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1. Introduction 
 

The study of soil stress-strain behavior commonly relies 

on laboratory testing methods such as triaxial, direct shear, 

and direct simple shear tests. Among these, the direct 

simple shear test stands out for its ability to approximate the 

pure shear state of soil, rendering it valuable across a 

spectrum of practical engineering applications including 

seismic analysis, offshore foundation assessment, and slope 

stability analysis (Vucetic and Lacasse 1982, Vieira et al. 

2015, Zhang et al. 2016, Rasool and Aziz 2019, Dang et al. 

2022, Muhammad et al. 2023, Tao et al. 2023). Compared 

to the direct shear apparatus, the direct simple shear 

apparatus offers advantages such as a more uniform internal 

stress distribution within the specimen, a non-fixed failure 

surface, and the capability to measure shear strain in the soil 

(Jurko et al. 2008). Furthermore, in contrast to the triaxial 

apparatus, the preparation of specimens for the direct 

simple shear test is simpler, allows for rapid consolidation,  
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and yields strength properties more akin to practical 

engineering scenarios (Mayne 1985, Airey and Wood 1987, 

Cappellaro et al. 2021, Wai et al. 2022). Consequently, the 

direct simple shear test has garnered significant attention 

and enjoys widespread adoption for determining the 

mechanical properties of soils. 
The inception of the direct simple shear test can be 

traced back to the development of the earliest ring shear 
apparatus by the Swedish Geotechnical Institute in 1936 
(Kjellman 1951, Bjerrum and Landva 1966, Li et al. 2017, 
Nong et al. 2021). This apparatus utilized lateral rubber 
membranes to confine the specimen, encasing it within 
multiple aluminum rings to maintain a constant cross-
sectional area. Subsequent iterations of similar apparatuses 
were pioneered by institutions such as Cambridge 
University and the Norwegian Geotechnical Institute, each 
employing distinctive methodologies for specimen 
confinement and shear force application (Roscoe 1953, 
Budhu 1984, 1987, 1988, Doroudian and Vucetic 1995, 
Vucetic et al. 1998). Norwegian Geotechnical Institute’ 
apparatus uses cylindrical specimens and employing rubber 
membranes reinforced with steel wires for lateral 
confinement. The apparatus developed by Cambridge 
University uses rigid boundaries to constrain the soil, and 
the soil is a cuboidal sample. There are two hinged side 
plates at both ends of the pressure chamber that can rotate, 
and when rotated, they are parallel to each other, resulting 
in uniform shear strain of the soil sample. 

In the ensuing years, numerous advancements were 

made to enhance the performance and functionality of these 

shear apparatuses. Notable developments include Geonor's  
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DSS and the cylindrical constant stress simple shear 
apparatus (CSSA) described by Airey and Wood, both of 
which featured cylindrical specimens wrapped in rubber 
membranes reinforced with spiral coils (DeGroot et al. 
1996, Airey and Wood 1987). And, fully automated 
iterations of the NGI-type DSS and CSD apparatuses were 
introduced, boasting improved automation capabilities and 
specimen confinement techniques (Lashkari et al. 2020, 
Anderson and Riemer 1995, Chu et al. 2012, Reid and 
Fourie 2019). Additionally, hollow cylinder torsional shear 
devices have been used that the device can perform tests 
with both stress and strain controls (Khayat et al. 2014, 
Khayat 2018). It can measure the anisotropy of soil. 

Moreover, commercial entities such as Geotechnical 
Consulting and Testing Systems (GCTS) in the United 
States and the British GDS company have contributed to the 
advancement of shear apparatus technology with products 
like the CSS apparatus and EMDCSS/VDDCSS, 
respectively (Hubler et al. 2017, Kwan and Shun 2018, 
Reardon et al. 2022, Li et al. 2017, Zhang et al. 2019, Jin et 
al. 2022). These innovations typically focus on automation, 
material selection, and specimen dimensions to enhance test 
efficiency and accuracy. 

However, despite these advancements, certain 

challenges persist in existing direct simple shear 

apparatuses, particularly regarding structural aspects such 

as the pressure chamber, cylindrical specimen design, and 

the use of rubber membranes. These challenges, including 

non-uniform stress distribution at specimen boundaries and 

issues related to specimen stability, necessitate further 

improvements in shear apparatus design. 

