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Abstract. Ground improvement is an effective way to improve the bearing capacity of a shallow foundation. However, the
benefit of reducing uncertainties in soil parameters for shallow foundation design is rarely recognized. This study investi-
gated the full effect of rapid impact compaction (RIC) on a strip foundation design. The finite difference method coupled
Monte Carlo simulation were used to calculate the failure probability and the required width of the strip foundation, where

the friction angle of soil was treated as a random variable. The results show that the foundation width reduces by 48.5%
when considering the full effect of RIC, and a significant part of the reduction came from the decrease in the uncertainty
of friction angle. Although the adopted relationship between the friction angle and tip resistance of cone penetration test
affects the designed width of the foundation, the full effect of ground improvement contributed by the uncertainty reduc-
tion of soil parameters is still significant. The implication of the present study provides a basis for the performance-based

bearing capacity design of shallow foundations.
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1. Introduction

The insufficient bearing capacity of a shallow foundation
can result in shear or sliding damage, which can lead to
the failure of the upper building. To address this issue, sev-
eral ground improvement methods available to increase
the foundation'’s bearing capacity. Some examples include
dynamic compaction, rapid impact compaction, and the
use of micropiles (Li et al., 2023). For a project site with
loose deposits, ground improvement methods like dy-
namic compaction and rapid impact compaction (RIC) can
be effective in increasing the densification, strength, and
friction angle of the ground. This, in turn, enhances the
bearing capacity of the shallow foundation (Mohammed
et al, 2013; Tarawneh & Matraji, 2014). To evaluate the
impact of ground improvement on the bearing capacity
of the foundation, in situ tests such as cone penetration
tests (CPT) are commonly conducted before and after the
ground improvement process. These tests provide ways for
assessing the effectiveness of the ground improvement in
strengthening the soil resistance, which is of importance
for the performance evaluation and optimal design of the
shallow foundation.

In engineering practice, the magnitude of the CPT cone
tips measured before and after the ground improvement
are directly compared in order to qualitatively evaluate the
effectiveness of ground improvement (e.g., Roslan, 2010;
Bo et al., 2013; Eslami et al., 2015; Torrijo et al,, 2017; Du
et al., 2020). In order to quantitatively evaluate the effec-
tiveness of ground improvement, the performances (e.g.,
the settlement or bearing capacity) of a shallow founda-
tion before and after the ground improvement should be
evaluated and compared (Yin et al,, 2001; Mabrouki et al.,
2010; Bouassida et al., 2015; Naseri & Hosseininia, 2015;
Yahia-Cherif et al., 2017). Due to the presence of signifi-
cant uncertainties in the ground conditions both before
and after improvement, a reliability-based method is often
adopted to evaluate the performance of shallow founda-
tions. This approach takes into account the uncertainties
associated with various parameters and provides a more
comprehensive assessment of the foundation’s reliability
(Kayser & Gajan, 2014; Vahdatirad et al., 2015; Showkat &
Babu, 2023). Reliability-based method has proven to be
effective in investigating the bearing capacity and settle-
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ment of shallow foundations. By considering uncertain-
ties in various parameters, the approach provides a more
robust and comprehensive evaluation of the foundation’s
performance (e.g., Fenton et al., 2007; Babu & Srivastava,
2007; Ahmed & Soubra, 2012; Wang et al., 2013; Yohanna
et al,, 2019).

Some researchers have noticed that the effects of
ground improvement include two parts: increasing the
shear strength of the ground and reducing the variability
(uncertainty) of the soil properties (Shen et al., 2018, 2019).
However, the full effect of ground improvement taking ad-
vantage of both benefits is rarely reported. Indeed, unless
a design method explicitly considers the variability of the
strength parameters, the full effect of ground improve-
ment on the design (e.g., the size of the foundation) can-
not be realized. Similar viewpoints have been reported in
previous reliability-based studies (e.g., Shahin & Cheung,
2011; Shakir, 2019; Lakehal & Tiliouine, 2020).

In this study, we aim to highlight the full effect of
ground improvement in a reliability-based (or perfor-
mance-based) design of strip foundation. In the follow-
ing sections, we first summarized the framework of re-
liability-based analysis to calculate the bearing capacity
of the foundation. Then, based on the analysis method
and framework, the effects of increasing soil strength and
reducing the strength variability are examined through a
case study. Furthermore, the influence of safety factors
and conversion formula between friction angle and CPT
data were discussed. Finally, the full effect of ground im-
provement in a foundation design is demonstrated. The
results provide a basis for a performance-based design
of shallow foundations taking advantage of an improved
understanding of the full effect of ground improvement.

