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Abstract 5 

Geotechnical back-analysis usually estimates ground parameters while treating the 6 

construction process as known. Because ground and construction jointly generate the stress 7 

path, an error in the assumed construction state can be absorbed by the calibrated soil 8 

parameters without degrading the fit. This letter writes the inverse problem as y = ℳ(ℱ(θ, c) 9 

+ δ) + ε, separating ground parameters θ from the mechanically effective construction state c, 10 

and distinguishes confounding, when c is estimated jointly with θ, from information loss, when 11 

an uncertain recorded value is fixed. Both are quantified with a verified semi-analytical shield-12 

tunnelling model applied to the paired TULIP sections. With section specific grout pressure 13 

records, one site investigation stiffness reproduces both measured settlement peaks; replacing 14 

the records by a common nominal pressure creates an apparent stiffness contrast of about 40% 15 

with equally good fits. Because operational grout records do not directly measure the effective 16 

boundary pressure, settlement data cannot decide between these interpretations, and additional 17 

settlement points do not help. Lining deformation, which responds oppositely to grout pressure, 18 

would restore most of the lost information. Goodness of fit alone is therefore not evidence that 19 

calibrated soil parameters are correct. 20 
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Introduction 23 

Monitoring data are routinely used to calibrate constitutive parameters and update predictions 24 

(Finno and Calvello, 2005). Non-uniqueness and parameter correlation in such analyses are 25 

well established (Honjo et al., 1994; Ledesma et al., 1996a, 1996b; Calvello and Finno, 2004; 26 

Levasseur et al., 2009) and, in current terminology, are problems of practical identifiability 27 

(Lam et al., 2022). Almost invariably, however, the construction history entering the forward 28 

model is treated as perfectly known. Yet the stress path is generated jointly by the ground and 29 

by construction, and the planned, recorded, modelled and mechanically effective construction 30 

states need not coincide. 31 



Benchmark evidence shows that discrepancy between the model and the data cannot be 32 

attributed to soil parameters alone. In the COST C7 tunnel benchmark, prescribed geometry 33 

and parameters still produced about 20% scatter in maximum settlement because of modelling 34 

choices (Schweiger, 2002; Potts, 2003), and in the TULIP class A prediction exercise 35 

substantial scatter remained even when a common Hardening Soil parameter set was imposed 36 

(Bourgeois et al., 2023). 37 

Identifiability can be improved by adding non-redundant observations or by reducing, through 38 

better records, the uncertainty in competing construction variables. Optimal experimental 39 

design has addressed the first route (Hölter et al., 2018); the second, and the interaction between 40 

the two, have rarely been quantified. 41 

The statistical methods used here are standard (Cox and Reid, 1987; Kennedy and O’Hagan, 42 

2001) but used to show something previously not thoroughly presented. This letter shows, with 43 

a verified forward model and a field anchored case, how large construction parameter 44 

compensation is in practice and which observations break it. The paired TULIP sections, 45 

previously analysed with the Advanced Displacement Confinement Method (ADCM) by 46 

Almog-Goldreich and Fuentes (2026), are used because full access to the model inputs and 47 

code is needed to compute internally consistent sensitivities. 48 

Construction aware inverse problem 49 

Following the calibration framework of Kennedy and O’Hagan (2001), the back-analysis 50 

problem is written as (Fig. 1) 51 

 𝑦 = ℳ(ℱ(𝜃, 𝑐) + 𝛿) + 𝜀 (1) 52 

where θ contains ground/model parameters, c is the mechanically effective construction state 53 

(e.g., face and grout pressures, shield gap, temporary geometry), ℱ is the forward model, δ is 54 

model discrepancy, ℳ is the observation operator (sensor location, baseline, data processing) 55 

and ε is observation error with covariance R. The key step is separating c from θ: c is the 56 

construction state that actually acts on the ground, not automatically the value written in a log. 57 



 58 
Figure 1. Construction aware formulation of back-analysis. Ground/model parameters θ and the 59 

mechanically effective construction state c enter the forward model ℱ; δ is model discrepancy. The 60 

observation operator ℳ maps the physical state x to the recorded data y, with observation error ε. 61 