In response to these challenges, this paper presents a 

novel stress/strain-controlled direct simple shear apparatus 

that addresses some of the limitations of current mainstream 

shear apparatuses. The apparatus has undergone preliminary 

experiments, including shear strength tests for two types of 

soils and shear creep tests under different stress levels, 

demonstrating its potential utility in soil mechanics 

research. 

 

 

2. Design and development of a novel stress/strain-
controlled direct simple shear apparatus 

 

2.1 Design requirement 
 

The development of a novel stress/strain-controlled 

direct simple shear apparatus needs to meet several key 

design requirements: 

 

 

(1) The direct simple shear apparatus is designed to 

incorporate a specimen chamber without a rubber 

membrane around the specimen. It facilitates specimen 

preparation. Meanwhile, the specimen chamber can 

securely hold the steel laminations to prevent soil particles 

from being squeezed between the layers of steel laminations. 

It is necessary that this design does not affect the shearing 

process. 
(2) The uppermost steel lamination remains horizontally 

fixed, while the lowest steel lamination is moved. A notable 
issue arises during shearing, where one side of the steel 
laminations tends to lift, resulting in a non-uniform 
distribution of shear stress (see Fig. 1). Reducing or 
eliminating the tendency for specimen tipping and rotation 
during shearing is essential to enhance accuracy of test 
result. 

(3) It is required to maintain an equal shear 
displacement difference between each pair of adjacent steel 
laminations (as depicted in Fig. 1), thereby achieving 
uniform shear deformation of the specimen. 

(4) To achieve a more uniform distribution of shear 

stress, it is necessary to ensure that the specimen 

experiences shear force in only one horizontal direction. 

This requires designing a structure that limits the 

displacement of steel laminations towards other horizontal 

directions. 

(5) When applying vertical loads using a lever, the 

vertical deformation of the specimen may cause the lever to 

rotate within the vertical plane. This, in turn, leads to a 

change in the position of the lever pivot, making it difficult 

to accurately transmit vertical loads. Therefore, it is 

necessary to address the issue of pivot change. 

 
2.2 Structure of the novel stress/strain-controlled 

direct simple shear apparatus 
 
In order to meet the above-mentioned requirements, a 

novel stress/strain-controlled direct simple shear apparatus 
has been developed. This apparatus is shown in Fig. 2. It 
comprises three key components: the specimen box, 
measurement system, and loading system. The specimen 
box is the core structure of the direct simple shear apparatus, 
which is crucial to ensuring the precision of the experiments. 
It is a challenging aspect of the apparatus development. The 
measurement system comprises a series of electronic data 
acquisition devices for automatically collecting force and 
displacement data. The loading system consists of both 
horizontal and vertical loading systems. The apparatus is 
described in detail as follows.  

 

Fig. 1 Schematic diagram of shear deformation in normal direct simple shear apparatus 
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2.2.1 Specimen box 
The specimen box mainly consists of a set of steel 

laminations, an outer frame for fixing the steel laminations, 

and a carriage, as illustrated in Fig. 3. 

A set of steel laminations consists of 13 rectangular-

ambulatory-plane steel laminations. The surfaces of these 

steel laminations have been polished. The internal 

dimensions of these steel laminations are 100 mm in length 

and 40 mm in width, resulting in a length-to-width ratio of 

2.5:1 for the specimen. The significantly greater length than 

width minimizes the tendency of the specimen to tip after 

shear deformation compared to square or cylindrical 

specimens. This shape promotes a more uniform 

distribution of shear stress in the plane. 

The top steel lamination, referred to as steel lamination 

A, is relatively thick (6 mm) to ensure that the bottom of the 

permeable plate remains within steel lamination A after 

specimen consolidation. The bottom steel lamination, steel 

lamination B, has a thickness of 4 mm. The remaining 11 

steel laminations, referred to as "thin steel laminations", are 

each 2 mm thick. During shear testing, steel lamination A 

remains stationary, and steel lamination B moves with the 

carriage. The actual shear height of the specimen is depicted 

in Fig. 4(c). 

To ensure uniform shear displacement increments 

between adjacent layers of thin steel laminations, a pin-

controlled deformation control rod is employed. Each layer 

of the steel laminations is equipped with three waist-shaped 

apertures in the front of them. Three deformation control 

rods pass through the three waist-shaped apertures 

vertically, respectively, as depicted in Fig. 4(a). A through-

hole horizontally is set at the front end (define direction of 

shear stress as the front) of steel lamination A. A pin is 

inserted into the through-hole and sequentially passes 

through small holes at the top of the three deformation 

control rods. The pin allows the deformation control rods to 

rotate around it (as shown in Fig. 4(b)). 

