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ABSTRACT

The potential use of fibres in a number of geotechnical engineering applications is gaining more
interest in the geotechnical community. A select application consists of the improvement of soft
grounds to mitigate their problematic shear strength characteristics. Extensive experimental
work has been reported on the response/behaviour of fibre-reinforced clay (FRC) and was
recently complemented by several strength prediction models. The effectiveness of these
models has not been thoroughly evaluated yet. The objectives of this study are to (1) quantify
the model uncertainty of a newly developed FRC model that is aimed exclusively at predicting
the “undrained” shear strength of FRCs, (2) combine the model uncertainty with other
conventional sources of uncertainty to assess the reliability levels that are inherent in the
ultimate limit state design of spread footings that rest on a top FRC layer underlain by weaker
natural soft clay, and (3) recommend factors of safety that would ensure a target reliability level
for these footings. Results indicate that the traditional safety factor of 3 should be used with
caution as it may not be sufficient to yield the desired level of reliability, particularly for smaller
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footings, lower applied stresses, larger scales of fluctuation, and larger target reliability indices.

1. Introduction and background

Reinforcing clay with fibres is common practice in var-
ious applications such as the construction of steep
slopes, repair of shallow slope failures, strengthening
of pavement systems, and reinforcing soft soils to
increase bearing capacity and reduce settlement
under shallow foundations and earthmoving and con-
struction equipment (Abou Diab et al. 2016; Shukla
2017).

Gregory (2006) reports that fibre-reinforced soils
(predominantly clays) have been used successfully on
more than 50 embankment slopes in the United States
between the year 1990 and 2006. Several experimental
studies (Maher and Ho 1994; Nataraj and McManis
1997; Prabakar and Sridhar 2002; Akbulut, Arasan, and
Kalkan 2007; Jiang, Cai, and Liu 2010; Maheshwari,
Desai, and Solanki 2011; Plé and Lé 2012; Anagnosto-
poulos, Tzetzis, and Berketis 2014; Najjar, Sadek, and
Taha 2014; Wu, Li, and Niu 2014; Abou Diab et al.
2016; among others) have investigated the potential use
of fibres in reinforcing soft clayey soils. Other studies
investigated the combined use of discrete fibres in con-
junction with binders/admixtures (Tang et al. 2007;
Chen et al. 2015; Correia, Oliveira, and Custédio 2015;
Cristelo et al. 2015; Kumar and Gupta 2016).

In the last decade, several research efforts were aimed
at developing analytical and empirical models to predict

the shear strength of fibre-reinforced clays (FRCs)
(Zornberg 2002; Gregory 2006; Jamei, Villard, and
Guiras 2013). These strength prediction models offer
the geotechnical designer a simple, straightforward
method to estimate the improvement brought by fibre
inclusions to the shear strength of soil, based on an inde-
pendent characterisation of fibres properties (volumetric
fibre content, fibre aspect ratio, and fibre ultimate
strength), shear strength of the unreinforced soil, and
shear strength of the fibre/soil interface. These analytical
models involve many assumptions and do not include a
number of factors that have been documented to affect
the behaviour of fibre-reinforced soil (fibre-grain scale
effect, moisture content, maximum improvement in
shear strength, etc.). Therefore, predicting the shear
strength of FRCs based on these models, without con-
ducting extensive and costly project-specific experimen-
tal testing, is expected to reflect a certain level of
uncertainty.

Such model uncertainties will have to be quantified
and combined with other sources of uncertainty (such
as spatial variability in soil properties) to assess the
reliability of the design of FRC systems. The use of con-
ventional factors of safety (FS) in the design of FRC sys-
tems may not yield an adequate level of reliability, given
the additional uncertainty of FRC shear strength predic-
tion models.
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Reliability-based design (RBD) techniques have been
widely applied in foundation design in general (Najjar,
Shammas, and Saad 2014; Li et al. 2016; Najjar, Saad,
and Abdallah 2017; Phoon 2017), and more recently in
the field of soil improvement. Probabilistic method-
ologies have been employed by Kahiel, Najjar, and
Sadek (2017a, 2017b) and Huffman and Stuedlein
(2014) in the design of spread footings on clay reinforced
with aggregate piers, by Bergman, Ignat, and Larsson
(2013) in the design of soil that is improved with lime
cement columns, and by Nishimura and Shimizu
(2008) in the design of sand compaction piles for lique-
faction mitigation of sandy soils. There is currently a lack
of published studies that target the RBD of geotechnical
systems that involve FRC.

The objectives of this study are to (1) quantify the
model uncertainty of a newly developed FRC model
(Jamei, Villard, and Guiras 2013) that is aimed exclu-
sively at predicting the “undrained” shear strength of
FRCs, (2) combine the model uncertainty with other
conventional sources of uncertainty to assess the
reliability levels that are inherent in the ultimate limit
state design of spread footings that rest on a two-layered
soil system consisting of a top layer of fibre-reinforced
compacted clay underlain by a weaker natural soft clay
layer, and (3) recommend FS that would ensure a target
reliability level for the foundation resting on fibre-
reinforced ground. To limit the scope of the study, the
focus is on applications of FRC where short-term stab-
ility governs the design. Predictive models that utilise
effective strength parameters to predict the long-term
stability of FRC systems (Zornberg 2002; Gregory
2006) are not addressed in this study.

The methodology adopted to quantify the uncertainty
in the Jamei, Villard, and Guiras (2013) predictive model
is based on assembling a state-of-the-knowledge data-
base of 99 published experimental results that involve
unconsolidated undrained (UU) triaxial laboratory
tests conducted on FRCs. The model uncertainty is
reflected in a statistical analysis of the ratio of measured
to predicted strength for the tests in the database. The
average of this ratio represents the bias in the model
while the coefficient of variation (COV) represents the
model uncertainty. Similar efforts for assessing the effec-
tiveness of fibre-reinforced sand strength prediction
models and quantifying their model uncertainty are
reported in Sadek, Najjar, and Freiha (2010) and Najjar,
Sadek, and Alcovero (2013). Based on the knowledge of
the authors, the current study constitutes the first
attempt in the literature to quantify the model uncer-
tainty of FRC models.

The application that is adopted in this study involves
the bearing capacity of spread footings supported on a
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Figure 1. Model footing on fibre-reinforced cohesive soil.

relatively thin top layer of compacted FRC that replaces
the natural soft clay at the site, resulting in a two-
layered soil system (see Figure 1). A reliability analysis
was conducted using Monte Carlo simulations to
quantify the reliability levels inherent in traditional
designs that are based on a FS of 3.0 and to suggest
modifications to the FS to achieve different target
reliability levels. Model uncertainties, uncertainties in
soil properties, and uncertainties in the applied
pressure are included in the reliability analysis. The
analysis caters for the effects of (1) the spatial corre-
lation structure, (2) the footing dimensions, (3) the
applied footing pressure, and (4) the fibre reinforce-
ment scheme.

2, Formulation and uncertainty of the FRC
predictive model

2.1. Formulation of the Jamei, Villard, and Guiras
(2013) model

The predictive model proposed in Jamei, Villard, and
Guiras (2013) was developed as an extension to Micha-
lowski’s model (Michalowski and Zhao 1996) which is
applied to fibre-reinforced sandy soils. The model aims
at predicting the major principal stress at failure of
FRC, in both plane strain and axisymmetric conditions,
as a function of the confining pressure, volumetric
fibre content, fibre length and diameter, cohesion and
friction angle of the unreinforced clay and the interface
shear strength parameters.