Linearising about a reference state, with δ conditioned on the adopted forward model, 62 

 𝛥𝑦 = 𝐽𝜃𝛥𝜃 + 𝐽𝑐𝛥𝑐 (2) 63 

Each column of Jθ and Jc is a sensitivity fingerprint in observation space. If JθΔθ + JcΔc ≈ 0 64 

for non-zero perturbations, a construction error can be absorbed by θ without changing the fit. 65 

Two distinct situations follow. 66 

Joint inference. If c is estimated together with θ, it acts as a nuisance quantity. For scalar θ and 67 

c, the profile information remaining on θ is (Cox and Reid, 1987) 68 

 𝐼𝜃
𝑝𝑟𝑜𝑓

= 𝐼𝜃𝜃(1 − 𝜌2),   𝜌 =
𝑗𝜃

𝑇𝑅−1𝑗𝑐

√(𝑗𝜃
𝑇𝑅−1𝑗𝜃)(𝑗𝑐

𝑇𝑅−1𝑗𝑐)

 (3) 69 

where ρ measures the similarity of the two fingerprints after weighting by the observation 70 

covariance. As |ρ| → 1, Iθ
prof → 0. 71 

Uncertain record. If c is instead fixed at a recorded value c0, but c = c0 + Δc with variance σc
2, 72 

the construction uncertainty enters observation space through Jc. For one scalar observation 73 

with residual scale σy, the information on a scalar θ is 74 

 𝐼𝜃
𝑐0 =

𝐽𝜃
2

𝜎𝑦
2+𝐽𝑐

2𝜎𝑐
2 (4) 75 
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Equation (3) reflects collinearity of fingerprints and Eq. (4) broadening of the model–data 76 

comparison; both reduce information on θ, by different mechanisms with different remedies. 77 

Application to the TULIP paired sections 78 

Forward model and verification 79 

ADCM links TBM operation to ground confinement, ground convergence, lining response and 80 

volume loss, which is converted to surface settlement via a separate method such as O’Reilly 81 

and New (1983) trough (Almog-Goldreich and Fuentes, 2026). In the notation of Eq. (1), θ 82 

includes constitutive parameters E50
ref, Eur

ref, φ′, c′, m and KTBM; c includes Pg, face pressure 83 

and shield gap Δ; and the trough parameter of the settlement curve Ki belongs to ℳ. The 84 

original research implementation was re-executed through a non-interactive wrapper without 85 

altering the governing equations, but using 720 angular nodes, with no recalibration. It 86 

reproduces the published confinement ratios, shield pressures, volume losses and plotted peak 87 

settlements for TULIP Cases 1a and 1b presented in Almog-Goldreich and Fuentes (2026), to 88 

within about 3% (Table 1). Because E50
ref controls shear hardening whereas Eur

ref controls 89 

elastic unloading–reloading and the ground stiffness entering the lining model, stiffness is 90 

varied throughout as a single scale k with Eur
ref = 3E50

ref, the TULIP ratio. 91 

The two sections presented in TULIP share geometry, ground parameters and operating 92 

conditions except the recorded grout pressure (Table 1). E50
ref = 20 MPa and Eur

ref = 60 MPa 93 

were selected from the site investigation stiffness data summarised by Michalski et al. (2024), 94 

not calibrated to the SMRN or SMRS records. With them and the recorded pressures, the model 95 

reproduces the measured peak settlements of 8.6 and 12.1 mm (Michalski et al., 2024) with a 96 

two point root-mean-square error of 0.20 mm. 97 

Table 1. TULIP paired sections: inputs, verification of the re-executed ADCM implementation 98 
(interpretation A), and the alternative interpretation B that fits the measured peak settlements equally 99 
well. Published values from Almog-Goldreich and Fuentes (2026); published peak settlements are 100 
read from the calculated troughs in its Figs 9–10 (±0.1 mm); Ls is measured from the cutting face to 101 
the shield tail, i.e. the 11 m shield body plus the cutting wheel, about 1 m (Abdallah et al., 2026, Fig. 102 
2); umax is the predicted maximum lining deformation. 103 

Quantity SMRN (Case 1a) SMRS (Case 1b) 

