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Abstract 12 

As metropolises expand, to accommodate infrastructure such as transport systems, venti- 13 

lation networks, and utilities, underground spaces must be developed. In congested met- 14 

ropolitan cities characterized by soft ground conditions, press-in methods for open cais- 15 

son shafts have emerged as a preferred construction technique. However, the geotechnical 16 

response of surrounding soils especially in heterogeneous grounds remains complex and 17 

insufficiently understood during press-in assembled open caisson construction. This pa- 18 

per presents a 1-g modelling apparatus and procedure for simulating press-in assembled 19 

open caisson construction. The system replicates vertical sinking and staged excavation 20 

processes while allowing detailed observation of soil displacement and settlement. Trans- 21 

parent soil was prepared to replicate silty clay and clay region from silica-based mixtures 22 

with matched refractive indices. Soil displacement fields in real time were captured using 23 

combined laser assisted imaging with Digital Image Correlation (DIC) system. Results re- 24 

veal typical behavior in silty clay with deformations localized near the cutting edge and 25 

remained comparatively restricted with penetration, indicating partial drainage and a 26 

stiffer response. However, clay revealed wider propagation zones and larger displace- 27 

ment magnitudes at deeper penetration, consistent with plastic flow and undrained sof- 28 

tening. This apparatus effectively investigated soil-structure interaction during caisson 29 

installation, showing the substantial influence of soil strata and penetration depth on 30 

ground movements. For future studies it offers a platform for improving predictive mod- 31 

eling, geotechnical design, and risk mitigation in urban underground construction. 32 

Keywords: assembled open caissons; press in technique; 1-g physical modeling; urban 33 

underground structures 34 

1. Introduction 35 

Rapid urbanization has led to increasing demands on underground space. Infrastruc- 36 

ture such as metro lines, sewers, and utilities often requires vertical access through shafts. 37 

The Open caisson technique has evolved over the past 170 years and continuous to play a 38 

significant role in modern urban construction. In soft-ground urban environments, open 39 

caisson shafts are widely used due to their compact footprint and constructability in con- 40 

strained settings. These shafts are constructed by sinking prefabricated or cast-in-place 41 
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segments through excavation and press-in techniques. The principle of pressure sinking 42 

is, press first and then take out the soil. The jack begins to slowly apply pressure to the 43 

caisson, as shown in Figure 1. According to Allenby et al. (2009) [1], caisson-sinking allows 44 

the shaft construction to be gradually sunk from the surface level by self-weight or with 45 

the help of jacks. To assist this driving process in this method a cutting edge is attached 46 

to the first caisson ring. Wang et al.(2025)[2]conducted systematic evaluation of conven- 47 

tional and mechanized shaft technologies, including open caissons, drilled shafts, and the 48 

emerging pressed-in ultra-deep assembled shafts (PIAUS). Regardless of the technique 49 

used, excavation induced displacement prediction during open caisson shaft construction 50 

is significant design issue in urban areas, that could potentially damage to existing struc- 51 

tures. However, soil composition, the choice of construction method, and excavation ge- 52 

ometry influenced the ground movements and settlements associated with open caisson 53 

shafts [3, 4]. Present geotechnical engineering practice strives to minimize these move- 54 

ments; however, precise assessment remains crucial for the successful completion of many 55 

projects. Faustin (2017)[5] observed that the amount and distribution of ground defor- 56 

mations were greatly impacted by the shaft construction method, which can be catego- 57 

rized into two main types: pre-installed shaft lining and concurrent shaft lining. 58 

The interaction between the caisson structure and the surrounding soft soils is com- 59 

plex, often resulting in ground movements that could affect adjacent infrastructure. While 60 

numerical models provide insights, physical models, especially 1-g tests, remain essential 61 

to capture the behavior under controlled and observable conditions. This study develops 62 

a novel 1-g test system to simulate press-in caisson shaft construction in soft clays. For 63 

design purposes, shallow excavations like basements can be simplified to plane strain 64 

conditions. However, due to the circumferential or hoop forces in the retaining structure, 65 

axisymmetric and non-axisymmetric deep excavations vary significantly. The ground re- 66 

sponse to these various types of construction will differ, and these variables should be 67 

included in the design or settlement estimates [6]. However, approaches based on base- 68 

ment excavation are frequently used for deep shaft construction. 69 

The goal of this study is to design apparatus to replicate the staged press-in sinking 70 

and excavation process of open caisson shafts. Additionally, the study aims to measure 71 

soil displacements during construction and validate the effectiveness of this apparatus in 72 

assessing the impact of caisson construction in soft urban settings. 73 

 74 

 75 
Figure 1. Schematic of Press in open caisson sinking construction. 76 
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2. Review of ground movement prediction methods for open caisson 79 

shaft construction 80 

In literature, the complexity and variability of soil behavior during construction is 81 

highlighted in ground movements resulting from open caisson shafts in soft ground. 82 