The formulation of the Jamei, Villard, and Guiras
(2013) model as applied to the axisymmetric loading
condition expresses the major principal stress at failure
(01) as a function of the confining pressure (o) as fol-
lows:

o1 (1 + Dx; tan 6;) — o3( — 2K — Dx; tan 5;)
(1)
+ XfC,(I] + KIz) — B = 0,
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In the above formulation, Ls is the length of the
fibre, dr the diameter of the fibre, yy, the volumetric
fibre content, o3 the confining pressure, oy the major
principal stress at failure, ¢ and ¢ the total stress shear
strength parameters of the unreinforced soil, and C;
and §;are the total stress adhesion and friction angle
of the clay/fibre interface, respectively. The interface
shear strength parameters (C; and 0;) are related to
the soil shear strength parameters (c and ¢) using
the “interface coefficients” Cj. and G4, respectively
such that C;=c * G and tan §; =tan ¢ * Ciy (Zorn-
berg 2002), where Ci. and C; are the interface coeffi-
cients for the cohesive and frictional components of
the interfacial strength, respectively. It should be
noted that the interface coefficients and the interface
shear strength parameters depend on the fibre type
and roughness and on the soil characteristics, but are
independent of the fibre length/diameter and fibre con-
tent within a soil matrix. Ideally, the interface coeffi-
cients and interface shear strength parameters are
inferred from pull-out tests or interface direct shear
tests between the soil and fibre of interest.

2.2. Uncertainty in the Jamei, Villard, and Guiras
(2013) model

2.2.1. Database

The effectiveness of the Jamei, Villard, and Guiras (2013)
strength prediction model for FRC was thoroughly eval-
uated based on results from 99 UU triaxial tests con-
ducted on unreinforced and FRCs and compiled from
six publications (Prabakar and Sridhar 2002; Mahesh-
wari, Desai, and Solanki 2011; PIé and Lé 2012; Jameli,
Villard, and Guiras 2013; Wu, Li, and Niu 2014; Abou

Diab et al. 2016). The database is presented in Table 1.
A brief description of the experimental programme con-
ducted in each study is provided below in chronological
order.

Prabakar and Sridhar (2002) investigated the behav-
iour of a CL clay reinforced with randomly distributed
sisal fibres. Results showed that the deviatoric stress of
the reinforced soil increased non-linearly with fibre con-
tent and aspect ratio up to threshold values after which
they started to decrease. Optimal fibre content and
length were found to be 0.75% and 20 mm respectively.

Maheshwari, Desai, and Solanki (2011) conducted
triaxial tests on polyester-reinforced highly compressible
CH clay samples. 12-mm long polyester fibres were
added at various gravimetric contents. The tests resulted
in deviatoric stresses at failure that increased with
increasing fibre content up to a threshold value of 0.5%
by weight of the raw clay and decreased afterwards.

Plé and Lé (2012) performed triaxial compression
tests on a CL clay mixed with 12-mm long polypropylene
fibres at gravimetric fibre contents of 0.3% and 0.6%.
Results showed that the strength and the relative
improvement in strength of samples increased with
increasing fibre content.

To validate the effectiveness of their analytical model,
Jamei, Villard, and Guiras (2013) carried out a series of
UU triaxial tests on clay specimens mixed with sisal
fibres having a length of 30 mm. The fibres were added
to the clay at various gravimetric contents (0.1-0.5%).
Results show that the inclusion of sisal fibres increased
the apparent cohesion of the composite and its internal
friction angle.

Wu, Li, and Niu (2014) conducted triaxial tests on
silty clay reinforced with sisal fibres. Results showed
that the deviatoric stress at failure increased with fibre
content and length up to 1% gravimetric content and
10-mm length.

Abou Diab et al. (2016) studied the effect of fibre
inclusion on the short-term load response of CL clay
by testing clay reinforced with 40-mm long Hemp fibres
added at various contents. Results showed that improve-
ments in shear strength of up to 100% could be realised
for the Hemp reinforced specimens, and that the per cent
improvement increases with the fibre content up to a
threshold value of 1.25%.

It should be noted that the test specimens in the data-
base were compacted at, or slightly wet of, the optimum
moisture content of the unreinforced clay. The only
study that included specimens tested dry of optimum
was conducted by Abou Diab et al. (2016). Given that
the degree of saturation of those specimens was relatively
low, a decision was made to exclude the tests that were
compacted dry of optimum from the database.
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Table 1. Database of UU triaxial tests on FRC.

Meas. o4/Pred. a4

L¢ ds Xey 03 04 Meas. Interface Coefficient
Ref. Fibre type  (mm) (mm) (%) (kPa) (kPa) C(kkPa) @(°) 0.6 optimal
Prabakar and Sridhar (2002) Control clay 69 68 18 9
138 98
207 117
Sisal 10 0.25 0.46 69 104 36 7 1.45 1.40
Sisal 10 0.25 0.46 138 122 1.23 1.18
Sisal 10 0.25 0.46 207 142 1.12 1.08
Sisal 10 0.25 0.92 69 134 56 6 1.78 1.66
Sisal 10 0.25 0.92 138 144 137 1.27
Sisal 10 0.25 0.92 207 164 1.22 1.13
Sisal 10 0.25 138 69 166 62 9 2.09 1.88
Sisal 10 0.25 138 138 195 1.75 1.57
Sisal 10 0.25 1.38 207 222 1.55 1.39
Sisal 15 0.25 0.46 69 107 38 6.5 1.45 1.37
Sisal 15 0.25 0.46 138 134 131 1.23
Sisal 15 0.25 0.46 207 146 1.12 1.05
Sisal 15 0.25 0.92 69 142 58 6 1.77 1.60
Sisal 15 0.25 0.92 138 146 131 117
Sisal 15 0.25 0.92 207 165 1.15 1.03
Sisal 15 0.25 1.38 69 183 62 85 2.12 1.81
Sisal 15 0.25 1.38 138 201 1.66 141
Sisal 15 0.25 138 207 225 1.44 1.22
Sisal 20 0.25 0.46 69 114 40 7 1.51 141
Sisal 20 0.25 0.46 138 118 1.13 1.04
Sisal 20 0.25 0.46 207 151 1.12 1.04
Sisal 20 0.25 0.92 69 142 54 8 1.69 1.47
Sisal 20 0.25 0.92 138 175 1.48 1.28
Sisal 20 0.25 0.92 207 155 1.02 0.88
Sisal 20 0.25 1.38 69 222 66 10 2.38 1.95
Sisal 20 0.25 138 138 221 1.68 1.36
Sisal 20 0.25 1.38 207 262 1.54 1.24
Plé and Lé (2012) Control clay 50 301 105 73
100 338
150 397
200 449
Polyp. 12 0.034 0.59 50 313 85 154 0.79 0.91
Polyp. 12 0.034 0.59 100 360 0.85 0.99
Polyp. 12 0.034 0.59 150 461 1.02 1.19
Polyp. 12 0.034 0.59 200 482 1.01 1.17
Polyp. 12 0.034 1.20 50 368 78 123 0.61 0.81
Polyp. 12 0.034 1.20 100 400 0.61 0.82
Polyp. 12 0.034 1.20 150 475 0.68 0.91
Polyp. 12 0.034 1.20 200 529 0.71 0.95
Maheshwari, Desai, and Solanki Control clay 50 122 59 55
(2011) 100 174
150 186
Polyester 12 0.035 0.25 50 243 70 18.7 147 133
Polyester 12 0.035 0.25 100 273 1.53 1.38
Polyester 12 0.035 0.25 150 317 1.65 1.48
Polyester 12 0.035 0.61 50 338 76 26.6 1.64 1.30
Polyester 12 0.035 0.61 100 407 1.81 143
Polyester 12 0.035 0.61 150 488 2.01 1.57
Jamei, Villard, and Guiras (2013) Control clay 50 212 59 16
100 268
150 320
Sisal 30 0.15 0.19 50 232 69 18 1.00 1.03
Sisal 30 0.15 0.19 100 282 1.01 1.04
Sisal 30 0.15 0.19 150 322 0.98 1.02
Sisal 30 0.15 0.38 50 242 69 19.5 0.87 0.92
Sisal 30 0.15 0.38 100 296 0.87 0.93
Sisal 30 0.15 0.38 150 348 0.87 0.93
Sisal 30 0.15 0.57 50 354 96 19 1.05 1.15
Sisal 30 0.15 0.57 100 336 0.81 0.90
Sisal 30 0.15 0.57 150 414 0.85 0.94
Sisal 30 0.15 0.94 50 384 110 23 0.75 0.90
Sisal 30 0.15 0.94 100 462 0.73 0.88
Sisal 30 0.15 0.94 150 512 0.68 0.82