2. Methodology

2.1. The deterministic model for
bearing capacity evaluation

FLAC 2D is used to solve the bearing capacity of a strip
foundation, as shown in Figure 1. The boundary condi-
tions of the model were set as follows. The x-velocities of
the grid points on the symmetric plane were restricted.
The x-velocities and y-velocities of the grid points on the
bottom boundary and the right boundary were restricted.
Due to the limited movement in the x and y directions of
a bar foundation with a rough surface, it is necessary to
set the speed of the grid to 0. The soil was modeled as a
uniform Mohr-Coulomb material. To simulate the uniform
load applied to the foundation, a vertical downward ve-
locity was applied at the foundation position. The veloc-
ity must be sufficiently small to minimize the unbalanced
force of the model. The fixed x-direction and y-direction
grid points with zero velocities were used to simulate a
strip foundation with a rough base surface. The number of
zones along the vertical direction in the numerical model
was determined based on the vertical interval of the CPT
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Figure 1. Simulation model for a strip foundation

data, computational efficiency and accuracy, which are il-
lustrated in the case study presented later.

To substantiate the rationality of the adopted numeri-
cal model, specifically the model’s boundary condition, the
simulation of strip foundation and external load, a case
study was conducted employing the FLAC2D software for
calculation. In this case, the strip foundation with a rough
surface was placed on soil, a uniformly distributed verti-
cal load was applied on the foundation surface and half
of the width of the strip foundation is 3.5 m. Refer to the
reference (Erickson & Drescher, 2002), the unit weight of
soil is 1700 kg/m3, cohesion is 100 kPa, friction angle is
20°, shear module and volume module is 100 MPa and
200 MPa, respectively. The buried depth was assumed to
be zero. In order to verify the accuracy of the numerical
model, the bearing capacity of the strip foundation cal-
culated by the FLAC 2D and the Terzaghi's theory were
compared. The formula for the Terzaghi's ultimate bearing
capacity theory is:

P,=cN_+ qu + O.5bey, (1)

where c is the cohesion of soil (kPa); y is the unit weight
of foundation soil (kg/m3); g is the equivalent surcharge
applied at the foundation bottom (kPa), which equals to
the product of y and foundation buried depth; b is the
foundation width (m); N, Nq and Ny are dimensionless
bearing capacity factors that depend on the friction angle
of the sail.

Figure 2 shows the calculated bearing capacities de-
termined by the numerical modelling and the Terzaghi's
theory. With the increase of time step, the bearing capac-
ity calculated by the numerical modelling rises gradually.
When the calculation time step exceeds 3700, the bear-
ing capacity curve reaches its maximum value, that is, the
ultimate bearing capacity of the strip foundation by the
numerical modelling is 1.45x103 kPa. Compared to the ul-
timate bearing capacity by the Terzaghi's theory method,
the error between these two methods is 0.97%, indicating
the numerical modelling of FLAC 2D is reliable.

The displacement of foundation soil under strip foun-
dation is shown in Figure 3. When the upper load reaches
the ultimate bearing capacity of the foundation, the upper
load continues to increase, resulting in the overall failure
of the foundation. The velocity direction reflects the mov-



760 Y. Yu et al. Performance-based design of strip foundation considering the full effect of ground improvement

Figure 2. Baring capacity of the strip foundation

Figure 3. Displacement of foundation (Unit: m)

ing direction of the foundation soil, which is consistent
with the theoretical failure mode proposed by Terzaghi,
namely general shear failure.

2.2. Probabilistic evaluation
of ground improvement

In reality, the geotechnical parameters are usually uncer-
tain. For example, the friction angle value in one layer
would vary from the other layer, and the value in one site
would vary with the other site as well. Thus, the reliability
analysis should be performed using, for example, Monte
Carlo simulation (MCS) to consider the spatial variability of
soil parameters. Then the probability of bearing capacity
below its limit can be determined. Assuming the bearing
capacity limit is denoted as B, the probability of bearing
capacity below its limit is denoted as P; the performance
function can be expressed as:

1 N
P, =N;1(BL—31), @

where B; is the bearing capacity calculated by the numeri-
cal model for the iy, realization. /(B; — B)) is an indicator
function, if B, - B; > 0, I(B_ - B) = 0, if B.- B, < 0, I(B, -
Bi) = 1