Common inputs 

Face pressure (bar) / shield gap Δ (mm) / shield 

length Ls (m), cutting face to tail 
1.8 / 35 / 12 1.8 / 35 / 12 

φ′ (°) / c′ (kPa) / KTBM 33 / 10 / 0.45 33 / 10 / 0.45 

Measured 

Smax (mm) 8.6 12.1 

A: section specific recorded pressures, common stiffness E50
ref = 20 MPa, Eur

ref = 60 MPa 



Quantity SMRN (Case 1a) SMRS (Case 1b) 

Pg (bar) 2.40 2.20 

λTBM crown, published / re-executed 0.64 / 0.640 0.73 / 0.729 

PSHIELD springline (bar), published / re-executed 2.3 / 2.32 2.0 / 2.03 

Volume loss (%), published / re-executed 0.26 / 0.258 0.37 / 0.377 

Smax (mm), published (plotted) / re-executed ≈ 8.2 / 8.34 ≈ 11.9 / 12.22 

umax (mm), re-executed 3.52 3.02 

B: common nominal effective pressure, stiffness fitted to each section (Eur
ref = 3E50

ref) 

Pg (bar) 2.30 2.30 

E50
ref (MPa) 24.1 17.1 

Smax (mm) 8.60 12.10 

umax (mm) 2.80 3.67 

 104 

Uncertain grout pressure record 105 

Central differences about the midpoint Pg   2.30 bar give ∂Smax/∂Pg   −19.82 mm/bar, and the 106 

response over 2.20–2.40 bar is close to linear (R2 = 0.9996; Fig. 2). Grout pressure is logged at 107 

the injection lines, where it fluctuates through each injection cycle and varies around the ring 108 

(Bezuijen et al., 2004; Dias and Bezuijen, 2017). The pressure distribution transmitted to the 109 

ground was not measured in TULIP (Abdallah et al., 2026). A logged value is therefore 110 

information about the effective boundary pressure, not a direct measurement of it. Taking σy = 111 

1 mm (the ADCM validation error, a model–data comparison scale rather than instrument 112 

noise), Eq. (4) gives Table 2: σPg = 0.05 bar halves the information on any scalar θ carried by 113 

peak settlement, and 0.2 bar leaves about 6%. 114 

 115 
Figure 2. ADCM grout pressure sweep for the TULIP reference state (E50

ref = 20 MPa, Eur
ref = 60 MPa), 116 

with the measured peak settlements of the two sections. The dashed line marks the 2.30 bar midpoint at 117 

which the local derivative is evaluated. 118 
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Table 2. Information remaining, Iθc0 relative to the construction perfect case (σc = 0) in Eq. (4), for 119 
uncertainties in the mechanically effective grout pressure (not sensor error) and three comparison 120 
scales σy. 121 

σPg (bar) Induced σS (mm) σy = 0.5 mm σy = 1 mm σy = 2 mm 

0.02 0.40 61% 86% 96% 

0.05 0.99 20% 50% 80% 

0.10 1.98 6% 20% 50% 

0.20 3.96 2% 6% 20% 

 122 

Joint inference: construction error becomes apparent stiffness 123 

With one scalar observation, two parameters are trivially unidentifiable; the practical question 124 

is how strongly they compensate.  t the midpoint, ∂Smax/∂E50
ref   −0. 18 mm/ Pa (with Eur

ref 125 

= 3E50
ref), so a constant settlement direction has dE50

ref/dPg ≈ −38  Pa/bar. This means a 0.05 126 

bar pressure error is absorbed by a 10% change in stiffness and a 0.10 bar error by 19%. The 127 

full nonlinear model confirms this compensation ridge (Fig. 3): holding settlement constant 128 

requires E50
ref = 23.6 MPa at Pg = 2.20 bar and 16.13 MPa at 2.40 bar. 129 

 130 
Figure 3. ADCM compensation ridge: combinations of grout pressure (c) and stiffness (θ; Eur

ref = 131 

3E50
ref) that give the same peak settlement as the reference state at 2.30 bar (dashed line). 132 