(Continued)
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Table 1. Continued.

Meas. o4/Pred. a4

L¢ ds Xey 03 04 Meas. Interface Coefficient
Ref. Fibre type  (mm) (mm) (%) (kPa) (kPa) C(kkPa) @(°) 0.6 optimal
Wu, Li, and Niu (2014) Control clay 100 376 93 21.2
200 505
300 617
400 716
Sisal 5 0.25 0.95 100 405 108 225 0.92 0.96
Sisal 5 0.25 0.95 200 570 1.00 1.04
Sisal 5 0.25 0.95 300 699 0.99 1.04
Sisal 5 0.25 0.95 400 746 0.89 0.93
Sisal 5 0.25 1.89 100 446 111 259 0.89 0.97
Sisal 5 0.25 1.89 200 591 0.90 0.99
Sisal 5 0.25 1.89 300 695 0.85 0.94
Sisal 5 0.25 1.89 400 818 0.84 0.93
Sisal 5 0.25 2.82 100 468 116 24.7 0.81 0.93
Sisal 5 0.25 2.82 200 680 0.90 1.04
Sisal 5 0.25 2.82 300 796 0.85 0.98
Sisal 5 0.25 2.82 400 888 0.79 0.92
Sisal 10 0.25 0.95 100 517 115 223 1.02 1.12
Sisal 10 0.25 0.95 200 685 1.04 1.14
Sisal 10 0.25 0.95 300 820 1.00 1
Sisal 10 0.25 0.95 400 984 1.01 1.12
Sisal 10 0.25 1.89 100 523 114 26 0.77 0.95
Sisal 10 0.25 1.89 200 692 0.77 0.95
Sisal 10 0.25 1.89 300 810 0.73 0.90
Sisal 10 0.25 1.89 400 997 0.75 0.93
Sisal 10 0.25 2.82 100 574 128 24.7 0.61 0.86
Sisal 10 0.25 2.82 200 690 0.55 0.78
Sisal 10 0.25 2.82 300 825 0.53 0.75
Sisal 10 0.25 2.82 400 1025 0.55 0.78
Abou Diab et al. (2016) Control clay 100 165 55 9.5
Hemp 40 0.41 0.61 100 204 1.02 0.96
Hemp 40 0.41 0.90 100 224 1.03 0.95
Hemp 40 0.41 1.21 100 274 1.16 1.04
Hemp 40 0.41 1.52 100 318 1.24 1.09

All of the studies (except that of Jamei, Villard, and
Guiras 2013) lacked information on the interface par-
ameters characterising the shear strength of the fibre/
clay interface. Therefore, a given value was assigned to
the interface coefficient in order to quantify the cohesive
(C) and frictional (6;) components of the interface resist-
ance. The adhesion C; was calculated as the product of
the cohesion of the clay and the interface coefficient,
while the tangent of the interface friction angle (tan d;)
was calculated as the tangent of the friction angle of
the clay multiplied by the interface coefficient. It is
worth noting that the interface coefficient was assumed
to be the same for both the cohesive and frictional com-
ponents of the interfacial strength (C;. and C,4) for
simplicity.

It should also be noted that the 99 tests included in the
database exclude samples where the reinforcement par-
ameters (fibre contents and/or lengths) were shown to
exceed the threshold parameters observed in the tests.

2.2.2. Bias and uncertainty of the Jamei, Villard, and
Guiras (2013) model

The data presented in Table 1 were used to evaluate the
bias and uncertainty of the Jamei, Villard, and Guiras

(2013) model predictions. For this purpose, the major
principal stress at failure was predicted (Equation (1))
for each test in the database and used to calculate the
deviatoric stress at failure by deducting the value of con-
fining pressure from the principle stress. The calculated
(predicted) deviatoric stresses are plotted versus the
measured (laboratory/database) deviatoric stresses at
failure in Figure 2. Given the lack of data regarding the
interface shear strength parameters in the majority of
studies, the analysis of the bias and uncertainty was
initially conducted assuming an interface coefficient of
0.6. This assumption is discussed further in the following
section.

Results in Figure 2(a) indicate a mean bias of 1.13 in
the predictions of the Jamei, Villard, and Guiras (2013)
model and a COV of 0.36 in the ratio of A;, defined as
the ratio of measured to predicted deviatoric stress at
failure. These statistics indicate that the model is
expected on average to result in 13% underprediction
of the deviatoric stress at failure for the adopted interface
coefficient of 0.6. The associated COV is relatively large
reflecting significant scatter in model predictions.

A thorough investigation of the data in Figure 2(a)
and Table 1 shows that for any given study in the
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Figure 2. Performance of the Jamei, Villard, and Guiras (2013) model.

database, the predicted deviatoric stresses are consist-
ently larger or consistently smaller than the measured
deviatoric stresses. This is reflected in Figure 2(a) by
comparing the location of points representing measured
versus predicted deviatoric stresses in any given study.
Consider for example the triangular symbols represent-
ing data from Maheshwari, Desai, and Solanki (2011).
The points are all clustered around each other below
the 1:1 line indicating that the Jamei, Villard, and Guiras
(2013) model consistently under predicts the strength of
the composite specimens in this study. Similarly the cir-
cular symbols which represent the tests in Plé and Lé
(2012) are also clustered but this time above the 1:1
line. The clustering could indicate that the interface
coefficient of 0.6 which was assumed in the prediction
is not representative of the actual interface coefficient.
As such, an effort was made to back-calculate the
interface coefficients that are specific to each study
and that would maximise the predictive performance
of the Jamei, Villard, and Guiras (2013) model. This
was done by varying the value of the interface coeffi-
cients and calculating the corresponding deviatoric
stresses using the Jamei, Villard, and Guiras (2013)
model. The predicted values are then compared with
the actual values measured through experimental test-
ing. For each study, the interface coefficients that allow
for the best agreement between predicted/calculated
and experimental/measured deviatoric stresses at fail-
ure are considered to be the optimum interface
coefficients.

