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Abstract: There is a dearth of research on the cyclic vertical loading problem for cohesive soil, with the majority
of studies conducted in commercial settings. The purpose of this work is to investigate the experimental effects of
vertical cyclic compression stress on the undrained shear strength of clayey soil. To investigate the undrained shear
strength of clays beneath shallow footings under cyclic loads at various rates, thirty-nine models have been put to
the test. A brand-new compression device was produced with the ability to apply both cyclic and monotonic
loading. Two footing shapes, three depths of foundation embedment, three undrained shear strengths, and three
loading rates were tested. It was determined that following the cyclic load test, the soil's undrained shear strength
increased in value. At the start of the test, there was a sharp rise in settlement. This indicates that in all models, the
threshold stain is extremely tiny in the zones of cyclic amplitudes.
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1. Introduction

In geotechnical engineering, determining the reduction of static undrained shear strength is crucial. It is also
vital to determine the post-cyclic undrained shear strengths of low plastic silty clays and clayey silts and compare
the outcomes with the pre-cyclic condition. Additionally, the impact of specimen type and soil plasticity on the
post-cyclic shear strength behavior and dynamic shear strength of fine-grained soils were investigated. Following
the earthquakes, field conditions and damaged areas were observed. These observations revealed that, under cyclic
loadings, bearing failure occurs in low plastic silty and clayey soils due to the limited amount of pore water
pressure caused by ground softening and the rapid increase in shear strains [1, 2].

Despite being categorized as fine-grained soils, silts can behave differently cyclically than clays. The flexibility
of the fines content determines the differences in the cyclic shear strength properties and the pore water pressure
response during cyclic loading. In plastic silty clays, pore pressure can rise to a certain point, but in saturated sandy
silts and silty sands, it can achieve the effective confining pressure in a single loading cycle. As a result, the soils
undergo significant deformation as a result of the quick rise in pore water pressure, which lowers the effective
stresses that lead to soil liquefaction [3 - 5].

One of the key factors influencing the cyclic behavior of undisturbed silty soils is the flexibility of the fines
content [6 - 8]. Compared to plastic silts, undisturbed non-plastic silts have a lower cyclic strength. Puri [9] used
cycle triaxial testing on reconstituted soil specimens to examine the impact of the plasticity index on the cyclic
undrained shear strength of typically consolidated silty soils. Based on the findings, it was concluded that for a
given number of cycles, an increase in the plasticity index causes a considerable increase in the shear stress ratio
that results in 5% twofold amplitude shear strain.

According to Ansal and Erken [10], there is a crucial cyclic shear strain level at which soils experience
significant deformations every cycle. This level is known as the cyclic yield strength level.

Boulanger and Idriss [11] defined the terms "sand-like" for liquefaction and "claylike™ for cyclic failure to
characterize the cyclic behavior of fine-grained soils. There appears to be a threshold value for the plasticity index
of clay fractions, below which the liquefaction resistance drops and beyond which the liquefaction resistance
begins to increase, based on the majority of prior research and a careful analysis of pertinent data from the
literature. Furthermore, the study has examined the cyclic strength (tcyc) Of clay-like fine-grained soils,
standardized by monotonic undrained shear strength (s,), taking into account many aspects including test type,
over consolidation ratio, and plasticity index. It was indicated that for naturally clay-like soils subjected to simple
shear loading, the tcyc/Sy ratio for number of cycles N = 30 is taken as 0.83.
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Since the early 1980s, a number of researchers have examined the post-cyclic behavior of fine-grained soils.
The loss of static undrained shear strengths of softening soils beneath building foundations is included in these
investigations. Indeed, it would be a reasonable assumption to state that the soils with no post-cycle strength are
those subjected to residual strains from cyclic loadings [12].

Finn [13] assessed how earthquake pressures affected the soil's remaining undrained shear strength through the
shear surface. It was concluded that a confining pressure correction should be applied while performing a soil
stability study at the limit state condition. Vasquez-Herrera and Dobry [14] as well as Marcuson et al. [15]
investigated the post-cyclic strength of soils. Several laboratory experiments were conducted to ascertain the
residual strengths of the soil specimens removed from the San Fernando Dam'’s hydraulic fill. Following that, a
comparison was made between the test findings and the field strategy derived from the standard penetration levels.

Undrained cyclic triaxial tests were conducted by Li et al. [16] on soft clays originating from the maritime
environment in Wenzhou, China. It was determined that at lower frequencies, greater pore pressures and shear
strains were produced. There is a significant reduction in the number of cycles needed to attain failure when the
frequency drops from 1 Hz to 0.01 Hz.

