
 

Centrifuge modelling of tunnel-soil-pile interaction considering the presence of 

rigid caps  
 

Jingmin Xu1, Andrea Franza2, Alec M. Marshall1  
1Department of Civil Engineering, University of Nottingham, UK 
2Canales y Puertos, Universidad Politécnica de Madrid, Spain 

Corresponding author: Jingmin Xu (jingmin.xu@nottingham.ac.uk)  

 

ABSTRACT: Previous research on tunnelling beneath piles has assumed that caps (or other elements such 

as grade beams) above the pile head are elevated from the ground surface. This neglects the possible 

mobilisation of contact stresses beneath the foundation elements at the surface, which may occur as a result 

of pile settlements larger than ground surface movements caused by tunnelling. This paper presents a 

centrifuge study that compares the response of capped piles (where the cap is relatively stiff or rigid and is 

in contact with the soil) and simple piles (no cap) to tunnelling in dry silica sand. The paper includes results 

from 5 centrifuge tests, including both pile loading and tunnelling beneath piles. To consider a critical 

scenario, both simple and capped piles, subjected to a constant external load during tunnelling, are located 

directly above the tunnel. For strain measurement and estimation of internal forces, model piles are 

instrumented with fibre Bragg gratings (FBGs) along their shafts, while the external vertical and pile head 

settlement are also measured. The responses of simple and capped piles are compared by considering 

tunnelling-induced pile settlements and axial forces. Results show that simple pile settlements exceeded 

surface movements up to a point of pile failure (due to the loss of pile base capacity), whereas the cap 

restrained the pile settlement and satisfied equilibrium by mobilising the soil surface contact stresses 

(transferring the load from the pile to the cap). The paper highlights the role and potential benefits of 

considering the presence of pile caps in tunnel-pile interaction analyses.  
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1 INTRODUCTION  

Tunnelling induces stress disturbance and ground 

movements that can threaten existing man-made 

assets. In urban environments, tunnels are often 

excavated beneath structures with deep foundations. 

To prevent detrimental effects, it is important to 

understand the tunnel-pile interaction mechanisms. 

 When a pile with a relatively stiff (referred to as 

rigid in this paper) cap is subjected to tunnelling-

induced ground movements, it is reasonable to 

expect the mobilization of contact stresses beneath 

the cap, contrary to the case of elevated caps or 

where no cap is present. The load carrying capacity 

of the cap can alter the tunnel-soil-pile interaction. 

Therefore, neglecting the presence or the action of 

pile caps results in uncertainties for risk assessment 

purposes. While previous experimental studies have 

considered the pile response to underground 

excavations, the presence of rigid pile caps is 

generally neglected (Jacobsz et al., 2004; Marshall 

and Mair, 2011; Ng et al., 2013; Williamson et al., 

2017; Song et al., 2019), or elevated caps not in 

contact with the ground are assumed (Loganathan et 

al., 2000, 2001; Boonsiri and Takemura, 2015; 

Hong et al., 2015; Franza and Marshall, 2018, 2019; 

Chen, 2019).   

In this paper, the problem is experimentally 

studied using elevated-gravity and reduced-scale 

centrifuge models of tunnelling beneath deep 

foundations of two types: piles with an elevated cap 

or having no cap are labelled as “simple pile” (SP), 

whereas piles with a cap in contact with the soil are 

“capped pile” (CP). The paper reports the results of 

pile loading tests (to assess the load-settlement 

curve of the SP and CP cases to vertical loading) and 

tunnel-pile interaction tests (to compare the 

difference between SP and CP piles when subjected 

to tunnelling induced ground movements). The 

practical implications of neglecting the presence of 

the pile cap in the tunnel-pile interaction are 

discussed by analysing tunnelling-induced pile 

settlements and axial forces.  

 

2 EXPERIMENTAL DETAILS  

2.1. Experimental set up 

2.1.1 Model details 

The plane strain experimental package designed by 

Zhou (2014) for modelling a tunnel excavation 

process was used. It includes a strongbox, a 

transparent acrylic front wall, an aluminium back 

wall, and a flexible membrane model tunnel filled 

with water. The model and results presented here 

are described in model scale unless otherwise stated. 