The optimum interface coefficients were found to be
1 for Prabakar and Sridhar (2002) and Maheshwari,
Desai, and Solanki (2011), 0.8 for Abou Diab et al.
(2016), 0.5 for Jamei, Villard, and Guiras (2013), and
0.4 for Plé and Lé (2012) and Wu, Li, and Niu (2014).
When these interface coefficients are adopted, results
indicate a mean bias of 1.12 in the predictions of
the model with an associated reduced COV of 0.23
(Figure 2(b)).

It is interesting to note that although the adoption
of “optimal” interface coefficients reduced the COV
of the bias factor, the mean of the bias factor could
not be reduced to 1.0. Reducing the mean bias factor
to 1.0 would have required the use of “unrealistic”
interface coefficients that are greater than 1.0 in the
studies conducted by Prabakar and Sridhar (2002)
and Maheshwari, Desai, and Solanki (2011). These
results point to three main observations: (1) the inter-
face coefficient could vary in a relatively wide range
(between 0.4 and 1.0) for different clays and fibres,
(2) the interface coefficient could play a significant
role in defining strength predictions in FRC under
undrained conditions, and (3) the mean bias (1.12-
1.13) in the predictions of the Jamei, Villard, and
Guiras (2013) model is not governed by the interface
coefficient between the clay and the fibre.

2.2.3. Probability distribution of the Jamei, Villard,
and Guiras (2013) bias factor, A,
The mean, the COV, and the probability distribution of
the bias factor fully define the model uncertainty. To this
end, the distribution of A;was evaluated given the tests
presented in the database for the case of a constant inter-
face parameter of 0.6 and for the case of variable opti-
mum interface parameter. The resulting cumulative
distribution functions for A; are presented in Figure 3.
Results indicate that both the normal and the lognormal
distributions could provide a realistic representation
of A;, although the lognormal distribution provides a
better fit at the tails. This observation is confirmed visu-
ally and by the Shapiro-Wilks test which rejects the
hypothesis of normality of the data, but fails to reject
the hypothesis of normality for the log-values of the
actual data, indicating that the actual data follow a log-
normal distribution.

For the reliability analyses conducted in this study,
the bias factor A; was assumed to follow a lognormal
distribution with a mean of 1.12 and a COV of 0.23,
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Figure 3. Actual and theoretical best-fits of A;.

which is consistent with the case of the optimum inter-
face coefficients. The optimum interface coefficient was
assumed to be 0.6 for both the cohesive and frictional
components of the interfacial strength. In practice,
this assumption requires that case-specific interface
coefficients be determined, possibly through laboratory
testing of the interface shear strength between the
actual soil and fibres that are to be used in the actual
field application.

3. Bearing capacity of shallow foundations on
layered soil

3.1. Bearing capacity model for a two-layered
system

The application that is adopted in this study involves the
bearing capacity of spread footings supported on a top
layer of compacted FRC that replaces the natural soft
clay at the site, resulting in a two-layered soil system
(see Figure 1). For rectangular foundations, the ultimate
bearing capacity of a two-layered soil system for the case
of a stronger soil underlain by a weaker soil under a con-
centric vertical load can be expressed as follows (Meyer-

hof and Hanna 1978):
cH i1+ B
B " L

—at (142)(2
qu = 9b L

2D¢\ (K tan ¢, )
() () e =
where
g = 2Ne@)Fes) + v1(Dr + H)Ng(2) Fgs(2)
+ 37BNy Fys), 4)
gt = aN)Fes) + v1DeNgy Fgs)
+ %VIBNY(l)FVS(l)' (5)

The subscripts (1) and (2) denote the top (replaced)
and bottom (natural) soil layers, respectively. The

A4 =Meas. o,/ Pred. o4

bearing capacity factors and the shape factors are defined
respectively as

©
N, = tan? (45 + —)eman s
’ 2 (©6)
N.=(Ng—1)cote; N, =2(Ng+1)tan ¢,
B\ (N, B
Fs=1+ Z ﬁc 5 Fqs:1+ Z tan ¢; (7)

B
Fpo=1-04(7),

in which, B and L are the width and length of the footing,
respectively; ¢, is the adhesion; K the punching shear
coefficient; H the depth of the top layer; y the unit weight
of the soil layer; c the cohesion; ¢ angle of internal fric-
tion; and Dy the embedment depth. The variation of K
with ¢»/q1 and ¢,, along with that of ¢,/c; with g2/q
are provided in Meyerhof and Hanna (1978), where g;
and ¢, are the ultimate capacities of a strip foundation
of width B under vertical concentric load on homo-
geneous thick beds of upper and lower soil, respectively.
It should be noted that for the above equations to be
applicable, the water table is assumed to be deep. Other-
wise, effective unit weights should be considered in the
submerged part.

3.2. Uncertainty in the bearing capacity equation

In the absence of studies addressing the accuracy of the
bearing capacity equation of shallow foundations on
layered soils, the bias statistics were chosen to be within
the range of the values in the literature for the general
bearing capacity equation on homogeneous soils. Strah-
ler and Stuedlein (2014) reported that the traditional
bearing capacity equation of shallow foundations on
saturated clay underpredicts the bearing capacity by
about 25% on average and presents a variability of
about 37%. Amatya et al. (2009) stated that the mean
biases for the footings in controlled and natural soil con-
ditions (mostly granular soils) are 1.73 and 1.00
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respectively, with corresponding coefficients of variation
of 0.27 and 0.33. In line with these values, the mean
and the COV of the bias factor (A,), defined as the
ratio of the measured to predicted bearing capacity of
the shallow footing on a layered cohesive soil were
selected to be 1.25 and 0.35 respectively, with a lognor-
mal distribution.

4. Uncertainty in soil properties and applied
pressure

To account for inherent variability in soil properties, the
unit weight of the soil was modelled as a normal random
variable with a COV of 0.05 (Cherubini 2000). The
undrained shear strength (S,,) of the soft saturated natu-
ral clay was assumed to follow a lognormal distribution
with a mean value of 10 kPa and a COV of 0.5 (Phoon
and Kulhawy 1999). The strength parameters of the
compacted/partially saturated clay (without fibre
reinforcement) were also assumed to follow lognormal
distributions with mean values of 35 kPa and 8° and
COVs of 0.2 and 0.1, for the cohesion and the internal
friction angle, respectively (Phoon and Kulhawy 1999;
Cherubini 2000). In compacted clays that are sheared
undrained, the total stress friction angle results from
the compression of air voids under confinement and
from the effect of matric suction. As noticed, all soil par-
ameters (mainly strength-related) were considered to
follow a lognormal distribution as is the convention,
except for the unit weight of the soil which was modelled
with a normal distribution. The lognormal distribution
has been adopted by several investigators to reasonably
model physical soil properties.

