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ABSTRACT

Liquefaction is one of the most critical ground deformations in saturated or partially saturated
silty and sandy soils. This deformation may cause severe destruction, such as settlement and
building tilting. A standard penetration test (SPT) is commonly used to estimate liquefaction
potential. This study integrates SPT, unit weight, and fine content data measurements from 24
boreholes in Port Sudan to evaluate and identify the liquefaction potential and factor of safety
(F.S.) in earthquake scenarios. The liquefaction parameters were derived according to the
simplified procedure in this scope. The result showed that the subsurface soil up to 15 meters
is saturated with grain sizes varying from medium to fine sand, silt, and clay. Based on
calculated parameters and fine content, the area falls within the high risk of liquefaction by a
7.5 (Mw) earthquake. The F.S. is mainly less than one in the upper 15 m. The liquefaction
potential index is assessed using a peak horizontal ground acceleration of 0.15 g for an
earthquake scenario of magnitude 7.5. The proposed approach proved to be a rapid and reliable
method for investigating the liquefaction of sandy soil under earthquakes.

Keywords: Liquefaction, Standard Penetration Test, Liquefaction Potential Index, Factor of safety,
Port Sudan
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1. Introduction

The phenomenon of soil liquefaction can be defined as the reduction in shear strength brought on by
increased pore pressure in the soil particles due to ground shaking during earthquakes [1]. SPT, or
simplified techniques, were created by [1] and are frequently used to evaluate soil liquefaction potential.
The SPT technique has been improved and updated since its original proposal by [2—5]. As a result of
its simplicity and low cost, SPT is widely used in in-situ tests for soil investigation in engineering
schemes [6]. Also, SPT values display the underground density and are used in many geotechnical
formulations [7].

Moreover, SPT has some uncertainties due to Equipment and Operator Variability, Energy Efficiency,
Soil Disturbance, Borehole Conditions, Sampler Type and Condition, Soil Type Sensitivity, Depth and
Overburden Stress, and Empirical Nature. However, the experiment has been widely used to determine
soil properties and foundation designs. Furthermore, a study by [8] classified the soil layers based on
SPT values. The classification given in Table 1 has been used to define meaningful class borders in the
resulting models.

Table 1. Description of standard penetration test (SPT) values [§]

A descriptive term for soil | Very loose | Loose | Medium dense | Dense | Very dense
SPT value 04 4-10 10-30 30-50 >50

Classifying fine-grained soils using conventional methods, such as the Chinese criteria, is necessary to
assess their susceptibility to liquefaction [9, 10]. In [3], they described the Chinese standard's specific
applications. According to their understanding, liquefaction is only possible in the following three
conditions: (1) the proportion of particles smaller than 5 m is less than 15%; (2) the liquid limit (L.L.)
is less than 35%; and (3) the moisture content (WC) is greater than 0.9 LL. Only a small percentage of
recovered soil specimens are categorised as "Susceptible" based on Chinese standards, according to [10].
However, regarding liquefaction, most soil materials are classified as "Not Susceptible or Safe”.

During earthquakes, the sand tends to compact during shaking, and water in the pores cannot move away
quickly enough, at least in the fine sands, to accommodate the compaction instantaneously. Therefore,
stresses are thrown into the water, increasing the pore water pressure and reducing the effective or
intergranular stress between the sand particles [11]. Sand particles depend on the effective stress between
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their grains to settle, shear strength, and resistance to displacement. Therefore, the increase in pore water
pressure leads to strength loss. In some cases, where pore water pressure equals total stress, the sand
loses its shear strength entirely and behaves like a viscous fluid [5, 12].

Port Sudan is one of the most important cities in Sudan, lying on the coastal plain of the Red Sea on the
country's eastern border (Figure 1). Rapid building construction in the city, together with the increase in
the population, has led to the demand for establishing a geological engineering model upon which urban
planners, developers, and engineers can rely.

The main aim of this study is to evaluate the liquefaction potential for the Khor Mojj deposit based on
SPT data and laboratory tests of the soil samples, focusing on unit weight and fine content properties.
The safety factor and liquefaction potential will be identified based on these properties.

This study used the SPT data according to the procedure in [13]. Since the cyclic resistance ratio (CRR)
values are lower than the cyclic stress ratio (CSR), the factor of safety (F.S.) is generally below unity.
Based on these results, the upper 15 m of subsurface soil will be liquefied by any amount of earthquake
with a magnitude equal to or greater than 7.5.