Tunnel volume loss was simulated by extracting 

water from a model tunnel with a diameter Dt = 



90 mm. For the dry soil sample, a fine-grained silica 

sand known as Leighton Buzzard Fraction E was 

used.  
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Figure 1. Experimental geometry and layout. 

 

Figure 1 displays the test configuration for the 

tunnel-pile interaction tests, while pictures of the 

setup are shown in Figure 2. Two instrumented piles 

are present: a simple or capped pile located above 

the tunnel and a “dummy” pile for FBG temperature 

compensation placed 200 mm from the tunnel. In all 

tests, model piles were placed within in the middle 

of the strongbox width. 

Both model piles were machined from an 

aluminium alloy round hollow bar (inner diameter 

of 10 mm, external diameter 12 mm, 200 mm long). 

The pile embedment length is Lp=150 mm with a 60° 

conical tip. For the capped pile, a square 10 mm 

thick aluminium plate was bolted to the simple pile; 

the cap had a side length Lc = 48 mm. To simulate a 

rough surface, a thin layer of sand was bonded to the 

under-side of the cap and along the pile shaft, giving 

a final pile diameter dp = 13 mm. As shown in 

Figure 1, to measure the axial forces along the 

model piles, two fibres with 5 fibre Bragg grating 

(FBG) sensors (spacing of 45 mm) were glued on 

the opposite inner sides of the hollow bar. 

Importantly, the FBG positioning allowed 

measurement of cap, total shaft, and base loads. To 

compensate for the temperature change effects on 

the FBG measurements of the SP/CP pile, the 

dummy pile was instrumented with three 

temperature sensors (spacing of 75 mm). Axial 

strain was taken as the mean value between two 

opposing FBG sensors on the piles which was 

corrected for temperature based on separate tests 

conducted to assess the temperature-strain 

relationship for each FBG. Finally, axial load was 

obtained based on axial load calibration tests on the 

piles. For further details on to the use of fibre Bragg 

gratings in pile testing, refer to Song et al. (2019).  

The loading system developed by Song et al. 

(2019) was used to apply the external load on the 

SP/CP piles; it consists of stepper motors, gearboxes, 

die springs, loading bars, and associated supporting 

frames and connectors. A load cell (LC) and a linear 

variable differential transformer (LVDT) were used 

to measure pile head loads and vertical 

displacements of the SP/CP piles, as shown in 

Figure 2. The loading system can achieve both force 

control (setting a target load) and displacement 

control (at constant speed), using the load cell and 

LVDT measurements as inputs to the LabVIEW 

control program.  
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Figure 2. Pile installation and setup of a centrifuge model. 

 

2.1.2 Testing plan 

Five tests including three pile loading tests and two 

tunnel-pile interaction tests were performed on the 

University of Nottingham Centre for Geomechanics 

(NCG) 4-m diameter geotechnical centrifuge. Two 

displacement controlled loading tests were 

performed for the simple pile SP (to check the 

repeatability between tests), while one loading test 

was performed for the capped pile CP. A single 

tunnel-pile interaction (TPI) test was performed for 

each of the SP and CP piles, as shown in Table 1, 

imposing a constant external force of 400 N above 

the foundation. In the loading tests, the model tunnel 

was not included in the centrifuge container. 

 
Table 1. Testing plan. 

No. Test type Pile type Load (N) 

T1 Loading Simple pile  - 

T2 Loading Simple pile - 

T3 Loading Capped pile - 

T4 TPI Simple pile 400 

T5 TPI Capped pile 400 

 

Tests were performed at an acceleration of 68 

times gravity (68 g) to simulate, at prototype scale, 



the load-settlement response of a 10.2 m long and 

0.88 m diameter pile and its response to the 

excavation of a 6.1 m diameter tunnel with a cover 

depth (C) of 12.2 m (C/D = 2.0), while considering 

the impact of a stiff square pile cap with a side 

length of 3.25 m. For these non-displacement 

simple piles, Franza and Marshall (2019) showed 

that there is potential for large pile settlements to be 

caused by tunnelling. 

2.2. Testing procedure 

2.2.1 Test preparation 

The model preparation is summarized as follows: 

(1) With the experimental package on the 

centrifuge platform, the sand was manually 

poured into the container to achieve a loose soil 

sample with a relative density, Id of 

approximately 30%. The repeatability of the 

sample preparation was demonstrated by 

Franza and Marshall (2018), and by repeating a 

loading test (presented later). 