The experimental behavior of dry sandy soil under foundations subjected to vertical cyclic compression load
was investigated by Fattah et al. [17]. In order to investigate the behavior of shallow footings under cyclic loads
at various rates, sixty-three models have been evaluated. A brand-new compression device was produced with the
ability to apply both cyclic and monotonic loading. We experimented with two footing shapes, three relative
densities of sand, three depths of foundation embedment, and three loading rates. It was determined that soil
settlement decreases with increasing footing depth (Ds). Generally speaking, the soil's bearing capacity improves
as the depth or width of the foundation grows, provided that all other variables stay the same. Over the course of
the load, a footing's total settlement increases and reaches its maximum value at the conclusion of the dwell time.
To some extent, the footing rebounds during the load's decay period. The density of the sand substrate determines
how the loading rate acts. The cyclic load settling in dense sand reduces with the rate of loading, whereas in loose
sand, it increases with the rate of loading.

Nine models representing layers beneath flexible pavement layers of subgrade and subbase layers were prepared
for a testing program by Fattah et al. [18]. The models had dimensions of 800 x 800 x 800 mm, with a 400 mm
thick subgrade layer and a 300 mm thick subbase layer. Geogrid reinforcement is used in the center of the subbase
layer and at the interface between the subgrade and subbase layer as part of the model tests. The tests were
performed in three different configurations: under cyclic load, in saturation testing, and after a 24-hour saturation
interval. It was determined that, when compared to an unreinforced subbase layer on expansive subgrade soil, the
load carrying capability of the pavement system increases significantly for geogrid reinforced subbase stretch. The
model subjected to cyclic load at the interface between the saturated subbase and the subgrade layer, reinforced
with geogrid, exhibits the least displacement and transfers the most load. This model's displacement is reduced by
roughly 4.5-5.0% when compared to the unreinforced model, but the third model only demonstrated a
displacement reduction of roughly 3-3.5%.

In soft soil, long-term cyclic loads applied at a stress level below the critical cyclic stress can cause soil
deformation but not failure. Ren et al. [19] presented a unique empirical model with three parameters based on an
analogous study of the Monismith and Hardin Drnevich models. The experimental data from the literature was
used to validate the suggested model, which was found to perform better than the Monismith model in forecasting
the cumulative plastic strain of soft soil under low cyclic loads over an extended period of time. It was suggested
that parameter b should have a value of 0.5. Additionally, correlations between parameters a and ¢ and the cyclic
stress ratio are suggested for soft clay. The suggested model's applications are explained in detail, and its
effectiveness is assessed using the findings of in situ tests conducted on soft subgrade settling. The test findings
and the predicted results agreed. The findings of the study offer a viable approach for examining how wave and/or
traffic stresses induce soft foundation to settle and develop deformation in near-shore and offshore regions.

When both monotonic shear stresses (o) and cyclic shear stresses (tc) are applied to a soft cohesive soil, Patifio
et al. [20] referred to the cyclic shear strains (yc) and permanent shear strains (yp). Tests in the lab were conducted
on undisturbed materials, and the results showed that the monotonic strength (tmax) Was roughly 30% of the initial
effective vertical stress (6’vo). The findings showed that: (a) the generation of y¢ and vy, is controlled by the
combination of 1, and t¢; (b) the cyclical failure of the soil occurs when 1¢/6’vo + Tc/6’vo = Tmax/0’vo; @and (c) the
number of cycles (N), for various relationships varying (to/0’vo) between 0% and 25%.

The impact of loading circumstances and stress history on the failure characteristics and dynamic behavior of
cohesive soil with minimal plasticity was assessed by Thakur et al. [21]. Triaxial controlled cyclic testing with
two-way strain were conducted. For cyclic axial strain amplitude (e5) fluctuation of 0.5%, 1%, 1.5%, and 2%, and
OCR values of 1-4, the impact of stress history and loading circumstances was assessed on low plasticity soil.
Even at lower amplitude and higher OCR, liquefaction of the low plasticity soil was seen. It was found that soil's
liquefaction resistance increased with OCR (1-4) increased and decreased as cyclic strain amplitude (0.5%-2.0%)
increased. At pore pressure ratio (r,) of 0.85, the rate of stiffness degradation showed a bilinear response.

135



A. N. Najim et al. Journal of Civil Engineering and Construction 2024,13(3):134-145

The objective of the present study is to investigate the effect of cyclic loading on the shear strength of cohesive
soils. The shear strength shall be measured before loading and after a number of load cycles.