1.1 Geological Setting Of The Study Area

The study area's geological setting lies within the Nubian-Arab Shield, which consists of Precambrian
basement rocks outcropping on the flanks of the Red Sea. These crystalline rocks are predominantly
Neoproterozoic in age and include metamorphic, metasedimentary, igneous, and sedimentary rocks [14].
Superficial deposits and recent sediments occupy the floodplains and peneplains [15] Figure 1.

Khor Mojj is one of the most significant watercourses, draining from the hilly district in the west and
passing through Port Sudan city to the Red Sea in the east (Figure 1). The stream covers a large area
with its floodplain. The sediments of this plain consist of saturated, very loose to loose fine sand and
silty sand with depths varying from 20 to 30 m. The existing water table is between 0.9 m and 1.9m.

One of the world's most important dynamic rift systems, the Red Sea Rift System, is where Port Sudan
City is situated tectonically [16—18]. A variety of rifting phases are included in the rifting. These phases
progress through multiple stages of continental rifting, beginning with early faulting [17, 19, 20-23].
The Red Sea is known for its frequent felt earthquakes, which range in magnitude from 3.0 to 6.8 (Figure
2). Onshore, these earthquakes don't present a serious risk. The Red Sea's seismicity suggests that
specific Cenozoic faults within the coastal plain are seismically active and should be considered when
evaluating seismic risks [24].

2. Materials and Methods

The study area covers 18000 m* with unique topography and is raised a meter above sea level. A total
of 24 boreholes were drilled to various depths ranging from 20 to 30 m using the rotary drilling
technique. The distribution of the boreholes is shown in Figure 3. Standard Penetration Test (SPT) was
conducted at an interval of 1.5 meters, and soil samples were taken with this interval for all drilled
boreholes (384 samples were obtained). The sampling procedure (Table 2) consisted of driving a
standard split spoo as outlined in [25, 26], and SPT N-values have been normalized according to [25].

The step is repeated blows of the hammer of 63.5kg weight falling through 0.76 m height. Hence, the
energy transmitted to the sampler would be assumed to be 60% if no short-rod correction was applied.
The remaining 40% is lost due to mechanical inefficiencies and energy dissipation. The main causes are
friction Loss, hammer rebound and misalignment, rope stretch and slack, rod joint and thread Loss, soil
and borehole conditions, and hammer type and drop system.
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Figure 2. Seismicity up to 2013, including historical and instrumental earthquakes above Ml 3.
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Figure 3. Location map of test boreholes

In each borehole, samples were taken every 1.5 meters. A split spoon sampler was used to gather
disturbed samples. For disrupted samples, we used a split spoon sampler; for undisturbed samples, we
used a U-tube sampler. To enhance and bolster the findings of in-situ studies, laboratory tests are
performed on both disturbed and undisturbed samples taken from the boreholes. The tests are conducted
in accordance with British Standard BS 1377 and include Atterberg limits, unit weight, and grain size
analysis.

Table 2. Procedure Used for the Standard Penetration Test

Drilling methods Rotary with bentonite mud

Drill bit Tri-cone bit (9 cm diameter)

Drill rod Area=5.94 cm2, length = 1.52 m

Sampler Outer diameter =50.8 mm, inner diameter = 35 mm, length = 600 mm.

Cathead and rope 2 itums of rope (2 cm diameter) on a clockwise rotating cathead (11.2 cm diameter)

Hammer type Safety hummer

Penetration resistance Blows were recorded over three intervals, each 15 cm; N = blows over the last two
intervals.

2.1 Liquefaction Evaluation Framework

To determine the soil factor of safety and liquefaction, in-situ testing and laboratory findings have been
combined in accordance with the methodology in [13]. The input parameters are SPT data, fine content,
median diameter, influence depth, and friction angle. Every borehole is subjected to the measurement.
The total liquefaction potential was assessed in accordance with [27].

Normalizing the measured N-values by any hammer is essential to a standard rod energy ratio. The
standard conversion N60 = N (Err/60) can normalize the measured N-values with a known or estimated
rod energy ratio (ERr) value. Skempton pointed out in [28] that the blow count in a given soil is inversely
proportional to the rod energy ratio (ERr). Unlike hammer kinds and release systems, he also provided
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the rod energy ratio. Based on that, the ERr ratio is 60%, and the ERt/60 ratio equals 1.0. Therefore,
N60 equals the measured N-value, which can be used directly in the Analysis.