(2) The instrumented SP/CP pile was jacked into 

the soil sample at 1 g (representing a non-

displacement pile) with a vertical guide and rod, 

as shown in Figure 2(a); the LVDT and loading 

system were then installed. 

(3) The dummy pile instrumented with temperature 

sensors was pushed into the target position of 

the soil sample at a 1g. 

(4) The load control system was activated to add a 

constant external load of 5 N (based on the LC). 

Subsequently, the model was gradually spun to 

68 g, followed by two stabilization cycles 

(going from 68 g to 15 g and back to 68 g), 

which were performed to help achieve 

consistency between tests by reducing localized 

high-stress zones within the soil. 

 

2.2.2 Pile loading tests 

After reaching the target gravity level, the load 

control system was switched from force- to 

displacement-control. Next, the pile was jacked at a 

rate of approximately 0.01 mm/s until a 

displacement of one pile diameter dp was reached.  

 

2.2.3 Tunnel-pile interaction tests 

At the target gravity level, the external load at the 

pile head was increased to 400 N. Subsequently, the 

tunnel volume loss Vl,t was simulated by extracting 

water from the model tunnel in increments of Vl,t of 

0.1%, up to a maximum Vl,t of 3%, while keeping a 

constant head load. At each Vl,t increment, digital 

images were taken for measurement of soil 

movements. 

 

3 RESULTS AND DISCUSSION  

3.1. Pile vertical loading 

Figure 3 shows the load-settlement curves of both 

simple (SP in subplot a) and capped (CP in subplot 

b). Shaft, base and cap load are summarised in 

Figure 4 for a direct comparison. The vertical force 

at the pile head inferred from the load cell (LC) in 

Tests 1, 2, and 3 (see Table 1) are shown. On the 

other hand, FBG data of the axial force at locations 

#1-5 are plotted only for Tests 2 and 3; Test 1 results 

are similar to data from Test 2. Cap, shaft and base 

capacity can be estimated from the FBG data for 

both SP and CP piles. The load withstood by the cap 

(when present) was estimated by subtracting 

FBG#2 from FBG#1, the total shaft friction is given 

by the difference between FBG#2 and FBG#5, 

while FBG#5 approximated the base capacity. In 

this paper, the ultimate load capacity of the SP pile 

is defined for the displacement that mobilises the 

full/maximum shaft resistance (8% dp in these 

tests).  

 

 

 
Figure 3. The response of (a) simple and (b) capped piles to 

vertical loading. 

 

 First, simple piles SP are considered with results 

in Figure 3a. Head load measured by the load cells 

in test 1 and 2 show good repeatability. At a 

displacement of 8% dp, mobilising the full shaft 

capacity, the SP piles have an average ultimate load 

capacity of 705 N (with an average shaft capacity of 

423 N and average base capacity of 161 N), 

although pile tip load marginally increases for 

settlements larger than 8% dp. However, it should be 

noted that the readings from the top FBG sensor 

(FBG#1) are smaller than the load measured by the 



load cell (LC_T2), despite being located above 

ground. For instance, in test 2, FBG#1 reading is 

611 N while the load cell LC gives 693 N at 8% dp. 

This discrepancy (in all tests) could be due to 

bending action transmitted to the load cells as well 

as incorrect temperature of the top FBG sensor of 

the loaded piles (FBG#1, which was above the 

surface, was corrected using temperature sensor #1 

from the Dummy pile, which was just beneath the 

surface; both of these potential issues will be 

resolved in future tests.  

  

  
Figure 4. Pile settlements versus cap, total shaft, and base 

loads for vertical loading tests. . 

 

The effect of the cap in the loading test is now 

considered. Figure 3(b) shows that the CP pile also 

mobilised its shaft resistance at a displacement of 

approximately 8% of pile dimeter. However, for a 

vertical displacement of Sp = 8~12% dp, the cap 

load shows a steep rate of increase, the base load 

(FBG#5) was marginally affected, while the total 

shaft friction decreased due to the action of the cap 

on the underlying soil and its interaction with the 

pile (see Figure 4 shaft data). For large settlements 

Sp  >12% dp the total load capacity of the CP pile 

significantly increases with settlement level due to 

greater cap load, dominating the overall pile 

response. These centrifuge results agree with 

Kumar and Choudhury (2018), who reported that 

the cap presence significantly affects the load-

settlement response of CP piles both positively and 

negatively; the positive aspect refers to the 

increased load capacity and the increase of soil 

confining stress (caused by the compression of the 

cap on the soil beneath), whereas the negative 

aspect refers to the decreased shearing/relative 

displacements between the pile and surrounding soil 

(due to the rather uniform settlements of the soil 

mass beneath the cap).  

