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ABSTRACT 

Excavation in low-permeable soils is typically followed by delayed heave 

during consolidation, which is often restrained by a structural element, affect-

ing the earth pressure. In this paper, system insights on the mechanisms that 

control heave pressure are complemented by investigating the effect of small-

strain stiffness. This is enabled by an extension of the Creep-SClay1S model 

that considers small-strain stiffness. It is shown that the effect of small-strain 

stiffness and its degradation with shear strains can be normalized by consider-

ing a two-dimensional time factor, a geometrical influence factor and the ini-

tial stiffness in the mid-point of the clay layer beneath the excavation. The re-

sults provide guidance on how consideration of small-strain stiffness affect ef-

fective heave pressure, in addition to factors such as excavation geometry, 

thickness of clay layer and normalised construction time. The results can be 

used in preliminary design and to complement project-specific analyses. 

Overall, the research contributes to a deeper understanding of excavation in-

duced earth pressures and, thus, reduces the uncertainty and enables to opti-

mize the volumes of construction materials. 
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1. INTRODUCTION 

Excavation invokes excess pore pressure changes which in low-permeable 

soils manifest as delayed heave during consolidation. If such a heave process 

is restrained by a structural element, an earth pressure will form. This pressure 

was referred to as the effective heave pressure, EHP, by [1]. During the de-

sign of Göta Tunnel in Gothenburg in 2001, earth pressure due to restrained 

heave against the bottom slab was considered and project-specific analyses 

were carried out by an expert investigation [2]. Such project-specific analyses 

are typically limited to major infrastructure projects as they are time-consum-

ing.  

Recently, an objective of a research project at Chalmers University of Tech-

nology [3] was to generalise the formation of EHP on underground structures 

in deep excavations in soft clay. The methodology utilised dimensional analy-

sis. A parametric study, conducted with the Finite Element Method using the 

Creep-SClay1S model [4,5] was synthesised and presented in charts using ap-

propriate non-dimensional parameter groups. The approach enables scaling of 

the results, making them applicable for a wide range of settings and projects.  

In this paper, the system insights on the mechanisms that control effective 

heave pressure are complemented by investigating the effect of small-strain 

stiffness. This is enabled by a recent extension [6,7] of the Creep-SClay1S 

model. The results provide guidance on how consideration of small-strain 

stiffness affects EHP in addition to factors such as excavation geometry, 

thickness of clay layer, normalized construction time (time, coefficient of 

consolidation, drainage length). 

2. CONSIDERED SOIL-STRUCTURE SYSTEM  

Idealized geometry 

The effect of considering small-strain stiffness in the assessment of effective 

heave pressure is studied for an idealized Tunnel geometry, see Figure 1. The 

slab and the retaining wall are modelled as rigid and the ground water table is 

located at the excavation base. This simplified scenario was complemented in 

[3] with a scenario involving the ground water table located 1m below ground 

surface level. The results were similar; hence the simplified scenario is re-ana-

lysed here to study the effect of considering small-strain stiffness. Similar to 

[3] the lower boundary and slab-clay interface are considered permeable, 

whereas the horizontal boundaries are impermeable.  
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Figure 1 Idealized plane strain Tunnel geometry studied in this paper. 

In [3] dimensional analysis was used to form dimensionless groups of the var-

iables considered in the studied system. Furthermore, a two-dimensional time 

factor T2D was introduced:  

T2D = [(texv.-slab*cv)/((ymin-H)/2)2 + (2B/ymin)(texv.-slab*ch)/(B/2)2] / 2 [-]   Eq. 1 

T2D is also used in this paper to compile the results of the finite element simu-

lations in which the following variables are varied: the time between the exca-

vation and casting the slab texv.-slab (5, 30, 90, 365 days), depth of excavation 

H (5 and 10 m, with length of the wall Lw=15 m and 25 m, respectively), 

width of the excavation B (10, 25, 50 m) and the distance to the bearing stra-

tum ymin (25, 50, 75, 100 m). 

Constitutive model 

In this paper a formulation of the Creep-SClay1S model that accounts for 

non-linear degradation of stiffness with shear strain [7] is used, here referred 

to as Creep-SClay1S-s. [7] also accounted for strain accumulation under cy-

clic loading which is not included in the model formulation used in this paper. 