The study in [27] proposed the stress-based liquefaction potential determination approach, which has
been extensively used for the last five decades [1 — 3], [11], [29 — 31]. The fundamental idea behind this
method is the relationship between the soil's cyclic resistance ratios (CRRs) and the cyclic stress ratios
(CSRs) caused by earthquakes. This context's components were developed to offer a logical approach
to the many variables influencing penetration and cycle resistance.

According to [11], the following expression can be used to determine the earthquake-induced CSR at a
specific depth inside the soil profile:

T
CSRy 51 = 0.65 5. (1)

Oy

Wheret,, 4, is the maximum earthquake-induced shear stress; a,,is effective vertical stress.

The maximum shear stress can also be calculated through the simplified procedure developed by [1]:

o,
CSRp o1 = 0.650—’5 ’;‘“‘ 4. (2)

v

Amax

Where g, is total vertical stress at depth z, is the maximum horizontal acceleration at the ground

surface, and 7 is shear stress reduction factor that accounts for the dynamic response of the soil profile.

The study presented by [11] pointed out that CRR of the soil is generally connected to an in-situ test,
such as SPT blow count, cone penetration test (CPT), or shear wave velocity, Vs. The correlation to
CRR is based on corrected penetration resistance, which can be expressed as:

(N1)60 = CyCgCrCpCsNy. 3)

where the overburden correction factor is denoted by Cn. Cg = ERm/60%, where ERm is the average
energy expressed as a percentage of the hammer energy of free fall. Ny is the measured SPT blow
count; Cr is the rod correction factor to account for smaller energy ratios with shorter rod lengths; Cg is
the correction factor for nonstandard borehole diameters; Cs is a correction factor for using split spoons
with space for liners but without them; and Cr is the rod correction factor for nonstandard borehole
diameters. When conventional processes are followed, the elements Cg and Cs equal unity.

The fine components of soil (F.C.) impact the connection between CRR and (N1)s. By [11], this effect
can be expressed mathematically in terms of an equivalent clean-sand (N1)eocs, Which can be found using
the following formula:

(N1)socs = (N1)go + ANy 6o . (4)
Then CRR can be written as:
CRRm=7.5,cr,§=1atm = f[(Nl)GOCS]' (5)

According to [32], the safety factor against liquefaction (F.S.) of a soil layer can be estimated using
many approaches, such as SPT and CPT, which are unsuitable for assessing the severity of liquefaction,
although they can predict its occurrence. They stressed that £.S. is not a valuable parameter in making
liquefaction severity maps for liquefaction-prone areas. It can be used to predict layer liquefaction, but
not degrees of severity. A study by [27] has proposed a potential liquefaction index (LPI) to overcome
the limitation of F.S. These researchers suggested that damage to the structures tends to be severe if the
liquefiable layer is thick and shallow. The Factor of Safety (F.S.) for the liquefiable layer is significantly
less than 1.0. The following formulas state the original form of the LPI:
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20

LPI =f F(z)W(z)dz. (6)
0

F(z) =1—FS for FS < 1.0. (7)

F(z) = 0 — FS for FS > 1.0. (8)

W(z) =10 — 0.5z for z < 20m. 9

W(z) =0 forz > 20m. (10)

Where z is the depth to the mid-point of the layer in meters.

Table 3 represents the liquefaction severity categories proposed by [33] in an updated form. The table
was initially developed by [27].

Table 3. Liquefaction potential classification proposed by [33]

LPI Liquefaction potential category
0 Non-liquefiable (based on FS > 1.2)
0<LPIL2 Low
2<LPI<S Moderate
S<LPIL 15 High
15> LPI Very high

3. Results and Discussion

3.1 Results

This study evaluates liquefaction potential based on grain-size distribution, lithological borehole logs,
standard penetration-test blow count (SPT-N), and unit weight of soils data set. Liquefaction potential
has been evaluated for all boreholes in the study area. The depth varies from 25 to 30 meters. From grain
size and lithology logs, we notice clear stratification of the soil in all boreholes (Figure 4); this generally
consists of different lithologies such as silty sand, fine silt, clayey sand, and sandy clay, although soil
lithology is composed of the same grain size with different colors, plasticity index, and stiffness.