2. Experimental work
2.1 Index properties of soil

A brown clayey soil was brought from a site south of Baghdad city in Iraq. Standard tests were run to ascertain
the soil's physical characteristics. Table 1 provides details. The soil is categorized as (CL) by the Unified Soil
Classification System (USSCS).

Table 1. Physical properties of the clayey-soil.

Test Value Specification

Liquid limit (LL), % 43 ASTM D 4318-(2010) [22]
Plastic limit (PL), % 19 ASTM D 4318-(2010) [22]
Plasticity index, % 24 ASTM D 4318-(2010) [22]
Specific gravity (Gs) 2.67 ASTM D 854-(2010) [23]
Gravel %, > 4.75 mm 0 ASTM D 422-(2010) [24]
Sand %, 0.075-4.75 mm 3 ASTM D 422-(2010) [24]
Silt %, 0.005-0.075 mm 35 ASTM D 422-(2010) [24]
Clay %, <0.005 mm 62 ASTM D 422-(2010) [24]
Activity 0.39 -

2.2 Design and fabrication of load setups

Two pneumatic cylinders comprise the loading system: Cylinder 1 can apply loads ranging from 153.72 N to
442.00 N, while Cylinder 2 can handle medium and high range loads up to 1170 N. The compressor is composed
of aluminum, and the washer-packing (content pressure) is composed of Viton. Two cylinders with pneumatic
valves are connected by a flexible hose. With the two cylinders mounted on top of the device's upper-pressure
plate with d=14 mm, a different shaft is utilized. It moves up and down with (cylinder piston movement) and is
used to stop the footing from rotating.

One of the following options may be selected based on the force imparted to the footing when a cyclic or static
load is applied: one of the cylinders.

2.2.1. Control System

As seen in Figure 1, this system is utilized to regulate the device's movement when loads—cyclic or
monotonic—are applied. These valves are operated by an electric panel. This panel can be operated manually with
two buttons—one to move upward and the other to move downward—or automatically with the help of relays and
a timer. To use the gadget in monotonic or cyclic mode:

1) First, the electric switch is swapped out with a manual switch, and the necessary movement is measured up
or down. Next, the external timer on the panel interface is used to establish the time. There is a maximum time
limit of 996 seconds, or sixteen minutes.

2) The device turns off automatically after the predetermined testing period. It is crucial to remember that while
using a cyclic load, the frequency and intended function's form must be ascertained as a function of the applied
force and time (measured in seconds). To do this, a unit known as C type is used. Figures 2 and 3 illustrate how
the mathematical shape and the function in actuality differ slightly. It is important to note that the manual
movement only makes minor adjustments, such as lightly touching the upper and lower footings. Prior to the test,
it is used to prepare the model.

The linear variable displacement transformer (LVDT), which measures the movement beneath the shaft, was
used to assess vertical settlements.

2.2.2 The model foundation
Two 20 mm thick steel foundations with various foundation diameters were used:
1) Circular footing with diameter 113 mm.
2) Square footing (100 mm x100 mm).
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Fig. 3. Realistic load-time relationship.

2.2.3 Control tests

Trial tests were conducted to control the preparation method's efficiency prior to the stage of preparing the soil
bed. Control experiments were performed to verify two key aspects of the soil bed preparation process. The first
involves figuring out how shear strength changes over time at various water contents (20%, 22%, 28%, 32%, and
36%). These tests determine how long it takes the remolded soil to strengthen again after the mixing operation and
a rest interval. Five samples were made separately and stacked in three layers inside molds to prove this claim. To
release any trapped air, a special hammer was used to gently tap each layer.

After that, the samples were placed under a polythene sheet and kept for seven days. It was discovered that the
remolded soil needs roughly five days to recover its strength. Determining how shear strength varied after five
days of mixing in relation to various liquidity metrics was the second aim. Figure 4 displays the findings of the
undrained shear strength fluctuation with various liquidity indices. Every day, the portable vane shear equipment
was used to test the undrained shear strength. As the value of the liquidity index rises, the soil's shear strength
falls.
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Fig. 4. Variation of the undrained shear strength with liquidity index after 5- day curing.
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2.3 Tool for measuring shear strength

The "Producing ring Penetrometer” laboratory instrument, which ELE manufactures for the production of
laboratory instruments, is where the concept for this device originated, as Figure 5 illustrates. An apparatus
including a mirror featuring a 60° cone apex angle, 24 mm in length, and a 30 mm diameter and 141.8 mm length
shank was produced. During the testing, the gadget is utilized to measure the employed clay's undrained shear
strength at each loading cycle. It is linked to the hydraulic cylinder system by means of the grooves that enable

installation within the machine construction, as illustrated in Figure 6.

