical impli-
cations, as higher E values result in lower estimated
ground movements, leading to substantial cost reductions
in the design of sub-structures. It is interesting to note



16 = Jaydeep Dinkar Wagh and Abhay Namdeorao Bambole

that several other correlations yielding larger E values are
primarily intended for low-strain dynamic applications.

3. The E and N value correlation was not found to exhibit
significant stress dependence within the common stress
range (20.5 gy typically utilized for foundation and
substructure designs, contrary to what was suggested
by Stroud [8].

4. It is noteworthy that a majority of the footing load tests
in this study were conducted on fine-grained granular
soils, such as silty sand, sandy silt, or silt, which are
relatively more compressible among granular soils and
which yield lower E values. Therefore, the lower-bound
correlation derived in this study can be conservatively
utilized for any granular soil.

5. It is important to note that additional tests and research
are required to ascertain whether separate correlations
that produce higher E values can be developed for
coarser categories of granular soils (medium to coarse-
grained).

5.1 Relevance and potential applications

The findings of this study have significant practical rele-

vance and potential applications in the field of foundation

and sub-structure design. The following points highlight
the practical implications:

1. Reliable correlation: The study establishes a reliable cor-
relation between the soil deformation modulus E and
the SPT N value based on sound large-scale database.
Overall, the study’s findings and the established correla-
tion will enable engineers to more accurately estimate
soil deformation modulus (E) based on readily available
SPT N values. The correlations established in this study
have the potential to enhance the reliability and effi-
ciency of foundation designs, leading to substantial
cost reductions in construction projects.
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