 

 

The steel lamination A remains stationary, and steel 

lamination B is fixed to the carriage. The carriage is pulled 

results in inclinations of the deformation control rods, 

causing thin steel laminations displacement (as shown in 

Fig. 4(c)). To accommodate the required angular deflection 

of the deformation control rods, it is imperative that the 

diameter of the waist-shaped apertures must exceed the 

diameter of the deformation control rods in the shear 

direction. 

The deformation control rods contact with the rearward 

wall of waist-shaped apertures on steel lamination B, while 

maintaining clearance at the forward wall. Likewise, they 

engage with the forward wall of the waist-shaped aperture 

on thin steel laminations, while preserving clearance at the 

rearward wall. Furthermore, the deformable control rods 

exist clearances with both the forward and rearward walls 

of the waist-shaped aperture on steel lamination A. 

Referring to Fig. 4(a), it becomes apparent that when the 

bottom layer of steel lamination B is pulled, the contact 

between the rearward wall of the waist-shaped apertures on 

steel lamination B and the deformation control rod causes 

the rod to move along with steel lamination B. However, 

since steel lamination A is fixed, the top of the deformation 

control rod does not move, and the deformation control rod 

acts as a rigid body, causing tilting. Simultaneously, the 

forward wall of the waist-shaped aperture on thin steel 

laminations comes into contact with the deformation control 

rod, thereby driving the displacement of the thin steel 

laminations due to the inclination of the deformation control 

rod. Given the uniform thickness of the thin steel laminates, 

identical inclination angles of the deformation control rod 

lead to consistent increments in displacement among 

adjacent thin laminates. 

Simultaneously, there exists a vertical gap between the 

bottom end of the deformation control rods and the bottom 

surface of steel lamination B. The vertical gap ensures that 

the bottom of the deformation control rods after inclining  

 

Fig. 2 Novel direct simple-shear apparatus 
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does not protrude beyond steel lamination B. The primary 

function of the deformation control rods is not only to limit 

the vertical displacement of the steel laminations but, more 

importantly, to ensure uniform shear displacement among 

the laminations. It is thereby guaranteed that a uniform 

distribution of shear strain from top to bottom throughout 

the test specimen. 

The outer frame for fixing the steel laminations is 

composed of a bottom plate, two lateral guide plates, and 

two fixing plates. It forms an open-top rectangular cavity, 

as shown in Fig. 3. The bottom plate is fixed within the 

carriage. The two lateral guide plates are symmetrically set 

on the left and right sides of the bottom plate. The two 

fixing plates are positioned at the front and rear ends of the 

bottom plate, respectively. A central rectangular cavity 

where the 13 steel laminations are placed is created. The 

internal dimensions of the outer frame closely match the 

plane dimensions of the steel laminations. The outer frame 

thereby constrains any horizontal sliding of the steel 

laminations during specimen preparation and consolidation. 

To prevent friction between the outer frame and the steel 

laminations during shear testing, there is a 0.1 mm gap 

 

 

between the two lateral guide plates and the steel 

laminations. The outer frame is designed to be detachable. 

The two fixing plates in the shear direction are removed 

during testing, without affecting the lateral sliding of the 

steel laminations along the shear direction. 

The lateral guide plates install limiting flanges in the 

direction of the central rectangular cavity. Threaded holes 

are provided on the limiting flanges. Screws are screwed 

into the threaded holes to press against steel lamination A. 

The structure ensures that adjacent laminations do not 

develop gaps during specimen preparation and 

consolidation, preventing soil from being squeezed between 

steel laminations. The screws are removed during shear 

testing to reduce friction between the steel laminations. The 

lateral guide plates are retained during shear to ensure the 

steel laminations slide only along the shear direction. 

The novel direct simple shear apparatus incorporates a 

topless rectangular carriage for applying horizontal shear 

force to the specimen, as depicted in Fig. 3. Meanwhile, 

because the sample needs to remain saturated after vacuum 

saturation in the saturation cylinder, the carriage is designed 

to ensure that the saturated sample remains submerged. The  

 

Fig. 3 Assembly diagram of specimen box 
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permeable plate is fixed above the bottom plate of carriage 

and connected to the frame around steel lamination B for 

consolidated drained test. Rails are installed underneath the 

carriage. Small steel balls are placed on the rails. The 

Vaseline is applied to reduce friction at the bottom of the 

carriage. The design ensures that the carriage can slide 

freely in the shear direction during shear. 