In Creep-SClay1S-s the secant shear modulus G decays from a reference 

small-strain shear modulus G0 with shear strain εq as suggested by [6] accord-

ing to: 

𝐺 = 𝐺0 [1 −
〈𝜀q−𝜀s〉

𝐴+𝐵〈𝜀q−𝜀s〉
]           Eq. 2 

where εs is a threshold value set to 10-5, A is a model parameter controlling the 

degradation and B defined according to: 

𝐵 =
1

1−
𝐺ur
𝐺0

            Eq. 3 
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where 𝐺ur is the stiffness determined by e.g. unloading-reloading in incre-

mental loading oedometer tests. The small-strain feature of the model thus re-

quires input of two additional parameters, A and ssMP with ssMP=𝜅∗/𝜅0
∗ (i.e. 

a small-strain multiplier and the inverse of 𝐺ur/𝐺0). 

Parameter A is estimated to 0.001 based on data found in the literature, see 

Figure 2, using a plasticity index (PI) typical for Gothenburg clay i.e. in the 

range of 30-40% (see e.g. [8]) and with ssMP=5. Eq. 2 with A=0.001 and 

ssMP in the range 5-10 also agree well with field and laboratory data pre-

sented by [11] on Bäckebol clay (just north of Gothenburg) where the PI was 

reported to be in the range 30-40%. 

 

 

Figure 2. Illustration and estimation of parameters A and ssMP based on plasticity 

index. 

 

Taking 𝜅∗=0.015 and ssMP=5 result in an attainable range of stiffness as il-

lustrated in Figure 3 for the initial mean effective stress profile considered in 

this example and a Poisson’s ratio of 0.20. 
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Figure 3. Comparison of measured and empirical G0 in Gothenburg to initial and lim-

iting stiffness (at large shear strains, from Eq. 2) in the finite element simulations. 

The parameters of the Creep-SClay1S-s model are summarised in Table 1 

with additional input parameters vertical overconsolidation ratio OCR=1.3, 

earth pressure coefficient at-rest K0=0.6 and permeability (hydraulic conduc-

tivity) kv=kh=10-9 m/s. 

Table 1. Creep-SClay1S-s model parameter values.  

Parameter Description Value 

γ/γ’ [kN/m3] Bulk/submerged unit weight 16/6 

𝜆i
∗ [-] Modified intrinsic compression index 0.07 

𝜅∗ [-] Modified swelling index    0.015 

ν' [-] Poisson's ratio       0.20 

Mc [-] Slope of CSL in triaxial compression 1.45 

Me [-] Slope of CSL in triaxial extension 1.10 

ω [-] Rate of rotational hardening 200 

ωd [-] Relative rate of rotational hardening due to dev. strain 1 

a [-] Rate of destructuration 8 

b [-] Relative rate of destructuration due to dev. strain   0.5 

𝛼0 [-] Initial anisotropy    0.57 

χ0 [-] Initial amount of bonding 15 

𝜇i
∗ [-] Modified intrinsic creep index 1/550 

τ [days] Reference time     1 

K0
nc Earth pressure coefficient at primary loading 0.42 

ssMP [-] Small-strain stiffness multiplier 5 

A [-] Shape factor for stiffness degradation 0.001 
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3. RESULTS 

An example illustrating the degradation of stiffness in the model domain is 

presented in Figure 4 for two of the finite element simulations with B=50 m, 

ymin=75 m. In Figure 4a texv-slab=5 days i.e. the excavation remained open for 

5 days before the restraining slab was cast and in Figure 4b this time was 

365 days. Hence, the degradation of stiffness has more time to develop (due to 

increasing shear strains). A detail in Figure 4 is the somewhat greater reduc-

tion in stiffness behind the retaining wall in Figure 4a compared to Figure 4b. 

This is explained by considering that in Eq. 2, the degradation of stiffness is 

solely dependent on the total deviatoric strain. By checking the value of εq in 

the simulations shown in Figures 4a and 4b it is confirmed that εq behind the 

wall was in fact reducing somewhat with time (from 5 to 365 days).  

 

 

Figure 4. Example of stiffness degradation illustrated by G/G0 at the time before ap-

plication of slab for two of the simulations included in Figure 5: a) texv-slab=5 days, 

and b) texv-slab=365 days. 

The results of the finite element simulations are compiled in Figure 5 present-

ing the effective heave pressure at the central location of the slabs, σ’n,centr. A 

key to reading the colours and markers of Figure 5 is provided in Table 2. The 

a) 

b) 
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intention is not, however, to be able to separate the result of single simula-

tions, rather it is to study the range of the normalised results. 

Simulations with the small-strain Creep-SClay1S-s model are overlaid (red 

symbols) on the results from [3] (using the Creep-SClay1S and SClay1S mod-

els). The plotted results from the simulations with the creep models are maxi-

mum values occurring typically within 10 years after the activation of the slab 

in these simulations. In the case of narrow excavations, however, these maxi-

mum values reduce in the long-term due to background creep settlements 

causing “down drag”. For further details of the effect of background settle-

ments see [3]). 