Open caisson shaft construction, often employed in urban environments for infrastructure 83 

projects, can induce significant ground displacements, posing risks to nearby structures. 84 

Understanding the causes underlying soil deformation, the efficacy of construction meth- 85 

ods, and the creation of prediction models to reduce these risks are the main objectives of 86 

the research. To best of our knowledge, the only well-documented case study to date is 87 

the construction of a 26 m deep shaft in London clay [7]. Recent field monitoring studies 88 

[6, 8] have primarily examined alternative construction methods, such as diaphragm 89 

walls, and have focused exclusively on surface settlements. Although centrifuge model- 90 

ling studies [9] have advanced understanding of soil settlement mechanisms, no experi- 91 

mental data  currently exist on the settlements induced by open caisson sinking in sand. 92 

The most widely used empirical method for predicting soil settlement due to open caisson 93 

construction is the parabolic relationship proposed by New and Bowers (1994). However, 94 

this approach has two key limitations: (a) it neglects the influence of shaft diameter (𝐷) on 95 

settlements, and (b) it is specific to clayey soils. Schwamb (2014) [6] reported that conven- 96 

tional design methods considerably over-predicted field measurements in construction of 97 

two urban open caisson case studies. Mitigating these uncertainties and overly conserva- 98 

tive predictions is essential for optimizing design efficiency and minimizing dependence 99 

on costly protective measures in engineering practice. Therefore, this study aims to de- 100 

velop 1-g model apparatus designed to quantify and validate the subsurface displace- 101 

ments induced by press in open caisson shaft excavations in heterogeneous grounds. 102 

  103 

                        3. Physical model testing 104 

3.1. Previous physical model testing 105 

Numerical modeling and back analysis with well-defined and controlled boundary con- 106 

ditions can be made possible by physical modeling under 1-g, which can provide a relia- 107 

ble data source. Under normal gravity conditions, Tobar and Meguid (2009) [10] per- 108 

formed several tests to study variations in lateral earth pressure induced by the radial 109 

displacement of shaft linings. Their developed apparatus allowed for the modeling of 110 

the full shaft geometry and the lining’s radial displacement. Song and Sheil (2023) [11] 111 

investigated soil deformation mechanisms during caisson construction in dry sand, 112 

identifying that the main mechanisms causing ground movements was a compressive 113 

bearing front below the cutting face and a frictional contribution above the cutting face. 114 

Chavda and Dodagoudar (2022) [12] conducted a series of 1-g model studies to analyze 115 

the load–penetration behavior and the soil flow behavior around the cutting edge of a 116 

circular open caisson in sand. By considering both full and half open caissons with vary- 117 

ing cutting edge tapered angles and employing image-based deformation measurement 118 

techniques, they evaluated that both blade foot depth and slope angle substantially in- 119 

fluence the resistance and the flow behavior of the soil adjacent to the blade foot. How- 120 

ever, their research was constrained to 1-g model conditions, which may not fully repli- 121 

cate the field complexities and focused on sandy soils, leaving the response in other soil 122 

types unexplored.  123 

Based on the aforementioned studies, an apparatus has been developed for 1-g model- 124 

ling caisson-sinking induced settlements in multi layered grounds. The model test 125 
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apparatus developed has been divided into two main systems (i) segments sinking sys- 126 

tem and (ii) soil excavation system. 127 

3.2. Model test apparatus  128 

The schematic sketch of the physical model test is shown in Figure 2. The adopted scal- 129 

ing factor for the model and prototype is 1:100. The model shaft diameter is 80 mm with 130 

segments height 20mm each with 3.5 mm thickness are used such that deformation of 131 

the caisson segments itself are negligible. The model test system is self-designed specifi- 132 

cally for this experiment and comprises of a model tank, caisson model, hydraulic jack a 133 

computer, a CCD high speed camera, an optical laser and program for Digital Imagine 134 

Correlation (DIC). Model box dimensions are 1 m × 1 m × 1 m (length × width × height). 135 