 

2.2.2 Measurement and loading systems 
The measurement system records displacement or shear 

force. The loading system applies vertical and horizontal  

 

 
 

loads to the specimen. Vertical loading is achieved through 
a lever system. The horizontal loading system comprises 
two loading modes, as shown in Fig. 5. One mode employs 
a horizontal servo motor for horizontal loading (strain-
controlled loading), and one end of a force sensor is 
connected to the horizontal servo motor, and the other end 
is connected to the sample box to measure shear force. The 
other mode uses weights connected to the carriage via steel 
wires for horizontal loading (stress-controlled loading). The 
following text will focus on the lever pivot and the vertical 
force transmission structure of the vertical loading system 
(Fig. 6). 

 
(a) Front view 

 
(b) Top view 

 
(c) Displacement diagram of the steel laminations after shear deformation 

Fig. 4 Schematic diagram of stacked steel laminations 

 

Fig. 5 Horizontal loading system 
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To ensure that the vertical force is applied at the center 

of the specimen, the pressure cover plate is fixed to the 

permeable plate, and the permeable plate is inserted into 

lamination A by 1-1.5 mm. The lower end of the loading 

rod is equipped with a threaded rod that can be screwed into 

the pressure cover plate. The lower section of the loading 

rod passes through a ball-bearing bronze bushing fixed on 

the loading rod support. At the upper end of the loading rod, 

there is a sleeve joint. The loading rod is hinged at the 

sleeve joint. A spherical groove is incorporated into the 

sleeve, and a ball head is designed to connect the lever to 

the sleeve. The sleeve counteracts a portion of the 

horizontal forces generated by rotation of the lever. This 

structure solves the problem of vertical load variation 

caused by lever pivot changes due to vertical soil 

deformation. The detailed structure is depicted in Fig. 6. 

To further eliminate any potential horizontal 

displacement at the top of the specimen, a horizontal 

bracing rod (as shown in Fig. 2) is arranged to support the 

pressure cover plate. The head of the horizontal bracing rod 

is connected to the pressure cover plate via ball joints. 

 

2.3 Friction force measurement 
 

Friction between the bottom of the carriage and the 

guide rails, as well as between the steel laminations, can 

influence the accuracy of the test results. These frictions 

lead to a reduction in the actual shear stress applied to the 

specimen compared to the designed value. On one hand, 

this reduction causes a decrease in the measured strength 

parameters, while on the other hand, it underestimates the 

corresponding shear strain. Therefore, to establish the 

validity and reliability of the new direct simple shear 

apparatus, friction was experimentally measured. 

The friction between the bottom of the carriage and the 

guide rails was tested following the procedure outlined 

below. Metal objects with different were placed on the  

 

 
Fig. 7 Curve of frictional force for the bottom of the 

carriage and the rail 

 

 

carriage, and a horizontal servo motor pulled the carriage 

horizontally. The tension force F1 exerted by the servo 

motor corresponding to different vertical pressures FN1 

(including the weight of the metal objects, the carriage, and 

the steel laminations) was measured. Fig. 7 shows the test 

results. It can be seen that there is a strong linear fit 

between tension force F1 and the vertical pressure FN1, with 

a fitting correlation coefficient of 0.986. The slope of the 

fitted line represents the friction coefficient between the 

bottom of the carriage and the guide rails, which is 0.027. 

The friction that is related to the vertical pressure applied 

the specimen cannot be ignored, even though it is very 

small. The calibration of the friction will be discussed in the 

next section combining with the experimental results. 

Furthermore, the frictions between the steel laminations 

were measured. The steel laminations were placed on the 

bottom plate of the carriage. Different vertical pressures FN2 

were applied to the top layer of the steel laminations. The 

servo motor was used to horizontally slide the carriage. The 

corresponding tension force F2 on the servo motor was 

measured. The frictions between the laminations were 

calculated by subtracting the friction F1 between the bottom  
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Fig. 6 Diagram of vertical loading system structural cross-section 
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Fig. 8 Curve of frictions between the steel laminations 

 

 

of the carriage and the guide rails from F2. Fig. 8 shows the 

curve of frictions between the steel laminations. The 

calculated friction coefficient is 0.263. 