As a rapid, easy, and reliable testing method, the cone
penetration test receives much attention in geotechnical
engineering. There are increasing empirical relationships
built between the CPT and soil parameters. For example,
friction angle ¢ can be estimated only by the tip resistance
(g0), which is referred to the Code for in-situ measurement
of railway engineering geology (TB 10018-2003) (Ministry
of Railways of the People’s Republic of China, 2003):

(¢ = 29.609* g0095. 3)

The benefits of ground improvement are illustrated
from two perspectives: the reduction of damage risk
caused by increasing the bearing capacity of the strip
foundation, and the reduction of strip foundation cost. In
this study, an engineering case was used to demonstrate
the benefits of ground improvement. In this engineering
case, the CPT data was used to evaluate the effectiveness
of the ground improvement. The bearing capacity of the
foundation was determined by the numerical modelling
using FLAC 2D, and the spatial variability of friction angle
was considered in this study. Three scenarios are consid-
ered. In scenario 1, the mean value (g.g) and coefficients
of variation (COVp) of tip resistance before improvement
were calculated based on field tests data. In scenario 2,
the mean value (g.) of tip resistance after improvement
was calculated based on field tests data. The COV of the
tip resistance after improvement was assumed to be equal
to COVg. In scenario 3, the mean value (g.n) and COV,
of tip resistance after improvement were calculated based
on field tests data. In practice, COV, is normally smaller
than COVjp. The benefit of the ground improvement from
the perspective of increasing the soil strength alone can
be observed by comparing scenario 1 and scenario 2. On
the other hand, the benefit of the ground improvement
from the perspective of reducing the variation in the soil
strength alone can be observed by comparing scenario 2
and scenario 3.

In the above three cases, the bearing capacity of the
strip foundation needs to be calculated in order to obtain
the failure probability. To calculate the bearing capacity
of the strip foundation, the width of the strip foundation
is needed. The probability that the bearing capacity of
the strip foundation is below the bearing capacity limit
shall be less than a certain value. If the width of the strip
footing is fixed, the probabilities of the bearing capacity
below its limit corresponding to the three scenarios can
be obtained. On the other hand, if the acceptable prob-
ability of the bearing capacity below its limit of the strip
foundation is specified, the footing width of scenarios 1, 2
and 3 can be back calculated according to the acceptable
probability. Comparing with the footing width of scenario
1 and that of scenario 2, the benefit from the increase of
soil strength is demonstrated. Comparing with the footing
width of scenario 2 and that of scenario 3, the benefit from
the decrease of variation in soil strength will be further
demonstrated.
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2.3. Framework

The framework to evaluate the full benefit of ground im-
provement is summarized as follows.

Step 1. Define the problem. Based on the soil type
and purpose of the infrastructure, the allowable bearing
capacity of the foundation and target reliability index (B)
of the bearing capacity are determined firstly by the code.
Specify the possible footing widths in discrete number M
for selection.

Step 2. Collect CPT data before and after the ground
improvement. Calculate the mean and COV value of the
CPT data before and after ground improvement. Set the
three scenarios defined in the Section 2.2.

Step 3. Establish the numerical model and determine
proper zone numbers and size of elements. Establish the
numerical model based on the defined problem in Step
1. In order to balance the efficiency and accuracy of nu-
merical modelling, sensitive analyses of the element size
are conducted to optimize the zone numbers and size of
elements of the numerical model.

Step 4. Transform and characterize the CPT data. Based
on the optimized size of elements, transform the original
CPT data into new CPT data, whose interval is equal to the
vertical size of the optimized elements of the numerical
model. The mean value and COV of transformed CPT data
are calculated to determine different scenarios.

Step 5. By substituting the CPT data into a conversion
formula which established the relationship between CPT
data and friction angle, the friction angle of soil layer is
obtained. For each of the footing widths M, the Monte
Carlo simulations are used to generate N groups of fric-
tion angle. The numerical model established in Step 3 is
used to calculate the bearing capacity of the foundation
corresponding to the N groups of friction angle, and thus
the probability of the bearing capacity below its allowable
value (Py) is determined by Eqn (2). Repeat this process,
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obtain all the P; of the M footing widths in these three
scenarios.

Step 6. Evaluate the benefit from the decrease of vari-
ation in improved soil. Based on the target B, determine
the optimal footing width (B). Comparing the design val-
ues of B in scenario 1 and in scenario 2 to demonstrate
the benefit from the increase of the mean value of soil
strength, and the tip resistance of CPT is used to repre-
sent the strength of soil. Comparing the design values of
B in scenario 2 and in scenario 3 to further demonstrate
the benefit from the decrease of variation in soil strength.