The effects of spatial averaging were considered
indirectly by reducing the variances of the shear strength
parameters of the soil, and adopting a spatially invariable
field in the calculations (El-Ramly, Morgenstern, and
Cruden 2002). The spatial averaging depends on the
scale of fluctuation and the length of the averaging inter-
val. The scale of fluctuation indicates the distance over
which the soil properties are strongly correlated. The
vertical and horizontal scales of fluctuation typically
vary in the ranges of -3 m and 30-60 m, respectively
(Cherubini 1997; Phoon and Kulhawy 1999). The aver-
aging interval is represented by the approximate length
of the failure surface. The failure/slip surface under the
foundation varies as a function of the footing width,
the thickness of the top compacted unreinforced/
reinforced clay layer and the strength parameters of the
soil layers. For all practical purposes, the slip surface
was determined approximately by means of determinis-
tic analyses using software that performs 2D limit equi-
librium analyses. Conservatively, the averaging intervals

L,, and L,, were assumed to be the vertical projections of
the failure surface along the top and bottom soil layers,
respectively (see Figure 1). Accordingly, distinct variance
reduction factors were assigned to the top and bottom
layers strength parameters.

Variance reduction as a result of spatial averaging of
soil properties along a failure surface has been discussed
by Vanmarcke (1983). Variance reduction in a given soil
property occurs when the length of the failure surface
(averaging length) is larger than the correlation length
which defines the scale of fluctuation of that soil prop-
erty. This process reduces the variance of the random
field used to model the spatial variability of the soil prop-
erty under consideration. In this study, the following
approximate variance reduction function was adopted
(Vanmarcke 1983):

=1 forL, <o, (8)

=% forr, >, 9)
Ly

where &, is the vertical scale of fluctuation and L, the

averaging interval.

For the spread footings considered in this study (2
and 4 m width), the horizontal scale of fluctuation was
not considered given that its range (30-60 m) exceeds
the horizontal projection of the slip surface, which mini-
mises its effect with regard to variance reduction.

Negative correlation between effective cohesion and
friction angle is well established/reported in the litera-
ture, with a correlation coefficient varying between
—0.25 and —0.75 (Wolff 1985; Cherubini 1997; Soubra
and Massih 2007 among others). In this study, a repre-
sentative correlation coefficient of —0.5 was adopted.
Sensitivity analyses (Abou Diab 2017) indicated that
the correlation between C,,, and ¢, does not affect
the probability of failure of the system, irrespective of
the adopted spatial variability model.

The pressure applied to the footing was assumed to be
lognormally distributed with mean values of 50 and
75 kPa and a typical COV of 0.15. The mean of the
applied pressure was assumed to be equal to the nominal
non-factored footing pressure.

5. Reliability analysis

The reliability analysis is illustrated with a design
example that considers square footings with widths of
2 and 4 m that are subjected to design pressures of 50
and 75 kPa. The aim of the reliability analysis is to evalu-
ate the probability of failure associated with the design of
shallow foundations resting on cohesive soils with a top
layer improved by compaction only or by a combination



GEORISK: ASSESSMENT AND MANAGEMENT OF RISK FOR ENGINEERED SYSTEMS AND GEOHAZARDS . 143

of fibre inclusion and compaction. In the reliability
analysis, the parameters treated as random variables
are presented in Table 2 and defined by their mean,
COV, and probability distribution. A wide range of com-
binations of design parameters is investigated as shown
in Table 3. In particular, three combinations of soil
reinforcement (R1, R2, and R3) with polypropylene
fibres having an aspect ratio of 150, 200, and 250 (fibre
lengths, L¢, of 15, 20, and 25 mm), added at 0.5%,
0.75%, and 1% by weight of the control unreinforced
soil, respectively are considered. These reinforcement
schemes were selected to be within the range of the
ones adopted in published studies and in the field.

The natural soft clay is assumed to have typical aver-
age undrained shear strength of 10 kPa, while the com-
pacted unreinforced clay is characterised by average
total stress cohesion and friction angle of 35 kPa and
8°, respectively. These parameters increase to 45 kPa
and 12° 56 kPa and 16°, and 75 kPa and 23°, for the
three reinforcement schemes, respectively as predicted
by the Jamei, Villard, and Guiras (2013) model. The
shear strength parameters (C and ¢) of the FRC are cal-
culated by fitting a linear Mohr-Coulomb envelope
using the principal stresses (o) determined from the
Jamei, Villard, and Guiras (2013) model for four repre-
sentative confining pressures (o3) ranging from 50 to

Table 2. Parameters used in the reliability analysis.

Random variable Distribution Mean cov
Bias in deviatoric stress prediction for fibre-reinforced clay, A, Lognormal 1.12 0.23
Bias in bearing capacity prediction, A, Lognormal 1.25 0.35
Unit weight of top soil layer, y, (KN/m?) Normal 17 0.05
Unit weight of bottom soil layer, y, (KN/m®) Normal 16 0.05
Angle of internal friction of the compacted unreinforced clay, ¢y, (°) Lognormal 8 0.10
Cohesion of the compacted unreinforced clay, Cy,, (kPa) Lognormal 35 0.20
Undrained shear strength of the soft natural bottom clay, S, (kPa) Lognormal 10 0.50
Applied surface load (kPa) Lognormal 50 & 75 0.15
Table 3. Combinations of input parameters and associated variance reduction factors.
Square footing width (m)
Surcharge (kPa) Reinforcement scheme 8, (m) r? r r? |
50 No fibre reinforcement 1 0.69 0.53 0.37 0.28
2 1.00 1.00 0.74 0.57
3 - - 1.00 0.85
4/Point var. 1.00 1.00 1.00 1.00
R1: Lg=15 mm xg,, = 0.50% 1 0.81 0.54 043 0.29
2 1.00 1.00 0.87 0.58
3 - - 1.00 0.86
4/Point var. 1.00 1.00 1.00 1.00
R2: L= 20 mm x,, = 0.75% 1 0.94 0.62 0.50 0.29
2 1.00 1.00 1.00 0.59
3 - - 1.00 0.88
4/Point var. 1.00 1.00 1.00 1.00
R3: L= 25 mm xg,, = 1.00% 1 1.00 0.53 0.61 0.26
2 1.00 1.00 1.00 0.52
3 - - 1.00 0.78
4/Point var. 1.00 1.00 1.00 1.00
75 No fibre reinforcement 1 0.40 0.53 0.22 0.30
2 0.80 1.00 0.45 0.60
3 - - 0.67 0.90
5/Point Var. 1.00 1.00 1.00 1.00
R1: Lg=15 mm x,, = 0.50% 1 0.47 0.36 0.26 0.20
2 0.94 0.72 0.52 0.40
3 - - 0.78 0.60
5/Point var. 1.00 1.00 1.00 1.00
R2: L= 20 mm x,, = 0.75% 1 0.54 0.42 0.29 0.23
2 1.00 0.83 0.59 0.46
3 - - 0.88 0.69
5/Point var. 1.00 1.00 1.00 1.00
R3: L= 25 mm xg,, = 1.00% 1 0.66 0.44 0.35 0.24
2 1.00 0.89 0.71 0.47
3 - - 1.00 0.71
5/Point var. 1.00 1.00 1.00 1.00

Note: Var.: variance.
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200 kPa. In the simulations, Cy,, and ¢, were assumed
to be negatively correlated with a correlation coefficient
of —0.5.