In the experiment, the vertical pressure between the steel 

laminations is primarily due to the weight of the steel 

laminations. The total weight of all the steel laminations is 

only 5.48 N, the maximum friction between the steel 

laminations layers (on the top surface of lamination B) can 

be calculated as 1.44 N. The friction is relatively small in 

comparison to the shear force and can be ignored. 

 

2.4 Technical advantages of the novel stress/strain-

controlled direct simple shear apparatus 

 

The novel direct simple shear apparatus offers several 

significant technical advantages: 

(1) The outer frame for placing the steel laminations 

prevent soil particles from being squeezed between the 

layers of steel laminations during specimen preparation and 

consolidation. It effectively controls unidirectional sliding 

of the laminations along the horizontal shear direction. 

(2) The aspect ratio of the internal dimensions of the 

steel laminations for specimen placement is 2.5:1. The 

design reduces the tendency for the specimen to tip and 

rotate after shearing deformation, leading to a more uniform 

distribution of shear stress along the surface of the 

specimen. 

(3) The deformation control rods effectively ensure 

equal displacement difference between adjacent laminations. 

It facilitates uniform shear deformation of the soil. 

(4) In shearing test, the friction between the steel 

laminations are minuscule compared to the shear force and 

can be ignored. The friction at the bottom of the carriage 

between the guild rail can be calibrated. 

(5) The horizontal bracing rod provides support for the 

pressure cover plate, reducing the bending moment of 

loading rod and minimizing friction between the loading 

rod and the sleeve during shearing. 

(6) The vertical force transmission structure adapts well 

to variations in the horizontal position of the loading rod 

pivot when subjected to vertical loading. 

 

 

Table 1 Main physical-mechanical parameters of soils 

Type of 

soils 
ρ/(g/cm3) Gs w/% wl/% wp/% Il Ip 

SSA 1.917 2.77 31.64 40.21 21.85 0.55 18.36 

SSB 1.910 2.75 32.93 37.08 17.67 0.74 19.41 

 
 
3. Preliminary test results and analysis 

 

3.1 Test soil  
 

To verify the performance of the novel apparatus, Using 

the novel apparatus, strain-controlled and stress-controlled 

experiments were conducted separately on two types of 

undisturbed soil, in-situ soil A (referred to as SSA) and in-

situ soil B (referred to as SSB). Shear strength tests and 

creep tests were conducted on the soils. The main physical-

mechanical parameters of soils are listed in Table 1. It can 

be observed that SSA and SSB belong to low liquid limit 

clay. According to consolidation test (not shown in this 

manuscript), the pre-consolidation pressure of the clay is 

1900 kPa. 

 

3.1 Shear strength test results and analysis  
 

The novel apparatus was used to determine the shear 

strength parameters of SSA and SSB under saturated 

conditions by consolidation drained shear tests. The vertical 

pressures were set at 100, 200, 500, and 1000 kPa, with a 

consolidation time of 24 hours. The water in the sample is 

discharged through permeable plates located on both sides 

of the steel laminations. Due to a lack of criterion for testing 

the shear strength of soil using a direct simple shear 

apparatus, this paper refers to direct shear tests in ASTM 

D3080-03 (consolidation drained shear tests i.e. slow shear 

tests). A shear rate of 0.015 mm/min was applied. Shearing 

was stopped either when the shear stress reached its peak or 

when it plateaued. Fig. 9 shows the pictures of soil failure. 

It is observed that the failure surface is close to the 

horizontal plane. It can be found that there are no soil 

particles between adjacent steel laminates, and only water 

droplets seep out of the steel laminates during shearing.  

Taking SSA as an example, Fig. 10 presents the 

relationship between shear stress τ and shear strain γ of the 

soil under different vertical pressures p. It can be observed 

that as the shear strain γ increases, the shear stress τ initially 

increases rapidly and then slows down until it reaches a 

stable value, which corresponds to the shear strength τf. As 

the vertical pressure p increases, the failure shear strain 

corresponding to the stable shear stress also increases. For 

instance, at a pressure of 100 kPa, the shear strength is 59.8 

kPa, and the failure shear strain is 18.1%. At a pressure of 

500 kPa, the shear strength increases to 297.1 kPa, with the 

failure shear strain reaching 34.15%. From the above 

results, it can be preliminarily concluded that the failure 

shear strain is related to the vertical pressure. The failure 

shear strain may reach larger values at higher vertical 

pressures. If the final failure shear strain of laboratory test is 

low, it may underestimate the strength of the soil. 
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It is worth noted that, as described in section 2.3, the 

shear stress measured by the horizontal force sensor is 

affected by friction during shearing and should be calibrated. 