Fig. 5. Proving ring Penetrometer for measurement of soil penetration.
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Fig. 6. Measuring device for soil shear resistance.
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The applied static load was measured using a compression/tension load cell "SEWHA" model S-beam type
(SS300), which was connected to a digital weighing indicator to read and display the load measurement. The load
amount, with an input sensitivity of 0.2 wV/digit, the load cell excitation DC 10 V £ 5 V, with maximum, and the
signal input voltage of 32 mV were shown using a digital weighing indicator, model SI (4010).

3. Results and discussion

3.1 Results of model testing under cyclic load

A total of 39 model experiments were conducted utilizing three distinct undrained shear strengths (20 kPa, 40
kPa, and 70 kPa), which correspond to soft, medium, and stiff clay, respectively, on clay soil as a reference under
cyclic stress. The tangent suggestion is shown to be the most appropriate approach for all model testing, and it is
used in this study to determine the final bearing capacity for every model.

To select the value of the applied load on the footing model, the theoretical ultimate bearing capacity of the
footing was calculated according to the variables; undrained shear strength, depth of foundation, width of
foundation and shape of foundation. The calculations were made based on Hansen equation [25]:

Together with the load used in the trials, Table 2 displays the findings of the vane shear device's measurements
of qult, gall, and undrained shear strength (Cu). Keep in mind that the safety factor is 2.5.

Table 2. An overview of the theoretical static bearing capacity calculations.

Typeof  Stateof  Undrained shear D+ Quit Qan (N), Load applied
foundation soil strength (cu), kPa  (mm) (kPa), (Theoretical) (Theoretical) (N)
Square soft 20 0 123.36 493.44 246.72
50 144.703 578.812 246.72
medium 40 0 246.72 986.88 493.44
50 288.623 1154.492 493.44
stiff 70 0 431.76 1727.04 863.52
50 504.503 2018.012 863.52
Circular soft 20 0 123.36 494.85 246.72
50 142.337 570.984 246.72
100 161.315 647.116 246.72
medium 40 0 246.72 989.72 493.44
50 283.892 1138.834 493.44
100 321.065 1287.951 493.44
stiff 70 0 431.76 1732 863.52
50 496.224 1990.602 863.52
100 560.688 2249.203 863.52

3.2 The impact of loading rate on settlement

Figures 7 through 9 show how the rate of loading affects things. The findings show that for all rates of loading,
the settlement rose in proportion to the rate of loading in all soil conditions. It is evident that the behavior of
increasing settlement is same for both square and circular footings. The only cases where the settlement increased
suddenly at cycle 900 and later were the ones where the cu = 40 kPa, velocity was 9 mm/sec, and the footing was
at the surface.

According to the findings, the maximum cyclic settlement increased by roughly (45-63%) % in soft clay, (23—
32%)% in medium clay, and (29-41%)% in stiff clay when the loading rate was increased from 3 mm/sec to 9
mm/sec. The findings concur with those of Li et al. [16], who discovered that a significant reduction in the number
of cycles needed to attain failure occurs when the frequency drops from 1 Hz to 0.01 Hz.

In the first cycle, the deformation rate is comparatively high, and strain quickly rises to 50-65% of the total in
a brief amount of time. Once this level is reached, the deformation rate rapidly drops while strain accumulation
gradually increases to 80-90%. Compared to the first stage, this duration is longer. After that, the deformation rate
keeps decreasing until it almost reaches zero.

The induced cyclic shear strain amplitudes are less than the threshold shear strain amplitude, indicating that no
significant particle structural breakdown occurs and, consequently, no drop in post-cycle shear strength is seen.
The low values of cyclic settlement demonstrate that the clay is in the elastic phase.
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Fig. 7. Settlement change with time when cu = 20 kPa, D = 0 at different rates of loading.
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Fig. 8. Settlement change with time when cu = 40 kPa and Dr = 0 at different rates of loading.
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3.3 Evaluation of soil shear-strength after loading

An array of pre-measurements was completed in order to assess the soil's shear strength following loading. By
creating soil models of eight samples at shear strengths ranging from soft (Cu = 20 kPa) to stiff (Cu = 88 kPa), the
association between the reaction of soil (R) and undrained shear strength (Cu) was discovered. The eight samples'
undrained shear strength was determined using a direct shear test apparatus in accordance with ASTM D3080 [26]
specifications. A miniature model measuring 350 mm by 350 mm by 350 mm had a static load applied to it, and
the response of the clay in these soils was monitored using a load cell and digital weighing indicator devices.