3. lllustrative example

3.1. Study project

The project selected as illustration was located at Sheik
Mohammed Bin Zayed Road, Dubai, UAE (Tarawneh &
Matraji, 2014). A total of 134 villas were constructed in
the study area. Loose to very loose sand deposits were
encountered at the depth ranging from 1.0 m to 4.5 m
below the ground surface. To avoid damage to the villas,
rapid impact compaction (RIC) was used to decrease the
compatibility and increase the strength of the sand de-
posits. Due to lack of the foundation design information,
the working load per unit area of the strip foundation was
assumed as 500 kPa, and the safety factor was adopted
by 3.0.

In the practice of ground improvement, the CPT are
often conducted to evaluate the effectiveness of the RIC
on the sand deposits by comparing the testing results (q.)
before and after the improvement. Figure 4 shows the tip
resistance g, of the 4 CPT tests as reported in Tarawneh
and Matraji (2014). Figure 4a and Figure 4b show the g,
before and after the RIC, denoted as BRIC and ARIC, re-
spectively. Focusing on the mean value (Figure 4c), it is
observed that within the top 1.5 m, the disturbance of the
top soil in the RIC process slightly decreases the strength.
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0 10 20 30 40 00 05 10
o) 0.0 NGRS d) 0.0
0.5 F N 0.5
[N SN 1.0
sk 15
20 3 2.0
—_ L, —
6 25 ¥ 6 2.5
= 301 5 3.0
g 5
A 35 H A 35
Fl
4.0 |\ 4.0
a5 ) 45
sol 5.0
55 S 5.5
6.0 Lot 1% 6.0
—-— BRIC
—— ARIC

Figure 4. Statistics of g. before and after RIC
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From the depth of 1.5 m to 4.0 m, the increase in mean
value of g. is quite obvious, which means the influence
depth of the RIC is from 1.5 m to 4.0 m at the 4 CPT test
sites. Of particular interest in the plots of Figure 4d is the
COV of the g, values before and after the RIC. As shown in
Figure 4(d), the COV of the g values after the RIC decrease
significantly in the range of influence depth (from 1.5 m
to 4.0 m). In the range of influence depth, the COV before
and after the RIC are about 0.53 and 0.33, respectively.

3.2. Numerical model

In the numerical model for the study project, the unit
weight was assumed as 1700 kg/m3, the shear modulus
was 100 MPa, and the volume modulus was 200 MPa,
which were assigned based on the case in Figure 1. The
cohesion was set as zero due to the cohesionless soil, and
the friction angle was treated as a random variable esti-
mated according to the CPT data (Egn (3)). The friction
angle varies along the depth direction. A representative
value of the friction angle should be taken and assigned to
the element of the numerical model. To get the represen-
tative value, the calculated friction angle within each layer
of element were averaged then taken as the friction angle
of the elements. In FLAC 2D, table command was used to
assign the friction angle to the corresponding element.
Then the bearing capacity of the strip foundation was cal-
culated by considering the size of the strip foundation and
other physical characteristics of the soil.

In order to determine the optimal element size and
the number of elements, the influence of element size on
the calculation of bearing capacity was investigated. The
square shape of elements was used in the numerical mod-
el. The vertical size of the element was increased from 0.2
m to 1.2 m. Under the same base width, the mean value
and COV of the bearing capacity corresponding to differ-
ent vertical sizes of element are shown in Figure 5. When
the vertical size of the element decreases from 1.2 m to
0.2 m, the bearing capacity of the strip foundation and
the COV of the bearing capacity gradually decrease to a
stable value. It can be observed that when the vertical size
of the element is smaller than 0.5 m, the mean value and
COV of the bearing capacity are not sensitive to variations
in the element size. Therefore, to ensure both accuracy
and efficiency of calculation, the optimal element size is
determined to be 0.5 m.

The mean value and standard deviation of the tip re-
sistance of each soil layer were measured at an interval of
0.5 m. The friction angle for each soil layer then were de-
termined using the empirical relationship to the tip resis-
tance g. in Egn (3). And then the mean value and standard
deviation of friction angle for each soil layer were deter-
mined as input for the numerical simulation. The plastic
constitutive model was adopted and the plastic modulus
of each soil layer was assumed to be normally distributed.
According to the normal distribution, the friction angle of
each soil layer was generated randomly, and one realiza-
tion is shown in the Figure 6.