Overall, with respect to the SP pile, the CP pile 

has the ability to resist higher loads, especially at 

settlements larger than the ultimate value of 8% dp, 

despite a decreased shaft friction at relatively high 

pile-soil settlements (see Figure 3). 
 

3.2. Pile response to tunnelling 

Results from Tests 4 and 5 for the case tunnelling 

beneath the SP and CP piles are summarised in 

Figures 5, 6, and 7. Considering an average ultimate 

load of 705 N from the loading tests of the simple 

piles, a safety factor of approximately 1.75 

(=705/400) is obtained for SP piles. On the other 

hand, a safety factor of 2.3 (=915/400) can be 

associated with the CP case. Furthermore, the 

presence of the tunnel (which was not included in 

the pile loading tests) may affect the ultimate loads, 

leading to lower values of safety factor (Franza and 

Marshall, 2019). Consequently, the considered 

cases deal with relatively low pile safety factors.  

   Figure 5 presents the pile head settlements Sp and 

head loads (obtained from the load cells) during the  

simulated tunnel volume loss Vl,t, along with the 

centreline surface settlement of the soil Uz at the 

acrylic wall (130 mm from the pile; not exactly the 

greenfield condition but a reasonable approximation 

of a free field displacement), obtained using Geo-

PIV (White, 2003).  

 

 
Figure 5. Pile settlements and loads against tunnel 

volume loss (model scale). 

 

Figure 5(a) shows that the simple pile SP settled 

at a higher rate than both the CP pile and the ground 

surface; the SP settled 5 mm (38% dp) at a 

Vl,t = 0.8%, where the load control system could not 

maintain the specified load (400 N) due to the 

tunnelling-induced loss in the load capacity of the 

pile. On the other hand, the rate of settlement of the 

capped pile CP is nearly constant with tunnel 

volume loss, and slightly greater than the surface 

movements. At Vl,t = 1.0%, the capped pile had an 

absolute settlement of 0.72 mm (5.5% dp), which is 

0.22 mm (1.7% dp) greater than the surface soil 

settlement. To consider a serviceability condition, 

for example, at Vl,t = 0.3%, settlements of the SP 

pile, CP pile and surface soil are, respectively, 1.15 

(8.8% dp), 0.22 (1.7% dp) and 0.14 mm . Importantly, 

up to large ground settlements and volume losses of 



Vl,t = 3.0%, the CP had an absolute settlement of 

1.97 mm (15.2% dp) and a settlement relative to the 

surface of 0.52 mm (4.0% dp). This indicates the 

beneficial role of the pile cap to piles directly above 

tunnel excavations for both low and high tunnelling-

induced settlements.  

To investigate the change in the pile shaft axial 

force during tunnelling, Figure 6 presents the pile 

shaft axial force obtained from the FBG sensors 

(FBG#2 to #5), while in Figure 7 these data are used 

to compare SP and CP loads at the cap (when 

present), shaft and base. Negative FBG data 

indicates that the pile underwent tensile axial forces. 

Comparing FBG#2 at Vl,t = 0% in Figure 6a and b 

shows that the axial forces at the top of the SP and 

CP piles are identical, therefore the experimental 

results from the two pile conditions can be directly 

compared. 

 

 
Figure 6. Pile shaft axial load against tunnel volume loss for 

(a) simple pile SP and (b) capped pile CP. 