The shear force measured includes the force of soil 

resistance to shear and the friction force. Therefore, the 

shear strength of the soil under different vertical 

consolidation pressures is equal to the measured shear stress 

minus the friction.  

The friction at the bottom of the carriage was studied 

based on the vertical pressures set in this section. The shear 

surface area of the sample is 40 cm2. The normal force at 

 

 

 

 

the bottom of the carriage can be calculated based on the 

applied vertical pressures. The friction can be computed 

using the friction coefficient mentioned in section 2. The 

results are summarized in Table 2. Based on the measured 

shear strength at different vertical pressures, the shear force 

at the time of specimen failure can be obtained. The actual 

shear force applied to the specimen can be computed based 

on the corresponding friction, and thereby the shear strength 

of soil be calibrated. 

Furthermore, Figs. 11 and 12 provide the shear strength 

of SSA and SSB under different vertical pressures. From  

  
(a) (b) 

Fig. 9 Pictures of soil shear failure 

 

Fig. 10 Stress-strain curve of SSA under different vertical pressures 

  
(a) Novel direct simple apparatus (b) Direct shear apparatus 

Fig. 11 Shear strength under different vertical pressures of SSA 
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Fig. 11(a), it is evident that SSA exhibits a pronounced 

linear relationship between shear strength and vertical 

pressures, with a linear correlation coefficient of 0.98. The 

measured effective internal friction angle for SSA is 23.5°, 

and the effective cohesion is 36.23 kPa. Meanwhile, the 

shear strength of SSA is measured by a direct shear 

apparatus. The results are shows in Fig. 11(b). The effective 

internal friction angle of SSA measured by the direct shear 

apparatus is 30°, and the effective cohesion is 27.6 kPa. It is 

found that the effective internal friction angle measured by 

the novel direct simple shear apparatus is lower 6.5° than 

the direct shear apparatus, while the effective cohesion 

measured by the novel direct simple shear apparatus is 

higher 8.63 kPa than the direct shear apparatus. The reason 

for this difference is that the shear surface of the direct 

shear test is different from that of the direct simple shear 

test. 

In Fig. 12, SSB displays different strength 

characteristics compared to SSA. At lower vertical 

pressures (below 500 kPa), there is a strong linear 

correlation between shear strength and vertical pressure, 

with a linear correlation coefficient of 0.99. Under the 

condition, SSB exhibits an effective internal friction angle 

of 30.3° and an effective cohesion of 20.21 kPa. However, 

at higher vertical pressures, specifically when the vertical 

pressure reaches 1000 kPa, the experimental values deviate 

from the fitted curve. The effective internal friction angle is 

23.4° and the effective cohesion is 55.35 kPa if the result of 

p=1000 kPa is included. The shear strength of SSB at 

p=1000 kPa is lower than that derived from the linear 

regression, indicating significant non-linearity. The result is 

similar to the research of Dang et al. (2021).  

Similarly, the shear strength of SSB is measured by a 

direct shear apparatus. The results are shows in Fig. 12(b). 

The linear effective internal friction angle of SSB measured 

by the direct shear apparatus is 33.5°, and the linear 

effective cohesion is 12 kPa. It is observed that the strength 

measured by the direct shear apparatus is slightly higher 

than that measured by the novel direct simple shear 

apparatus. This may be due to the fact that the failure 

surface of the direct shear test is not the weakest surface of 

the SSB. 

The non-linear shear strength behavior of SSB may be  

 

 

attributed to the loose arrangement of clay particles at lower 

stress levels, where shear stress transmission primarily 

occurs through direct particle-to-particle contact. As stress 

levels increase, particles undergo reorganization and 

gradually compact, leading to structural changes within the 

soil. This structural change weakens the potential for 

strength development within the soil, resulting in non-linear 

growth of shear strength. A study by Wang et al. (1979) 

investigated the strength of clay under high pressure, 

revealing notable differences in the stress-strain relationship 

compared to low confining pressure conditions. This 

disparity is characterized by ductile yield, strain hardening, 

subsequent peak holding stages with a larger deformation 

range, as well as strength reduction with larger deformation. 

Consequently, for soils exhibiting non-linear strength 

characteristics like SSB, it is crucial to consider segmented 

strength profiles under different vertical pressures when 

utilizing shear strength parameters (Yazdani Bejarbaneh et 

al. 2015). 