Figure 5. Bearing capacity and its COV of shallow foundations
under different mesh sizes

Figure 6. Friction angle for different soil layers (one realization)

3.3. Results

Recall that three scenarios of the mean values and COV
are considered in this study. In Figure 7, the black curve
represents the CPT data of scenario 1, the red curve rep-
resents the CPT data of scenario 2, and the blue curve
represents the CPT data of scenario 3. At a depth of 6 m,
every scenario’s CPT data were divided into 12 soil layers
by 0.5 m from top to bottom. The mean value and stand-
ard deviation of these different layers were then written
into the command stream of FLAC 2D. The mean value of
qg. of these 12 soil layers before the improvement are in
the range of 3.54-21.35 MPa, and the standard deviation
of these 12 soil layers are in the range of 0.26-4.95 MPa,
respectively. The mean value of g. after the improvement
of these 12 soil layers are in the range of 4.66-28.67 MPa,
and the coefficient of variation of the 12 soil layers is equal
to the coefficient of variation of the 12 soil layers before
improvement. In scenario 3, the mean value of q. is equal
to that in scenario 2, and the standard deviation of g. of
these 12 soil layers are in the range of 0.68-3.72 MPa.
Comparing with scenario 1 and scenario 2 in Figure 7, it
can be seen that the improvement significantly increases
the mean value of g, which reflects the improvement of
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soil strength after ground improvement. Comparing with
scenario 2 and scenario 3 in Figure 7, it can be seen that
the standard deviation of g, is further reduced due to the
improvement, which reflects the reduction in the variation
of the soil strength after ground improvement. The mean
value of CPT data in scenario 1, scenario 2, and scenario
3 are 10.09 MPa, 13.57 MPa, and 13.57 MPa, and COV
of scenario 1, scenario 2, and scenario 3 are 0.58, 0.58
and 0.37. Using the Egn (3), the mean value and COV of
the friction angle in scenario 1, scenario 2 and scenario 3
can be determined, which are 36°, 37.3°, 37.2°, and 0.083,
0.079, and 0.046, respectively.

The failure probability was determined using the Mon-
te Carlo simulation, which is the probabilities of the bear-
ing capacity below its limit (500 kPa). In order to determine
the proper number of MCS, the standard deviations of the
calculated bearing capacity under the different number of
MCS were determined. The results are shown in Figure 8.
As the number of MCS increases, the standard deviation
between the calculated results gradually decreases until
it stabilizes and fluctuates slightly around a stable value.
The standard deviation reaches a stable value when the
number of MCS is 1200. Thus, the number of MCS is de-
termined as 1200 considering the computational efficiency
and accuracy.

Figure 9 shows the typical result of the MCS with the
foundation width of 7 m. The y axis represents the allow-
able load per unit area of the foundation, which equals
the ratio of the ultimate bearing capacity to the safety
factor (= 3.0). There are 1200 simulations, 9 of which have
an allowable load per unit area that is smaller than the
limit value of 500 kPa. As a result, P; = 9/1200 = 7.5x1073.
The distribution of the allowable load per unit area under
1200 MCS is shown in Figure 10. It can be seen that it fol-
lows a normal distribution.

Figure 7. g, of different scenarios
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Under the foundation width of 7.0 m, the failure prob-
abilities of scenario 1, scenario 2 and scenario 3 were cal-
culated respectively (see Table 1). The failure probabilities
of scenario 1, scenario 2 and scenario 3 are respectively
100%, 10.5% and approximately equal to 0. The reduction
of failure probability means the increase of the bearing
capacity of shallow foundation. In other words, under the
condition that the width of the shallow foundation is un-
changed, the bearing capacity of the shallow foundation
can be improved by considering the full effect, thus reduc-
ing the failure probability of the foundation.

With the calculated P; the reliability index (B) then can
be determined using the relationship P = ®(-f). To find
the minimum foundation width that satisfies the target re-
liability index, numerous trial calculations were conduct-
ed. First, the P; for a shallow foundation with a specified
width was determined using the methodology described
above. Then, the B was calculated based on the Py If the
calculated P was greater than the target B, the founda-
tion width was reduced; otherwise, the foundation width
was increased. By repeating this process, two critical val-
ues of foundation width were identified through extensive
trial calculations, and the minimum foundation width that
meets the target reliability index will fall within this range,
as shown in Figure 11.