Four correlation structures that are characterised by
vertical correlation lengths of 1 m, 2 m, 3 m, and infinity
are considered in the analysis. Table 3 shows the calcu-
lated variance reduction factors (Equations (8) and (9))
that are associated with the top (I'f) and bottom (I'3)
layers for the different cases considered. The subscripts
(1) and (2) denote the top (replaced) and bottom
(natural) clay layers, respectively.

For each combination of input parameters, Monte
Carlo simulations were conducted using 1,500,000 realis-
ations to calculate the reliability index for the typical
design FS of 3. This number of realisations was chosen
to ensure less than 10% error in the probability of failure
with a confidence interval of 95%. Some simulations
were repeated with 5,000,000 realisations and no signifi-
cant differences were noticed in the calculated prob-
ability of failure. As a first step, the depth of soft clay
replacement that is required to satisfy the design factor
of safety was determined using the nominal values of
the design parameters. Once the thickness of the upper
compacted clay layer is determined, Monte Carlo simu-
lations were conducted to determine 1,500,000 realis-
ations of the footing ultimate bearing capacity and the
applied footing pressure.

The procedure followed in conducting the Monte
Carlo simulations can be summarised as follows. In
each Monte Carlo realisation, four values (50, 100,150,
and 200 kPa) of confining pressure (o3) are used to
predict the corresponding values of the major principal
stress at failure (oq) using the Jamei, Villard, and
Guiras (2013) model. This is done for a given fibre
reinforcement scheme. Model uncertainty in the Jamei,
Villard, and Guiras (2013) model is then introduced by
multiplying the obtained values of deviatoric stress
at failure (o4) by a random value of bias factor A; gener-
ated from its corresponding distribution such that
Oq = (0'1 — 0'3)*)\1.

Using these values of the deviatoric stress and the set of
confining pressures, Mohr-Coulomb strength par-
ameters (Creinr and ¢,.,¢) for the FRC are obtained by
fitting a linear Mohr Coulomb failure envelope. This
process is repeated 1,500,000 times, resulting in a prob-
ability distribution for Ciepns and a probability distri-
bution for ¢,.inr. Creinf and ¢ ine are then combined
with the other sources of uncertainty in the bearing
capacity equation (including the model bias factor \,)
to evaluate the distribution of the bearing capacity of
the footing, to be used in the calculation of the probability
of failure.

The probability of failure (P) is calculated as

No. of simulations with FS < 1
1, 500, 000

>

where FS is defined as the ratio of the bearing capacity to
the applied pressure. As is the convention in RBD, the
reliability index could be estimated from the probability
of failure as = —® ' (Py) where @~ is the inverse of the
standard normal cumulative distribution function. It
should be noted that the calculation of the probability
of failure did not involve any assumptions with regard
to the probability distribution of the resulting factor of
safety, which was found to be lognormally distributed
based on Kolmogorov-Smirnov tests (K-S). The calcu-
lation of the probability of failure was conducted exclu-
sively within the Monte Carlo framework.

In all the computations conducted in this study, R
programming language was used to ensure fast compu-
tation. R is an open source programming language and
software environment for statistical computing and
graphics that is supported by the R Foundation for Stat-
istical Computing.

In addition to the reliability analyses that were con-
ducted for cases with a design FS of 3.0, inverse reliability
calculations were conducted to recommend FS that guar-
antee target reliability indices of 3.0 and 3.5 (probabilities
of failures of 0.0013 and 0.00023), which are typically
used as a basis for calibrating LRFD codes for foun-
dations. This was achieved by conducting Monte Carlo
simulations for different design FS (by changing the
height of replacement in increments of 0.02 m) until
the target reliability index is achieved.

6. Results and discussion

The results are presented in two sections. The first section
quantifies the reliability indices and the corresponding
heights of replacement for a typical design factor of safety
of 3. The second section presents recommendations for
the FS required to achieve designs with target reliability
indices of 3 and 3.5 and presents the corresponding repla-
cement heights. The results pertain to the cases of replace-
ment with and without fibres. The methodology used in
relating the factor of safety to a target reliability index is
similar to that adopted by Zhang and Goh (2012).

6.1. Reliability index for FS = 3.0

6.1.1. Effect of scale of fluctuation and footing

width

The first set of reliability analyses were conducted for the
cases of 2 and 4-m wide square footings that are
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Figure 4. Variation of 8 with the vertical scale of fluctuation for
FS=3.

subjected to an applied footing pressure of 50 kPa. In
these analyses, the reliability index was computed for
the cases with (1) no soil replacement, (2) soil replace-
ment with compacted unreinforced clay, and (3) soil
replacement with FRC with reinforcement scheme R3
(Lg=25mm and X;, =1%). For each case considered,
the vertical scale of fluctuation was varied from 1.0 m
to infinity.

Typical reliability indices resulting from adopting a
factor of safety of 3 are presented in Figure 4. As a
benchmark, the probabilities of bearing capacity failure
for the case involving no soil replacement (footing rest-
ing on soft clay only) range from 23% (8 =0.75) to 33%
(8 =0.45) under an applied surcharge of 50 kPa. There-
fore, soil reinforcement/replacement is mandatory if
isolated spread footings of practical widths are to be
used as a practical foundation option for the applied
pressure. To achieve an FS of 3.0 against bearing
capacity failure, a portion of the soft clay could be
replaced with compacted unreinforced or FRC. If
unreinforced compacted clays are used, results indicate
that the required thicknesses of the replaced soil are
1.45m for B=2 and 2.70 m for the case with B=
4.0 m. The incorporation of fibres using reinforcement
scheme R3 (see Figure 7) could result in a significant
reduction in the required replacement thicknesses
with calculated thicknesses of 0.86 m (B=2.0 m) and
1.65 m (B =4.0 m), respectively. These results indicate
that the soil replacement option with the addition of
fibres could provide a viable and feasible option of
ground improvement for the soft clay wunder
consideration.

For the cases involving soil replacement, results on
Figure 4 indicate that a deterministic FS of 3.0 leads to
reliability indices that vary as a function of (1) the verti-
cal scale of fluctuation, (2) the width of the footing, and
(3) the presence or lack of fibre reinforcement.

The reliability index for the case involving replace-
ment with unreinforced clay ranges from 2.80 to 3.17.
The smaller value of 2.80 corresponds to the case
where the soil properties are assumed to be fully corre-
lated while the largest value of 3.17 corresponds to the
case with the smaller correlation length of 1.0 m and
the larger footing width of 4.0 m. The increase in 8
with the decrease in the vertical correlation length is
attributed to the increased effect of variance reduction
as a result of spatial averaging along the vertical projec-
tion of the failure surface. The effect of variance
reduction increases as the ratio d,/L increases (Equation
(9)). This also explains the higher reliability index
observed in the case involving the larger footing width
(B=4.0 m). The larger footing width results in a deeper
failure surface with a larger vertical projection leading to
more variance reduction in the shear strength of the soil
due to spatial averaging.