The front, rear, left and right windows are made of 15mm thick transparent plexiglass 136 

viewing panels on two adjacent faces: one facilitates the transmission of the laser light 137 

sheet through the soil model while other enables visualization of soil movements along 138 

the plane of interest. In order to ensure that the sidewall's lateral displacement could not 139 

exceed 0.1%, transparent windows were designed to be 15 mm thick [13].  140 

The test area measures 0.5 m × 0.5 m × 0.5 m (length × width × height), filled by transpar- 141 

ent soil, as shown in Figure 2. The base is made of 15mm thick steel plates. Parts are con- 142 

nected and reinforced with steel frames. Drainage holes were left at the bottom of the 143 

model container to allow the dissipation of excess water pore pressure, which can have a 144 

significant impact on the long-term behavior of open caisson.  145 

  146 

Figure 2. The schematic sketch of the 1-g physical model. 147 

3.3. Transparent soil preparation 148 

In this study amorphous silica powder having size ranging from 1.6-2µm and 80:20 con- 149 

centration by weight and silica gel having size 0.075-0.15 mm was used to replicate clay 150 

and silt respectively. Material used in model test and its preparation procedure is illus- 151 

trated in Figure 3. The mixture was prepared with oil and soil in a weight ratio of 12.5:1 152 

for preparation of clay layer whereas for silty clay layer, mixture was prepared with 153 

amorphous silica powder, silica gel, and oil in a weight ratio of 4:1:50. 1:1 blend of min- 154 

eral oil and n-dodecane is used to prepare transparent soil mass having same refractive 155 

index of 1.447 at 24 ̊C.  156 
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  157 

Figure 3. Illustration of material used in model experiment and its preparation. 158 

For the sample preparation, firstly an amorphous silica powder slurry was made by mix- 159 

ing with pore fluid and a separated specimen was made of silica gel and amorphous 160 

silica powder. Secondly, a vacuum was applied to de-air both specimens until they 161 

turned transparent. Third, silica slurry was poured into the Plexiglas mold and consoli- 162 

dated by draining fluid to achieve desired density. Forth, de-aired silica gel and amor- 163 

phous silica powder was poured on top of amorphous silica powder sample after its 164 

consolidation. Polyamide Resion Particle (PSP) tracer particles were mixed with soil in 165 

pre-determined amount to generate speckle pattern necessary for geoPIV/DIC [14] to be 166 

able to monitor the subsurface displacements as shown in Figure 4. 167 

  168 

Figure 4. Speckle pattern generated by using laser. 169 
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3.4. Testing Procedure 170 

The testing procedure involved simulating caisson construction in two repeating stages: 171 

(a) model caisson sinking and (b) internal soil excavation. The sinking of the open cais- 172 

son is done by using hydraulic jack and load is measured from load cell and deflection 173 

in caisson is measured by using LVDT. Caisson sinking and internal soil excavation pro- 174 

cess is performed simultaneously by the jacking pressure and by using the manual 175 

method (using spoon) and each segment of 20mm are inserted. The penetration interval 176 

was selected based on scaling field measurements [15]. To Ensure consistency and re- 177 

peatability in soil removal, the rate and depth of excavation was controlled (4mm per 178 

time up to 20 mm depth in 5 times) according to the prototype as 40cm per time up to 2 179 

meters depth in 5 times. A total of 7 segments are inserted by this repetitive process, 180 

while continuously capturing images of the transparent soil surface using the DIC cam- 181 

era system. These stages were repeated until the sinking depth, 𝐻, reached a maximum 182 

value of one caisson diameter, i.e., 𝐻𝑚𝑎𝑥∕𝐷 = 1.45. 183 

4. Results and Discussions 184 

4.1. Displacement fields in multi layered soft grounds at different caisson penetration depths 185 

Soil displacement during caisson sinking in multi layered soft grounds is examined by 186 

using DIC method. Color-filled maps illustrated the displacement magnitude and defor- 187 

mation patterns are shown as contour plots. This combined approach offers clearer in- 188 

sight into how soil response changes with increasing penetration depth. 189 

4.1.1. Displacement fields in silty clay region  190 

Results of soil deformation during caisson movement in the silty clay region at different 191 

penetration depths of 5 mm and 80 mm are shown in Figure 5(a) and (b). These figures 192 

illustrate the magnitude of soil displacement around the caisson cutting edge. Soil defor- 193 

mation is highly localized at the initial penetration stage, exhibiting symmetric bulb of 194 

vertical displacement just beneath the cutting edge. Small displacement magnitude con- 195 

centrated around the caisson edge, and almost undeformed surrounding soil, indicating 196 

primarily elastic response and a highly localized influence zone. Contours show that 197 

deformation remain confined with limited influence on the surrounding soil mass 198 

. 199 

Figure 5. DIC results of soil displacement in the silty clay region during caisson penetration at 200 

depths of (a)5 mm and (b) 80 mm with corresponding transparent soil images.  201 
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The displacement magnitude increases significantly at a deeper penetration stage. 202 