 

In the case of the simple piles SP, the service load 

of 400 N was taken in part by the base capacity, as 

shown by FBG#5 in Figure 6(a) and 7 for zero 

volume loss. Furthermore, Figure 6(a) for the SP 

pile shows that, during tunnelling, the base load 

(FBG#5) and compressive axial load at the bottom 

part of the pile (between FBG#4 and #5) decrease 

while the positive shaft friction of the upper section 

of the pile slightly increases (see the difference 

between FBG#2 and #3, and the pile total shaft load 

in Figure 7). This means that for the SP case, due to 

tunnelling, both negative friction in the bottom part 

of the pile and base unloading developed while 

positive friction was mobilised in the top part. At 

Vl,t = 0.7~0.8 %, pile base capacity was significantly 

reduced; pile failure is caused by the positive shaft 

friction in the top part of the pile not being able to 

withstand the external load due to the loss of base 

load.  

 

 
Figure 7. Pile shaft and base resistance against tunnel volume 

loss. 

 

For the CP pile, first the load distribution prior to 

tunnelling (Vl,t = 0) in Figure 7 is described. The cap 

load is minimal, while the external load is supported 

mostly by the pile shaft (compressive force at 

FBG#2-4 decreasing with depth), despite a small 

base load being mobilised (FBG#5). Next, 

tunnelling effects are considered. Figure 6(b) shows 

that the capped pile CP could sustain the vertical 

load throughout the investigated tunnel volume loss 

(see Figure 5(b)). For the capped pile, the 

compressive axial force at the base (FBG#5) and 

along the entire shaft (FBG#2-4) decrease with Vl,t, 

up to the initiation of negative (tensile) axial forces 

near the pile base (FBG#5 is negative), which are 

necessarily associated with the development of 

negative friction. For equilibrium, the action against 

the external load (and negative friction, if present) 

was gradually transferred from the shaft and base to 

the pile cap (see Figure 7). Interestingly, in contrast 

to the SP case, the total (positive) shaft friction of 

the CP pile was nearly constant (slightly increased 

before Vl,t =1% and decreased after Vl,t =2%), likely 

due the cap contact stresses increasing the soil 

confining pressure and balancing for the tunnelling-

induced stress relief (Figure 7). 

The experimental results indicate that the action 

of the pile cap (when in contact with the soil) can be 

remarkable for tunnelling beneath piles with 

relatively low safety factors. Interestingly, this 

interaction mechanism has been shown to be 

effective from low up to extremely large tunnel 



volume losses, indicating the practical importance 

of this work.   

 

4 CONCLUSIONS 

This paper investigated tunnel-pile interaction 

through geotechnical centrifuge testing, considering 

the influence of a stiff pile cap on both mobilised 

capacity and tunnelling-induced settlements. The 

following conclusions can be drawn. 

(1) In the considered cases, loading test results 

indicate that both simple (no cap) and capped 

piles mobilized their shaft resistance at 

threshold settlements of 8% of the pile diameter 

dp, while base load slightly increased for larger 

settlements. The cap played a significant role 

for pile settlements greater than the threshold 

displacement (mobilising the full shaft friction): 

it steadily increased the pile load capacity and it 

contributed to the decrease of shaft friction.   

(2) When the piles, which had relatively low safety 

factors, were subjected to tunnelling-induced 

ground movements, the pile with no cap 

experienced settlements significantly larger 

than the surface (from small volume losses up 

to pile failure), due to the loss of pile base load 

and positive friction near the pile base. 

Contrarily, for the capped pile, both losses of 

base and shaft load were balanced by the 

development of contact stresses beneath the cap 

(transferring the pile load to the cap); the cap 

was also effective at preventing pile settlements 

much larger than the soil surface.   

(3) Although the cap role may be negligible for the 

pile response to vertical loadings (before the 

pile shaft resistance is mobilized), when 

tunnelling beneath capped piles, neglecting the 

presence of the pile cap (if in contact with the 

soil) can lead to an overestimate of the pile 

settlement, leading to overconservative design 

and unnecessary mitigation measures being 

prescribed. However, the post-tunnelling 

condition of capped piles relies on the cap 

bearing capacity (e.g. surface excavation could 

be detrimental).  

 It should be noted that, in this work, the load cell 

and FBG sensor measurements did not match at the 

pile head. Consequently, although results describe 

qualitatively the soil-pile interaction and the impact 

of the cap, the results presented here should be 

considered as preliminary; further tests are ongoing 

to address these issues.   

Future work will consider the presence of rigid 

caps and flexible slabs in contact with the soil (for 

example, piled raft foundations) when tunnelling. 
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