For the case involving replacement with FRC, results
on Figure 4 indicate that the reliability indices are slightly
higher with § values ranging from 2.93 to 3.25, with the
larger values of 8 corresponding to cases with smaller
correlation lengths and larger footing widths (more var-
iance reduction). The relatively larger reliability indices
that were observed in FRCs cannot be intuitively
explained since the reliability analysis for the fibre-
reinforced cases incorporates the contribution of model
uncertainty in the Jamei, Villard, and Guiras (2013)
model, which is not included in the unreinforced cases.
For the same design FS of 3.0, the additional model
uncertainty in the FRC cases is expected to have a nega-
tive effect on the reliability of the design. The results on
Figure 4 show an opposite trend. This issue will be exam-
ined further in the discussion section.

It is to be noted that the sensitivity of the reliability
index to the scale of fluctuation is more pronounced
for an increase in &, from 1 to 2 m than it is for an
increase in 8, beyond 2 m, especially for the smaller
foundation size. A vertical scale of fluctuation that is
around 2m approaches or exceeds the averaging
length in the top replaced soil layer and/or in the bot-
tom natural soil layer (especially for the case of the 2-
m wide footing) reducing/minimising the effect of
local averaging. For smaller foundations, the averaging
lengths are smaller due to the relatively restricted
depth of influence. This reduces the impact of variance
reduction due to spatial averaging and results in lower
reliability indices.

6.1.2. Effect of fibre reinforcement and footing
pressure on reliability

The reliability analysis for the case with an FS of 3.0 was
repeated for different fibre reinforcement scenarios (R1,
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R2, and R3) while varying the applied footing pressure
from 50 to 75 kPa. The resulting reliability indices are
presented in Figure 5 (50 kPa pressure) and Figure 6
(75 kPa pressure) for various footing dimensions and
vertical scales of fluctuation. The thicknesses of replaced
soil for all combinations of design parameters are pre-
sented in Figure 7(a).

Starting with the thickness of the replaced soil, results
on Figure 7(a) indicate that for a deterministic FS of 3,
the thickness of soft clay to be replaced under the 2-m
wide square footing to support a pressure g =50 kPa is
1.45m in the case of unreinforced compacted soil and
drops to 1.23, 1.06, and 0.86 m for the FRC option with
scenarios R1, R2, and R3, respectively. The required repla-
cement thickness for unreinforced compacted clay
increases to 2.7 m for the case of the 4-m wide square
footing and is reduced to 2.30, 2.00, and 1.65 m for the
different cases with increasing fibre reinforcement. For
the larger footing pressure g=75kPa, the required
thicknesses of replacement are larger for B=2.0m
(2.5 m in the unreinforced case reducing to 1.51 m for
R3) and B=4.0m (4.48 m in the unreinforced case
reducing to 2.82m for R3). These reductions are of
paramount importance and could result in significant

3.35
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savings in the construction costs for the option of
fibre-reinforced soil, rendering the option of soil replace-
ment as a feasible soil improvement option for the
problem under consideration.

The variation of the reliability index with the fibre-
reinforcement level is investigated in Figures 5 and 6
for footing pressures of 50 and 75 kPa, respectively.
For both pressures, the reliability index increases with
increasing fibre content and length. However, the
reliability indices are slightly larger for footing pressure
of g =75 kPa. For example, for the case of 2-m wide foot-
ing with infinite correlation length, the reliability indices
increase from 2.8 (g = 50 kPa) to 2.94 (q = 75 kPa) for the
unreinforced clay and from 2.95 to 3.04 for the fibre-
reinforced case with reinforcement scheme R3. For the
smallest scale of fluctuation of 1.0 m, the reliability indi-
ces corresponding to reinforcement scheme R3 increase
from 3.08 to 3.24 for B=2 m and from 3.25 to 3.32 for
B=4m.

6.1.3. Discussion of results for FS = 3.0

An analysis of the results pertaining to a typical design
factor of safety of 3.0 leads to the following main
conclusions:
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Figure 5. Variation of 8 with the vertical scale of fluctuation and the reinforcement scenario for a surcharge of 50 kPa, a width of (a) B =

2mand (b) B=4m, and FS=3.
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Figure 6. Variation of 8 with the vertical scale of fluctuation and the reinforcement scenario for a surcharge of 75 kPa, a width of (a) B=

2mand (b) B=4m, and FS=3.
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o The range of the ultimate limit state reliability index
for footings that are supported on a two-layered sys-
tem (Figure 1) is relatively narrow (8 between 2.8
and 3.33) and exhibits relatively low sensitivity to
the assumed footing width, applied footing pressure,
scale of fluctuation of soil properties, and degree of
fibre reinforcement.

e The range of reliability indices is generally in line
with, but slightly lower than, the range of typical
reliability indices that are assumed to be acceptable
for ultimate limit state design of footings (Biarget
between 3.0 and 3.5), indicating that the utilisation
of a conventional factor of safety of 3.0 may be ade-
quate for many design scenarios and inadequate for
a number of other design scenarios.

¢ The computed reliability indices that were lower than
3.0 were observed for (1) unreinforced and fibre-
reinforced soil cases involving smaller footing press-
ures (g = 50 kPa) and highly correlated soil properties
(no or little variance reduction), and (2) unreinforced
soil cases involving larger footing pressures (q=
75 kPa) and highly correlated soil properties.

The relatively narrow range and low sensitivity of the
reliability index to the different design variables was

studied in relation to the different factors affecting the
problem. The general trends that were observed in
Figures 5 -7 indicate that the reliability index increases
with footing width, footing pressure, and fibre-reinforce-
ment level and decreases as the scale of fluctuation
increases. More importantly, results indicate that the
reliability index for cases with fibre-reinforcement is lar-
ger than the corresponding reliability index of the
unreinforced soil cases.

The above observations and trends could be explained
by analysing (1) the statistics (mean, standard deviation,
and COV) of the ultimate bearing capacity of the foot-
ings (qu), and (2) the degree of variance reduction
observed for all the cases analysed in this study.

The variation of the bias, standard deviation, and
COV of the ultimate bearing capacity (q,,) with the
scale of fluctuation is investigated in Figure 8 for a foot-
ing pressure of 50 kPa. The bias in q,, is defined as the
ratio of the mean bearing capacity to the nominal bear-
ing capacity. Results on Figure 8(a) indicate that biases
that are greater than 1.0 (range from 1.24 to 1.31) are
observed in g, due to accumulated biases in the
reliability analysis. The observed biases are larger for
the cases involving fibre-reinforced soils (1.29-1.31)
compared to the unreinforced cases (1.24) and increase
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Figure 8. Statistics of the ultimate bearing capacity of the footings (qu).

as the fibre reinforcement level increases. On the other
hand, results on Figure 8(b) indicate that the standard
deviation of g, is larger for cases involving fibre-
reinforced soils. This result is expected given the contri-
bution of the Jamei, Villard, and Guiras (2013) model
uncertainty to the total uncertainty in g for fibre-
reinforced cases. Also, the sensitivity of the standard
deviation to the scale of fluctuation is clearly evident
and is a result of variance reduction due to spatial
averaging.