Stronger soil mobilization beneath the cutting edge demonstrated the downward and 203 

slight lateral expansion of deformation zone. The contour plots show that deformation 204 

field broadens and more defined as the caisson advances, representing progressive 205 

stress redistribution. The findings show that deformation during caisson sinking in silty 206 

clay soils, progresses from a confined zone at penetration of 5 mm to a wider, more sig- 207 

nificant displacement field at larger depth of 80 mm. The color maps and contour plots 208 

show magnitude changes, deformation patterns and extents of soil movements are at the 209 

caisson base. These results highlight that as caisson depth increases, soil resistance pro- 210 

gressive mobilized resulting in development of settlement. 211 

From DIC results, higher stiffness or faster pore pressure dissipation in the silty clay re- 212 

gion are more evident. These characteristics are driven by lower plasticity index, partial 213 

saturation, or better drainage, which effectively limit pore pressure buildup and the de- 214 

velopment of plastic strains, resulting in localized displacement zones. This resulting 215 

behavior suggests that material behaves with an elasto-plastic response with progressive 216 

loading. 217 

4.1.2. Displacement fields in clay region 218 

As caisson penetrates in the clay layer region, resulting soil displacements evolve from 219 

localized deformation under the cutting edge to more intense and widespread defor- 220 

mation as shown in Figures 6 (c) and (d). This behavior aligns with the expected soil– 221 

structure interaction mechanisms during caisson sinking. 222 

 223 

 224 

Figure 6. DIC results of soil displacement in the clay region during caisson penetration 225 

at depths of (c) 90 mm and (d) 145 mm with corresponding transparent soil images. de- 226 

formation under the cutting edge that intensifies and spreads with depth 227 

Figure 6 shows that as the penetration depth increases the clay region experiences no- 228 

ticeably more deformation in terms of both magnitude and spatial extent. At a penetra- 229 

tion of 90 mm (Figure 6c), displacement propagates noticeably in both vertical and 230 
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horizontal directions whereas the deformation zone expands considerably, reaching 231 

deeper into the subgrade and displaying higher displacement magnitudes at penetration 232 

depth of 145 mm (Figure 6d). This behavior is typical of high-plasticity clays under un- 233 

drained conditions, where pore pressure buildup reduces effective and triggers strain 234 

softening behavior. Ultimately, the result shows the soil transitioning from an initial 235 

elastic response to a fully plastic flow, a phenomenon aligns with the critical state soil 236 

mechanics, and undrained shear strength theory where soil resistance diminishes with 237 

continued strain [16]. 238 

  239 

Figure 7. Normalized average displacement magnitude for the caisson in multilayered 240 

soils. 241 

The evolution of the normalized average displacement magnitude (Sd/H) with normal- 242 

ized penetration depth (z/H) for the caisson in the layered silty clay and clay region is 243 

shown in Figure 7. In the overlying silty clay region at z/H<0.55, Sd/H remains very small 244 

(<0.1%), indicating limited global deformation of the soil mass and largely restricted to a 245 

limited area around the cutting edge. The average displacement increases significantly as 246 

penetration proceeds into the underlying clay region (z/H>0.55), with a substantial rise 247 

from roughly 0.35% to almost 1.0% between z/H≈0.85 and 1.0. These observations align 248 

well with the DIC displacement fields presented in Figures. 5 and 6, which depicts a 249 

change from a diffuse deformation bulb within the silty clay region to a more concentrated 250 

and intense plastic zone around the cutting edge upon entering the clay region. This tran- 251 

sition underscores the dominant role of the deeper clay in dictating the final stage defor- 252 

mation response of the system. 253 

5. Conclusions and future work 254 

To replicate open caisson shaft construction in soft urban soils, a 1-g physical model- 255 

ing apparatus has been developed. This system allows detailed observation of soil re- 256 

sponses during press-in and excavation, replicating the ground movement patterns ob- 257 

served in real field conditions. Outcomes presented that at shallow depths silty clay soils 258 

exhibited localized deformations, while clay soils displayed deeper and widespread dis- 259 

placements, mainly in higher penetration depths. These findings highlight the strong in- 260 

fluence of soil type and penetration depth on ground response and emphasize the need 261 

for accurate settlement prediction to safeguard nearby structures during urban construc- 262 

tion.  263 

To expands its geotechnical engineering applications future improvements to the ap- 264 

paratus may include pore pressure control, multi layered soil configurations, and studies 265 

on caisson–soil interaction. Also, research should focus on field validation, investigating 266 

other soil types and to compare model results with real-world caisson sinking data.  267 
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Furthermore, additional investigation could be carried out to explore different caisson 268 

configurations, including large-diameter and combined open caissons, using this devel- 269 

oped 1-g apparatus. 270 
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