In Figure 11, the line corresponding to the two critical
foundation widths are intersected with the line of the tar-
get reliability index, and the foundation width correspond-

Table 1. Effects of ground improvement on failure probability
(footing width is 3.5 m)

Scenario Description qc COV of g, Ps
1 Unimproved sand |2 " 058 | 100%
Figure 7

Improved soil 2 in

2 without reduction Fiqure 7 0.58 10.5%
in Cov d
Improved soil with | S3 in o

3 reduction in COV | Figure 7 0.37 ~0%
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Figure 11. The width of shallow foundations
under different scenarios

ing to the intersection point is the minimum foundation
width which satisfying the target B. Assuming the target B
is 3.0 for a strip foundation, the foundation width for sce-
nario 1, scenario 2, and scenario 3 is 6.17 m, 3.73 m, and
3.18 m, respectively. Comparing scenario 1 with scenario 2,
the width of the shallow foundation decreases by 2.44 m
when increasing friction angle from 36° to 37.3°. Com-
paring with scenario 2 and scenario 3, the width of the
shallow foundation is further reduced by 0.55 m caused
by reducing the variation of friction angle from 0.079 to
0.046. In other words, the foundation width reduces 48.5%
(=100% x 2.99/6.17) when considering the full effect of
ground improvement, and the 18.4% (= 100% x 0.55/2.99)
is contributed by variation reduction of friction angle,
which is not negligible.

4. Discussion

4.1. Influence of safety factor

To further investigate the benefit from the decrease of the
COV, different safety factor was considered. In addition,
focus on the foundation widths required by scenarios 2
and scenarios 3. The previous safety factor is 3.0, now the
safety factor is increased to 3.2, 3.4, 3.6. Then, the method
described above was used to calculate the foundation
widths required by scenario 2 and scenario 3 under differ-
ent safety factors, respectively. The required width of strip
foundation corresponding to different safety factors is
shown in Figure 12. When the safety factor is increased to
3.2, 3.4 and 3.6, the foundation width required by scenario
3 is reduced by 0.75 m, 0.58 m and 0.60 m respectively
compared with that required by scenario 2.

Overall, the benefits brought by scenario 3 are rela-
tively similar under different safety factors. Furthermore,
according to the analysis of the Terzaghi's formula and the
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generation process of random number, when the COV of
the strength of the soil under the foundation is constant,
improving the safety factor of the foundation cannot en-
hance or weaken the optimization effect of the foundation
size brought by the reduction of COV.

4.2. Influence of conversion formula

The other conversion formulas between the soil’s friction
angle and the tip resistance of the CPT can be found in Lin
et al. (2018), and the formula is:

@ =—0.0075g2 +0.6072q, +32.58. @)

The calculation results are then shown in the Figure 13.
In this case, the foundation width required by scenario 2 is
3.73 m, and that required by scenario 3 is 3.22 m, with a
0.51 m reduction in width, and the foundation size is fur-
ther optimized. It shows different widths may be designed
using different conversion formulas between friction angle
and tip resistance, but the optimization effect of reducing
COV on foundation width is still applicable.
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Figure 13. Designed width of shallow foundations
under scenario 2 and scenario 3 by correlation
relation proposed by Lin et al. (2018)

5. Conclusions

Based on the concept of reliability design in geotechni-
cal engineering, the full effect of ground improvement on
the shallow foundation design was evaluated. It can be
concluded that:

(1) The effect of rapid impact compaction on the shal-
low foundation design is from two aspects: the in-
crease in friction angle and the reduction in the
variation of the friction angle. These two effects
should be fully considered as the later effect is not
negligible in the reliability design of foundation.

(2) In this study, the foundation width reduces 48.5%
when considering the full effect of ground im-
provement, and 18.4% of the reduction is contrib-
uted by the variation decrease of friction angle.

(3) The influence of safety factor and conversion for-
mula on the size of foundation were investigated.
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The minimum foundation width increases with the
increase of the safety factor while the reliability
index stays unchanged. Similarly, different conver-
sion formulas require different minimum founda-
tion widths. In both cases, the full effect of ground
improvement is still significant for reducing the
foundation size.

It should be noted that these conclusions are based
on limited data. The exact value may be different in other
examples. However, the comparative study is still valid
to investigate the effect of uncertainty reduction in soil
parameter due to ground improvement on the founda-
tion engineering design. It demonstrates that current ap-
proaches, which focus mainly on increased soil strength,
often do not fully utilize the benefits of soil improvement,
such as the significant reduction in soil variability. This is
significant in engineering practice, as it provides a basis
for performance-based or risk-based foundation design to
mitigate the risk of damage or failure due to insufficient
bearing capacity of shallow foundations.
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