The results are normalized with the initial stiffness in the middle of the clay 

layer (between the excavation base and the lower model boundary). For the 

Creep-SClay1S-s model 𝜅0
∗ is used to calculate the initial stiffness. For simu-

lations with equal settings except for the small-strain stiffness formulation, the 

normalisation shifts the Creep-SClay1S-s results to the right due to the higher 

initial stiffness. 

In Figure 5b, the simulations with T2D<0.02 are replotted to derive an influ-

ence factor μi (similar to estimation of initial settlement “influence factors” 

[15]) which describes that one part of the heave will be instant, and another 

part delayed, depending on the extent of the excavation in relation to the 

depth of the clay layer. (see further details in [3]).  

In Figure 5c the results are normalized by μi. Figure 5c indicates that the re-

sults of Creep-SClay1S and Creep-SClay1S-s are comparable, however, when 

T2D>0.1 the Creep-SClay1S-s results are somewhat higher. This is explained 

by the fact that when the normalized time increases, e.g. if the excavation re-

mains open for a longer time before the slab is activated, the stiffness is given 

more time to degrade. Hence normalisation using the initial small-strain stiff-

ness shifts the results somewhat excessively to the right, most notably when 

T2D>0.1. The agreement of the results normalized by μi and T2D is still consid-

ered satisfactory, which provides further credibility to the presented charts as 

well as partial validation of the recent implementation of non-linear stiffness 

in the Creep-SClay1S model. 

Table 2. Key to colours and markers for in Figure 5. 

Parameter  Variation Unit 

ymin 25, 50, 75, 100 m 

B 10(   ), 25(   ), 50(   ) m 

H 5, 10a) m 

texc.-slab 5, 30, 90, 365 days 
Red symbols = Creep-SClay1S-s, other Creep-SClay1S and SClay1S. 
a)

 half-filled symbols 
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Figure 5. Data from [3] complemented with results of small strain stiffness and histo-

gram and cumulative distribution function (CDF) for fictive tunnels in Gothenburg: a) 

EHP-ratio at central part of slab plotted against T2D, b) geometrical influence factor 

μi, and c) EHP-ratio normalised by μi and plotted against T2D. 

A histogram and cumulative distribution function (CDF) illustrating typical 

values T2D for a tunnel construction in Gothenburg is included in Figure 5. 

The histogram was constructed drawing 10 random values from each of the 

ranges presented in Table 2 (except for 20 values for k). The CDF tells us that 

the EHP-ratio is in the range 0.3--0.5 for the median T2D value. The recom-

mendation is, however, that the engineers use charts such as Figure 5 to esti-

mate the magnitude of the EHP for the specific project at hand. 

Table 3. Ranges used to construct the histogram and cumulative distribution function 

for typical tunnels in Gothenburg. 

Variable Range Unit 

H  5--15  m 

B  20--40 m 

ymin  30--100 m 

E at top of clay layer 10--20 MPa 

Einc 0.5--2.0 MPa/m 

kv = kh 10-10--10-9 m/s 

texc.-slab 90--365 days 
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4. CONCLUSIONS 

When excavating in low-permeable soils, a delayed heave process is triggered 

that, if restrained, will introduce an earth pressure on the restraining structural 

element. This earth pressure is referred to as the effective heave pressure, 

EHP, and has previously been studied in detailed project specific analyses for 

Göta Tunnel in Gothenburg. In this paper, the effect of considering small-

strain stiffness on EHP in deep excavations in soft clay was examined to com-

plement recently published results from a finite element parametric study syn-

thesized into non-dimensional design charts [3]. The effect of small-strain 

stiffness was studied by the recently developed Creep-SClay1S-s model. 

The results show that by considering a two-dimensional time factor T2D and a 

geometrical influence factor, the results of the parametric study can be nor-

malized by the initial soil stiffness in the clay layer even when considering 

small-strain stiffness and its degradation due to accumulated shear strains.  

The results provide guidance on how consideration of small-strain stiffness 

affect effective heave pressure in addition to factors such as excavation geom-

etry, thickness of clay layer, normalized construction time (time, coefficient 

of consolidation, drainage length). The results contribute to a deeper under-

standing of excavation induced earth pressures and, thus, reduce uncertainty 

and enable to optimise the volumes of construction materials. 

The model parameters describing the small-strain stiffness and its degradation 

were estimated based on empirical data found in the literature. Hence, it is 

recommended to study the degradation of small-strain stiffness for soft Swe-

dish clays further, to attain representative values for the small-strain stiffness 

parameters. 
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