For this reason, the device's speed was set to 3 mm/sec for all measurements while a constant pressure of 2.5
bars was applied, and as Figure 10 illustrates, the minimum soil depth needed for the cone penetration was 120
mm. Table 3 presents the results of the soil reaction and the undrained shear strength for the eight samples; Figure
11 shows the link between the soil reaction and the undrained shear strength.

The following can be used to express the relationship between Figure 11's undrained shear strength and soil
response (R):

-1

Cu = qo(1+2)% €

where, go=6.0641 x 102, a=-2.3939 x 102 and b = - 1.3719.

The coefficient of determination (R?) = 98.13
The data obtained with the Curve Expert Professional Properties Program fits the relationship shown above.

Fig. 10. Manufactured apparatus for measurement of soil strength.
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Table 3. Results of the soil reaction and the undrained shear strength.

Test No. W.C% Cu Reaction of soil, R
(kN/m?) (N)

L 22 88 407
2 24 82 320
3 26 64 2115
4 28 50 156.5
> 30 42 169
6 32 37 122
7 34 32 99
8 36 20 57
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Fig. 11. Relationship between the soil reaction and the undrained shear strength.

3.4 Clay's shear strength following a cyclic load

Numerous laboratory and field experiments can be used to determine the saturated clay specimen's undrained
shear strength. These tests all require that the failure stresses be developed without any changes to volume or
drainage. Also, relatively undisturbed soil must be used for testing. The following are the main assessments utilized
in the current practice:

1) Laboratory tests, including triaxial and unconfined compression tests.

2) In situ examinations: cone penetration and vane shear testing.

Following the cyclic load test of each model, the undrained shear strength of the clay was measured using the
constructed device. After the test, the cone and shank are subjected to a constant static load of 468.75 N (2.5 bar)
at a velocity of 3 mm/sec. A load cell is then used to measure the soil's reaction when the penetration of the cone
and shank reaches 112 mm. This method yields the undrained shear strength. The variation in the rise of the
undrained shear strength following testing of several footing models is shown in Figure 12 and Table 4.
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12. Variation of the value of undrained shear strength with the rate of loading during cyclic load test.
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Table 4. The undrained shear strength values both prior to and following load cycles.

Depth of cy beforetest= ¢, before test = ¢, before test =
footing (cm) 20 kPa 40 kPa 70 kPa
Velocity (3 Square footing At surface 24 45.6 76.3
mm/sec) Df=5 26.58 479 78.85
D:=10 - - -
Circular footing At surface 23.99 45.19 76.17
Df=5 26.51 47.26 78.43
D:=10 - - -
Velocity (6 Square footing At surface 23.8 45.41 76.98
mm/sec) Di=5 26.25 47.65 78.5
Df=10 - - -
Circular footing At surface 23.6 44.87 75.91
Df=5 26 46.9 78.17
D¢ =10 - - -
Velocity (9 Square footing At surface 23.79 44.74 75.45
mm/sec) Di=5 25.9 46.87 77.91
D:=10 - - -
Circular footing At surface 21.79 44.09 75.25
Df=5 22.66 46.5 77.52
D:=10 23.12 46.90 77.81

Overall, the results show that the soil's undrained shear strength increased following the cyclic load test
compared to its pre-test value; however, the degree of this increase varied depending on the variables.

According to Kawa et al. [27], reinforced soils were less sensitive to the number of loading applications than
ordinary soil (no column) for models of soft soil reinforced by stone column subjected to cyclic load below the
threshold loading rate 5 mm/sec.

This is because loading causes the column materials to compact, increasing their density and resulting in a
higher resistance to deformation and, ultimately, less settlement. Models evaluated at a loading rate of 5 mm/sec
were not able to reach the failure level as quickly as models subjected to cyclic loading at a loading rate of 10
mm/sec. This was also provided by Najim et al. [28].

4. Conclusions

The following points were outlined:

1) The maximum cyclic settlement increased by roughly (45-63%)% in soft clay, (23-32%)% in medium clay,
and (29-41%)% in stiff clay when the loading rate was increased from 3 mm/sec to 9 mm/sec.

2) At the start of the test, there was a sharp rise in settlement. This indicates that in all models, the threshold
stain is extremely tiny in the zones of cyclic amplitudes.

3) The increase in undrained shear strength increases with increasing footing depth.

4) The value of the increase in the undrained shear strength increases with decreasing loading rate.

5) When the shape of the footing changes, utilizing square footing results in a higher rise in the undrained shear
strength than using circular footing.
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