SPT-N values in the study area generally range from 0 to 20, indicating loose to medium-dense soils.
An exception is borehole 9, where the SPT-N reached a maximum of 24 between 16.5 m and 26.5 m.
Figure 5a indicates that the CRR curve for percent fines > 35% derived from SPT applies to most SPT-
based liquefaction triggering analyses. Atterberg Limits test of fine soil shows liquid limit values ranging
between 17% and 61% and plasticity indices in the 1% to 29% range.

Most of the Cyclic Stress Ratio values of soil layers of boreholes under investigation (CSR red curve in
Figure 5a) have values greater than 0.2 at shallow depth and decrease with depth, reaching less than
0.05, which indicates an increase in soil stiffness with depth. On the other hand, the Cyclic Resistance
Ratio (CRR black curve) also significantly increases with depth, starting from 0.086 at shallow depth
and 0.2 at deeper depth. However, some anomalies are shown on wells 5 and 15; the values reached 1.0.

Using a maximal horizontal ground acceleration of 0.15g and the earthquake scenario with Mw=7.5, the
liquefaction potential index (LPI) was calculated for each drilled borehole in the research region. When
the analysis was conducted, the water table was still at 1.4 meters. Its readings progressively drop with
depth, going from 10.11 (high potential) at 1.5 m to 0 (non-liquefiable) at about 15 m. (Table 4 and
Figure 6).
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Figure 4. Two examples of the SPT data logs are representative of the study area
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Figure 5. shows an example of the SPT data logs representative for the study area, using a peak horizontal
ground acceleration of 0.15 g for a magnitude 7.5 (Mw) earthquake: (a) raw data, CSR-CRR plot, F.S.
plot, and LPI; (b) cross-plot of CRS against corrected blow count.

The factor of safety (F.S.) increases with depth, as indicated in the graphs, starting from 0.25 at a shallow
depth to 2.0 at greater depths. However, a high anomaly has been noticed at depths of 15 to 18 meters
for all boreholes, indicating the presence of a stiff layer (Figure 5a).

Cross plot of CRS against corrected blow count (N)eo, s Were used to indicate the samples' vulnerability
to liquefaction. The results suggest that most samples lie in the liquefaction zone (Figure 5b).
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Table 4. An example of a variation of soil properties with depth

Depth (m) | (Nowcs | € (ﬁ/‘:')'te“t U(“l;tNV/VIeI:g“ CSR | CRR7s | FS | LPI
15 7 64 16.14 0.125 | 0.098 | 0.788 | 6.48
3.0 5 16 1733 0175 | 0.086 | 0492 | 3.3
45 11 59 16.00 0173 | 0.125 | 0722 | 387
6.0 10 59 16.00 0.187 | 0.118 | 0.631 | 3.93
75 9 18 17.16 0.191 | 0.111 | 0581 | 4.72
9.0 5 19 17.26 0201 | 0.086 | 0428 | 37
10.5 6 20 17.30 0.191 | 0.092 | 0481 | 2.97
12.0 6 16 1732 0.183 | 0.092 | 0504 | 228
135 6 17 17.46 0173 | 0.092 | 0523 | 146
15.0 7 14 17.54 0.161 | 0.098 | 0.610 | 0.00
16.5 44 18 17.54 0.07 4 2.000 | 0.19
18.0 10 18 1736 0135 | 0.118 | 0872 | 0.06
19.5 9 19 17.60 0131 | 0.111 | 0852 | 0.00
21.0 10 13 17.56 0121 | 0.118 | 0974 | 0.00
25 12 12 17.73 0.1 | 0132 | 1203 | 0.00
24.0 14 69 16.19 0.101 | 0.148 | 1471 | 0.00
255 36 3 1734 0.057 4 2.000 | 0.00

r |
i <"’/

Depth (m)

20

LPI

Figure 6. LPI measured at borehole 13 of the study area, using a peak horizontal ground acceleration of 0.15 g
for a magnitude 7.5 (Mw) earthquake, where the water table remains to a depth of 1.4 m

3.1.1 Results interpolation

SPT can be used to get information about a particular topic. It is expensive and time-consuming
to measure every area [34]. For a trustworthy evaluation, the information regarding the
unsampled sites must be accessible. Interpolation should be used to estimate the unsampled
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places to get around this issue. Many interpolation techniques may frequently forecast the
unsampled areas with acceptable errors, even though many are presented [7]. Because they
employ a stochastic approach, geostatistical methods like Gaussian simulation, sequential
indicator simulation, and simulated annealing are powerful instruments for estimating,
interpolating, and forecasting unsampled points. Building the variogram and Kriging model
can accomplish these methods [35, 36].