Interpretation B in Table 1 shows the consequence. If the section specific records are replaced 133 

by a common nominal effective pressure Pg = 2.30 bar, separate back-analyses reproduce the 134 

measured settlements to within 0.01 mm, a closer fit than interpretation A (0.20 mm), but 135 

require E50
ref = 24.1 and 17.1 MPa: an apparent stiffness contrast of 41% (relative to SMRS) 136 

between geotechnically similar sections. 137 

Settlement data cannot decide between common stiffness with different effective pressures (A) 138 

and different stiffness with a common effective pressure (B), and the operational records cannot 139 

either: even for σPg = 0.10 bar the recorded difference is only 1.4 standard deviations, and 140 
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realistic uncertainties are larger. The TULIP benchmark accordingly specified a single site 141 

wide grout pressure (Bourgeois et al., 2023), which is the assumption behind B. A is favoured 142 

mainly by the expectation of geological similarity, corroborated by the measured settlement 143 

difference (3.5 mm) being close to the 3.9 mm predicted from the records. A linearised joint 144 

inference of section specific E50
ref and Pg, using the records as prior means (σPg = 0.05–0.5 bar) 145 

and a section-to-section stiffness coefficient of variation of 0.1–1.0, gives stiffness contrasts 146 

below 5%; the 41% arises only when a common pressure is treated as exact. The ambiguity is 147 

therefore real, and resolving it requires an independent observable. 148 

Which observations separate θ and c? 149 

An additional observation increases identifiability only if it adds a non-proportional row to J. 150 

A second ordinate of the same ADCM settlement trough does not: with Ki fixed, S(x) = 151 

g(x)Smax, so every ordinate’s fingerprint is proportional to that of Smax and the [E50
ref, Pg] 152 

Jacobian remains rank one. Estimating Ki would make further ordinates informative about 153 

trough width, but not about this pair, which enters only through the volume loss. 154 

Maximum lining deformation umax behaves differently. ADCM computes it with the Duddeck 155 

and Erdmann (1985) solution using the unload–reload modulus at the excavation boundary as 156 

ground stiffness, so it is insensitive to E50
ref alone. With stiffness scaled as a whole, the 157 

normalised fingerprints for y = [Smax, umax]
T are jk   [−1.00, −0.79]

T and jPg   [−4.41, 1.7 ]
T: 158 

stiffer ground reduces both quantities, whereas higher grout pressure reduces settlement but 159 

increases lining deformation. With equal relative weighting, |ρ| falls from 1 to 0. 0 and 1 − ρ2 160 

= 0.75, so umax restores three quarters of the information on stiffness (Fig. 4); weighting umax 161 

half or twice as heavily gives 0.29 or 0.99. Table 1 shows the practical consequence: the two 162 

interpretations predict opposite orderings of lining deformation, with SMRN 0.49 mm larger 163 

than SMRS under interpretation A and 0.86 mm smaller under B. Lining deformation was not 164 

measured at TULIP, so this is an experimental design result: a lining convergence measurement 165 

at the two sections would have discriminated directly between the interpretations. This work 166 

shows clearly the potential contradiction. 167 



 168 
Figure 4. Local information geometry for the stiffness scale k (θ; E50

ref and Eur
ref scaled together) and 169 

Pg (c). The red line is the settlement only compensation ridge; closed contours (values indicated by 170 

arrows) show combined normalised changes of 0.5–4% in peak settlement and maximum lining 171 

deformation (equal relative weighting). 172 

Ranking influence by illustrative uncertainty 173 

Normalised sensitivities from ±1% perturbations compare inputs at equal fractional change, 174 

which are not equally plausible. Table 3 therefore weights each sensitivity by an illustrative 175 

engineering uncertainty, not a measured statistic, giving the settlement standard deviation 176 

|∂Smax/∂q|σq contributed by each input. The grout pressure contribution (1.0–4.0 mm) is of the 177 

same order as, or larger than, that of stiffness (2.1–3.1 mm) and exceeds that of every other 178 

ground parameter. Similarly, for ADCM Lyon Case 4 (Almog-Goldreich and Fuentes, 2026), 179 