The combined effects of the bias and standard devi-
ation in g on the resulting reliability are best reflected
in the COV of gy which is presented in Figure 8(c). The
net effect is that the COV of g for the fibre-reinforced
cases decreases (or remains very close) to the unrein-
forced case, resulting in higher reliability indices. The
COV gradually decreases as the fibre reinforcement
level increases and as the scale of fluctuation decreases.
A comparison between the variations of the reliability
indices presented in Figure 5 and the COV and bias of
quie in Figure 8 with the scale of fluctuation points to
the one-to-one correlation that exists between these
parameters.

6.2. Design FS and replacement heights for target
B=3and B=3.5

6.2.1. Ranges for required FS and thicknesses of
replaced clay

In this section, design FS that are required to achieve tar-
get reliability indices of =3 and 8 =3.5 are calculated
and presented in Figure 9. These results indicate that
the required design FS depend on the reinforcement
scheme, the footing dimension, the vertical scale of fluc-
tuation, the applied footing pressure, and the target
reliability level.

For a target 8 of 3.0 and a 2 m footing, the required FS
for the cases with FRC vary from 2.78 to 2.97 for d, =
1 m, from 2.93 to 3.20 for 8, =2 m, and from 2.95 to
3.20 for the fully correlated case with no variance
reduction. The smaller values in the range of FS pertain
to the higher fibre reinforcement levels and the higher
footing pressure. The cases with no fibre-reinforcement
require slightly larger FS. Similar trends are observed
for a target 8 of 3.5 but with higher values for the
required FS which ranged from 3.38 to 3.59 for 6, =
1 m, 3.56 to 3.87 for 6, =2 m, and from 3.56 to 3.87
for the fully correlated case.
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Figure 9. FS required for target reliability indices of 3.0 and 3.5.

For cases involving a larger footing width of 4.0 m, the
required FS was consistently lower. For a target f3 of 3.0,
the required FS for the cases involving FRC varies from
2.67 to 2.75 for 8, =1 m, from 2.77 to 2.99 for 6, =2 m,
from 2.89 to 3.10 for 8, = 3 m, and from 2.92 to 3.13 for
the fully correlated case. For the larger target 5 of 3.5, the
ranges increase to 3.24-3.33 for 8§, =1 m, 3.36-3.59 for
6, =2m, from 3.45 to 3.74 for 8, =3 m, and 3.55 to
3.84 for the fully correlated case.

The required thicknesses of the replaced layers that
are associated with the recommended design FS are
presented in Figure 7(b) and (c) for target reliability
indices of 3.0 and 3.5, respectively, for a vertical
scale of fluctuation of 2 m (realistic case). For =3,
the recommended heights of replacement under the
2m wide square footing decrease from 1.62m (no
fibres) to 1.36 (R1), 1.14 (R2), and 0.9 m (R3) under
the pressure of 50 kPa and from 2.56 m (no fibres)
to 2.10, 1.85, and 147 m under 75kPa. The rec-
ommended thicknesses of replacement under the 4-
m wide square footing are larger with minimum
values achieved for the case of R3 (1.55m) under
the pressure of 50 kPa and (2.56 m) under 75 kPa.

For f=3.5, the recommended thicknesses of soil
replacement under the 2 m footing for the cases of Rl
and R3 decrease from 1.76 to 1.19 m under the pressure
of 50 kPa and from 2.64 to 1.86 m under 75 kPa. The
associated range of thicknesses of replacement under
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the 4 m footing is 2.94-2.06 m under the pressure of
50 kPa and 4.36 to 3.20 m under 75 kPa.

6.2.2. Practical recommendations for the design
safety factors

Results on Figure 9 could be used to provide practical rec-
ommendations for the design factor of safety for appli-
cations involving the replacement of a top layer of soft
clay with fibre-reinforced compacted clay, leading to a
footing on a two-layered system. Since information
about the spatial correlation structure of soil properties
may not be readily available in many projects, it could con-
servatively be assumed that the soil properties at the site
are highly correlated, with no expected variance reduction.
If this assumption is adopted, results from this study indi-
cate that design FS on the order of 3.2 and 3.9, will ensure
foundation designs with target reliability indices of 3.0 and
3.5, respectively for all the footing widths analysed.

If site-specific information is available to indicate that
the vertical correlation length in the soil properties (par-
ticularly the undrained shear strength of the soft natural
clay) is less than or equal to 2.0 m, the required FS could
be reduced for the case of a footing width B=4.0 m to FS
=3.0 and 3.6, for target reliability indices of 3.0 and 3.5,
respectively. For footings with widths that are less than
40m (2.0-4.0 m), linear interpolation between the
required factor of safety and the footing width could be
adopted, such that the required FS will range from 3.2
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(for B=2.0 m) to 3.0 (for B=4.0 m) for the case of f =
3.0, and from 3.9 (for B=2.0 m) to 3.6 (for B=4.0 m) for
the case of § = 3.5. Alternatively, the required FS for foot-
ing widths that are less than 4.0 m could be conserva-
tively assumed to be equal to 3.2 and 3.9 for f=3.0
and 3.5, respectively.

7. Conclusions

In this paper, a reliability-based approach is presented
for the design of shallow footings on natural saturated
clay in which a top layer has been replaced by unrein-
forced or fibre-reinforced compacted clay. For the com-
binations of input parameters considered, design charts
were developed to yield the required FS that are associ-
ated with typical target reliability levels for foundation
design. From a practical standpoint, the main outcome
is the thickness of clay to be replaced to achieve a target
reliability level for the different cases considered.

Results indicate that the traditional safety factor of 3
should be used with caution as it may not be sufficient
to yield the desired level of reliability, particularly for
smaller footings, smaller surcharges, smaller amount of
reinforcement, larger scales of fluctuation, and larger tar-
get reliability indices. Design FS in the order of 3.2 and
3.9, will conservatively ensure foundation designs with
target reliability indices of 3.0 and 3.5, respectively for
all the footing widths analysed.

It should be noted that the results of the reliability
analysis that was conducted in this study pointed to a
number of parameters that governed the probability of
failure and as a result should be incorporated in any
reliability analysis involving footings on FRC systems.
These parameters include:

e Model uncertainties in both the bearing capacity predic-
tion model and the FRC strength prediction model.
These two model uncertainties exhibited relatively
large COVs (0.35 and 0.23, respectively) and bias factors
that were larger than unity (1.25 and 1.12, respectively).
These model uncertainties affected/dictated the COV
and the mean value of the bearing capacity of the footing
and the resulting probability of failure.

¢ The second factor which affected the resulting prob-
ability of failure is the spatial variability model of
the soils (primarily that of the soft clay). The
reliability was affected by variance reduction as a
result of spatial averaging. The vertical scale of fluctu-
ation and the width of the footing (which determines
the averaging length) played the biggest role in deter-
mining this effect, whereby the required factor of
safety was observed to be sensitive to the spatial cor-
relation of the soil properties.

 Finally, the factors that had a minor effect on the
reliability-based analysis were the fibre reinforcement
scheme, the uncertainty in the load, and the actual
value of applied pressure.

The conclusions drawn in this paper are specific to the
soil conditions and reinforcement schemes analysed.
However, similar analyses may be extended to other con-
ditions/combinations using the outlined approach/
methodology.
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