It is affirmed that the novel apparatus is not only 

capable of capturing the linear strength characteristics of 

soils but also able to describe their non-linear shear strength 

features. This validation shows the credibility and 

suitability of the developed apparatus for such studies. 
 
3.2 Creep test results and analysis 

 

Drained consolidation creep tests were conducted on the 

SSA and SSB using the developed apparatus. The vertical 

pressure for the tests was set at 100 kPa. After the 

consolidation of simple achieving stable, incremental shear 

stresses were applied corresponding to shear stress levels 

(defined as the ratio of shear stress τ to failure shear stress τf) 

of 0.2, 0.4, 0.6, and 0.8, respectively. Referring to the 

triaxial shear creep test of clay, the test stabilization time is 

generally around 7 days (Aktaa and Schinke 1996, 

Karunawardena et al. 2011, Wang et al. 2019, 2022). 

Therefore, in the work, the duration of each shear stress 

level was designed to be 5 to 10 days. However, the actual 

duration should be determined based on the creep 

stabilization of the soil. The next level of load was applied 

only after shear deformation was stabilized. There is 

currently no standardized creep stability standard for clay,  

  
(a) Novel direct simple apparatus (b) Direct shear apparatus 

Fig. 12 Shear strength under different vertical pressures of SSB 
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and it is generally believed that the deformation within 24 

hours is less than 0.01mm to achieve creep stability. This 

approach ensures that the results of the staged loading test 

are more reliable and closer to those of a single loading test. 

Fig.13 depicts the creep curve γ-t. 

From Fig. 13, it can be observed that at low stress levels 

(s=0.2, 0.4, 0.6), the shear strain-time behavior of both soils 

can be divided into two stages of the decaying and stable 

creep. In the early stages of creep, shear strain continues to 

increase but at a gradually decreasing rate. In the later 

stages, shear strain gradually stabilizes. At lower stress 

levels, the soils reach stability quickly. However, with 

increasing stress levels, the soils exhibit a significantly 

prolonged duration to reach creep stability, accompanied by 

a concurrent increase in the corresponding shear strain at 

the point of stabilization. For instance, at stress levels of 

s=0.2 and s=0.4, shear strain of SSB stabilizes by the 3rd 

day, with corresponding shear strains of 1.07% and 2.51%, 

respectively. However, at s=0.6, it requires a duration of 7 

days to achieve stability, resulting in a shear strain of 

10.02%. 

At higher stress level (s=0.8), the creep test results for 

SSA and SSB exhibit different creep properties. Fig. 10a 

shows that the shear strain of SSA displays three creep 

stages of the decaying, stable and accelerating creep. 

Whereas Fig. 10b illustrates that SSB still exhibits decaying, 

stable creep at a shear stress level of 0.8. These test results  

 

 

 

demonstrate that the developed direct simple shear 

apparatus can describe various creep characteristics of soils, 

making it highly versatile and applicable. 

It is worth noting that Fig. 13 shows the total shear 

strain curve. In the initial stage of loading, because the pore 

water was not expelled in time, the pore water pressure 

increased, causing the effective vertical stress to 

continuously decrease, resulting in significant shear 

deformation. After the pore water dissipated, the measured 

shear strain at this time is the creep shear strain, which is 

the post-construction shear deformation of concern, as 

shown in Fig. 14. 

 

 

4. Discussion 

 

Laboratory geotechnical tests aim to accurately simulate 

the behavior of the soil at a certain point in engineering. 

The direct simple shear test can achieve the aim only when 

stress and strain are uniform, which is often challenging to 

fully meet. The soil undergoes compressive deformation 

when subjected to vertical pressure. Even though Vaseline 

is applied to the inner walls of the steel laminations, the 

sidewall friction exerted on the soil by the inner walls of the 

steel laminations can only be reduced but not eliminated. 

Therefore, during the transmission of vertical pressure from 

top to bottom of specimen, the vertical force gradually  

  
(a) SSA (b) SSB 

Fig. 13 γ-t curve at vertical pressure of 100 kPa 

  
(a) SSA (b) SSB 

Fig. 14 Creep curve at vertical pressure of 100 kPa 
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decreases due to the influence of sidewall friction on the 

steel laminations. 