The simulation algorithms consider both the variety of estimations at unsampled places and the
spatial variation of real data at sampled locations [37]. The stochastic simulation respects the
sample data in their original places and replicates the sample statistics (variogram and histogram
model) [7]. To characterise the subsurface soil in the districts of Khor Mojj, this study
employed sequential indicator simulation (SIS). Figs. 7-10 present the interpolation of borehole
logs, SPT values, a factor of safety, and liquefaction potential, respectively.

3.2 Discussion

Various soil types have been noticed in borehole logs, with a gradation of soil particle size. These
particles are represented in fine sand, silt, and clay. The presence of mica, a potentially problematic
mineral in geotechnical engineering due to its impact on shear strength, was observed in certain soil
horizons. The interpolation of borehole log data did not show the continuation of the layering of the soil
properly (Figure 7). This phenomenon has been interpreted as the instability of Khor Mojj flow,
controlled by the duration and intensity of rainfall in the highland of the Red Sea hills.

The loose to medium-dense soil layers comprise most of the research area. In the shallow surface, the
SPT values in the northeast corner are comparatively lower than those on the opposite side, indicating
greater soil stability in the southwest, per the SPT simulation results (Figure 8). The good news is that,
as can be shown, the places with greater SPT values grow towards the deeper parts. This is bad news for
geotechnical engineers involved in additional civil constructions in the district, particularly those who
deal with shallow and deep foundations. At 15 meters below the surface, the safety factor rises to 1.
The F.S. is precisely layered and depicted in various colours in Figure 9.

The constructed liquefaction potential model (Figure 10) shows that the liquefaction potential in the 7.5
earthquake scenario is moderate to high up to a depth of 15 m. The state is stable below this depth and
does not liquefy under the same circumstances.

The safety factor and liquefaction potential index (LPI) simulations demonstrated the uniform layering
of their properties, in contrast to the outcomes of lithology interpolation. This homogeneity is shown in
Figs. 7, 8, and 10. The impact of overburden pressure on the strength characteristics of the soil has been
cited as the reason for the homogeneity. Grain size has less of an effect on the soil cyclic resistance ratio
than this effect does.

Due to the lack of seismic records in Port Sudan, the model results were cross-referenced with widely
accepted LPI thresholds found in previous studies (e.g., [33], [34], [38—41], which is in line with our
results in the present study.
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Figure 7. 3D modeling of the lithology of the study area; solid model (a), southeast-northwest cross sections (b),
vertical exaggeration is 5 m
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Figure 8. 3D modeling of the SPT Values of the study area; solid model (a), southeast-northwest cross sections
(b), vertical exaggeration is 5 m
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Figure 9. 3D modeling of the F.S. Values of the study area; solid model (a), southeast—northwest cross sections
(b), vertical exaggeration is 5 m
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Figure 10. 3D modeling of the LPI Values of the study area; solid model (a), southeast-northwest cross sections
(b), vertical exaggeration is 5 m.
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4. Conclusions

The SPT is widely utilised in many civil engineering projects to characterise the subsurface due
to the simplicity of the equipment employed and the ease of the test procedure. The conclusion
and remarks of the current study can be summed up as follows:

1. Saturated loose to medium-dense fine sand, silty sand, silt, and clay soil from the current natural ground
surface down to roughly 25 meters deep make up most of the subsurface soil in the research region.
Subsurface water can be found between 0.9 and 1.9 meters below the surface.

3. The safety factor and thickness of the liquefiable layers have been used to estimate the liquefaction
potential index (LPI). The values of each liquefaction potential index show that the soil horizons down
to 15 meters are at very high risk of liquefaction from an earthquake of modest magnitude (about 7.5
Mw). The cyclic resistance ratio (CRR) and the cyclic stress ratio (CSR) have low values. As a result,
the upper 15 meters of subsurface soil will be liquefied for a predetermined amount of time since the
factor of safety (F.S.) is primarily smaller than one.

4. According to this study, an earthquake of magnitude 7.5 (Mw) will cause the saturated, loose, sandy, and
silty soils of the alluvial valley-fill deposits at Port Sudan to liquefy. Therefore, these surface geological
units must improve their ground before building structures.

4.1 Significance of the Work

This paper's findings on the liquefaction resistance of soils can be applied to enhance the ground
condition in the Port Sudan region, paving the way for future urban development and the construction
of earthquake-resistant buildings.
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