∂Smax/∂Δ   0. 4 mm/mm at the published 1  mm shield gap, so a 2–3 mm gap uncertainty 180 

contributes 1.1–1.6 mm. The ranking, not the precise numbers, is the point. 181 

Table 3. Uncertainty weighted contributions to TULIP peak settlement uncertainty at Pg = 2.30 bar 182 
(reference Smax = 10.34 mm, umax = 3.25 mm). Normalised sensitivities are (q/y)∂y/∂q from ±1% 183 
ADCM perturbations; uncertainty ranges are illustrative engineering values. 184 

Input q Role 
Normalised 

sensitivity, Smax 
Normalised 

sensitivity, umax 
Indicative 

uncertainty 
Contribution 

to σS (mm) 

Pg c −4.41 1.75 σ = 0.05–0.20 bar 1.0–4.0 

Pface c 1.53 −0. 1 σ = 0.05–0.10 bar 0.4–0.9 

Ki M −1.00 0 CoV = 0.10 1.0 

Stiffness k (E50
ref, 

Eur
ref) 

θ −1.00 −0.79 CoV = 0.20–0.30 2.1–3.1 

KTBM θ 0.71 −0.   CoV = 0.10 0.7 

m θ −0.4  −0.21 CoV = 0.15 0.7 

φ′ θ −0.48 −0.03 σ = 2° 0.3 
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Discussion 186 

The decomposition in Eq. (1) is useful because each non-θ term has a different remedy. 187 

Uncertainty in c calls for better records of the mechanically effective construction state, such 188 

as direct pressure measurement at the extrados, a defensible σc, or joint inference where the 189 

data support it. Model discrepancy δ calls for improved physics rather than recalibration of θ; 190 

ℳ must reproduce sensor position, baseline and processing; and ε belongs in R. 191 

For the observational method (Peck, 1969), predicted ranges are meaningful only if model and 192 

observations refer to the same construction and observation states (Hashash and Finno, 2008; 193 

Spross and Johansson, 2017). Construction data have an identifiable information value: 194 

reducing σc increases what can be learned about θ without adding a sensor, while a well-chosen 195 

observable can separate θ and c without changing the construction process. Case histories 196 

should therefore record lining convergence alongside surface settlement. 197 

Construction uncertainty and model form error δ can produce similar effects in observation 198 

space and compete for the same apparent stiffness adjustment. The TULIP results are 199 

conditional on ADCM: they demonstrate the identifiability mechanism and its engineering 200 

scale, not that grout pressure uniquely caused the difference between the sections. The analysis 201 

is local and restricted to one parameter pair. 202 

Conclusions 203 

(1) Construction process fidelity is an integral part of the inverse problem: joint estimation of 204 

c removes information on θ according to fingerprint similarity, and fixing an uncertain record 205 

c0 broadens the model–data comparison. 206 

(2) For TULIP, peak settlement trades grout pressure against E50
ref (with Eur

ref = 3E50
ref) at about 207 

38 MPa/bar. Replacing the section specific records by a common nominal pressure turns a 208 

common stiffness into an apparent 41% contrast with an equally good, indeed closer, fit; 209 

goodness of fit is therefore not evidence that calibrated parameters are correct. 210 

(3) Neither settlement data nor operational grout records can uniquely discriminate between 211 

the interpretations; geological similarity favours a common stiffness, but confirming it requires 212 

an independent observable. 213 

(4) Measurement count is not information dimension: further settlement ordinates may identify 214 

trough width but cannot separate stiffness from grout pressure, whereas lining deformation 215 

restores most of the information on stiffness (three quarters at equal weighting). 216 



(5) In the TULIP and Lyon cases, and for the illustrative uncertainties adopted, construction 217 

variables contribute settlement uncertainty of the same order as, or larger than, soil stiffness. 218 

(6) The findings of this Letter were proven against a specific case study, but it shows that 219 

increasing construction process complexity will exacerbate the identifiability problem, if more 220 

accurate records are not kept.  221 

Data availability 222 

Case inputs are given in Almog-Goldreich and Fuentes (2026). The derived ADCM results and 223 

the data plotted in all figures are provided as supplementary material. The core ADCM 224 

implementation cannot be released publicly because of employer intellectual property 225 

requirements; the method is fully described in Almog-Goldreich and Fuentes (2026). 226 
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