For example, assuming the vertical pressure applied by 

the lever is p, the thickness of each steel lamination is the 

same, and the sidewall friction force of the i-th layer 

(counting from the top) of steel laminations is fci. Then, the 

total vertical pressure Fi on the soil layer surrounded by the 

i-th steel lamination is calculated as 

1

i

i ci

i

F p f


   (1) 

Thus, the vertical stress on the soil surrounded by the i-

th shear layer can be calculated as 

i i
σ F A  (2) 

where A is the cross-sectional area of the soil specimen. As 

i increases, σi decreases from top to bottom of specimen. 

Based on 

tan
fi i
τ c σ φ   (3) 

where c is cohesion of soil, φ is internal friction angle of 

soil. When c and φ remain constant, the vertical stress σi 

decreases from top to bottom of specimen, resulting in a 

gradual decrease in the shear strength τfi for each shear 

layer. Consequently, the shear strength distribution of the 

soil is non-uniform, with the strength decreasing towards 

the bottom. When a horizontal shear stress τ is applied to 

soil, exceeding its natural strength, it induces shear 

deformation, causing horizontal displacement of the steel 

laminations. Given that the applied horizontal shear stress 

remains uniform, while the soil strength decreases with 

depth, the lower steel laminations are more prone to sliding, 

leading to non-uniform soil shear deformations. 

Macroscopically, there are unequal relative displacements 

between adjacent layers of steel laminations, as depicted in 

Fig. 14. Therefore, it becomes a challenge to calculate shear 

strain across the entire plane of the soil. 

To achieve a uniform shear deformation, a pin-type 

deformation control rod is introduced. It ensures equal 

relative displacements between adjacent steel laminations 

(Fig. 4). The effective height for shear is the total height 

formed by all the thin laminations. Since the shear strain for 

each steel lamination is 

/ 2=γ x  (4) 

where Δx is equal, the shear strain for each steel lamination 

is equal. This ensures a uniform shear strain distribution 

within the vertical plane perpendicular to the shear force.  

 

 

Every apparatus encounters certain issues in its initial 

development stage, and the developed direct simple shear 

apparatus is no exception. Lamination B is dragged, causing 

displacement in the upper thin steel laminations. It is 

necessary to study whether the deformation control rod 

affects the strength of the soil. During the study, a 

comparison is needed between the stress and deformation of 

each steel lamination and the stress and deformation across 

the entire plane.  

In addition, the extension of specimen ends during 

shearing results in the absence of complementary shear 

stresses at the ends, leading to nonuniform shear stress 

distribution across the specimen's top and bottom surfaces, 

with stress diminishing to zero at the corners (Boylan and 

Long 2009). This imbalance necessitates compensation 

through a nonuniform distribution of normal stress on the 

specimen's surfaces (Airey et al. 1985). However, the 

current direct simple apparatus only measures total vertical 

normal stress and total horizontal shear stress without 

providing insights into stress uniformity or the true stress 

state within the specimen. Hence, future improvements are 

imperative. Solutions proposed by Budhu (1979) and Airey 

(1984) serve as valuable groundwork for enhancing the 

apparatus to accurately assess stress uniformity and the true 

stress state during shearing. 

 

 

5. Conclusions 
 
A novel stress/strain-controlled direct simple shear 

apparatus has been developed and preliminary laboratory 
shear strength and creep tests have been conducted to 
demonstrate the effectiveness of the developed apparatus. 
The main findings are concluded as follows: 

(1) The novel direct simple shear apparatus can prevent 
specimen overturning and stress concentration, achieve 
uniform shear of the specimen, and solve the problem of 
pivot displacement. This apparatus has a simple structure, 
low friction and high accuracy. 

(2) The apparatus can capture both the linear and 
nonlinear strength properties of clay and exhibit notable 
applicability in predicting clay creep. Using this apparatus 
to determine the strength and deformation characteristics of 
soil is undoubtedly feasible. 

(3) In direct simple shear strength test, significant failure 
shear strains may occur. Therefore, it is advisable not to set 
the maximum shear strain too low when conducting direct 
shear strength tests on soil. The tested soil exhibits 
pronounced creep characteristics. As the shear stress level 
increases, the creep duration and steady shear strain 
increase. 

 

Fig. 14 Schematic diagram of unequal relative displacements between adjacent steel laminations 
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(4) Due to the fact that the vertical load of the novel 
developed apparatus is applied through a lever system, it is 
not possible to conduct consolidated undrained shear tests. 
Therefore, the apparatus will be further improved by adding 
a servo motor for applying vertical load. 
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