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Predicting consolidation settlement in large-scale land reclamation remains difficult because oedometer data are spatially
sparse and natural marine clays exhibit strongly non-linear structured behavior. This study examines the influence of the
fold number X in repeated K-fold cross-validation on uncertainty quantification and consolidation settlement prediction
using a deep neural network framework. The framework was trained using 49 boreholes and 634 oedometer-test samples
from Kobe Airport, Japan. The repeated K-fold partitioning was performed at the oedometer-test-sample level, and model
uncertainty, omoder, and predictive uncertainty for observed oedometer data, opreq, were evaluated separately. Independent
blind tests at two boreholes excluded from training showed that more than 95% of the laboratory pressure-void ratio data
points were included in the 95% prediction interval. The uncertainty of the predicted e—log p’ relationships was then
propagated to a coupled soil-water FEM analysis at monitoring point KC-1 through Monte Carlo simulation. Within the
investigated range of K = 3—10, no clear dependence of the predicted void ratio uncertainty or final settlement uncertainty
on K was observed. The simulated settlement reproduced the early-to-mid-term field monitoring data for the modeled
Holocene clay layer, while later discrepancies were attributed to settlement of the underlying Pleistocene strata. These
results suggest that moderate K values, such as K = 5, can be a practical compromise between computational cost and
uncertainty evaluation for the present dataset and modeling conditions.

Keywords: Settlement, deep learning, consolidation, prediction, cross-validation.

1 Introduction

Accurate prediction of consolidation settlement is a central issue in large-scale land reclamation projects, as even minor
discrepancies between predicted and actual settlement can significantly impact construction management and project
costs. However, predicting consolidation settlement remains difficult because laboratory data are spatially sparse, and
natural marine clays exhibit strongly non-linear structured behavior. Natural clays commonly exhibit apparent yield
stresses greater than the in-situ effective overburden stress and a marked increase in compressibility post-yield. Such
behavior is associated with the structure of natural clays, including aging, rate effects, and destructuration during
compression, and has been widely discussed in previous studies on natural clay compressibility, (Burland 1990,
Leroueil and Vaughan 1990, Hong et al. 2012). Therefore, accurate settlement prediction requires reconstructing the
full non-linear compression response rather than relying on idealized bi-linear models.

While deep neural networks (DNNs) have emerged as powerful tools for predicting complex soil properties,
predicting the non-linear e-log p' relationship heavily depends on the training data, necessitating cross-validation to
ensure generalization performance. In this context, K-fold cross-validation is widely applied. However, the influence
of hyperparameter selection, specifically the number of folds (K), on the predictive uncertainty and the ultimate
settlement estimations has not been sufficiently investigated. Previous ANN-based studies have demonstrated the
applicability of data-driven spatial interpolation and stochastic settlement estimation for Kobe Airport clays; however,
the influence of the fold number K on uncertainty propagation to settlement has not been sufficiently examined (Oda
2013, Oda 2016). Therefore, the objective of this study is to evaluate how the fold number K in repeated K-fold cross-
validation affects the uncertainty of predicted e—log p' relationships and the final settlement estimated by coupled
consolidation analysis. The study specifically distinguishes model uncertainty, oyuoqs, from predictive uncertainty for
observed oedometer data, o,..4, and examines the sensitivity of these uncertainty measures for K = 3-10.

2 Probabilistic Data-Driven Framework for Consolidation Modeling

2.1 DNN Architecture and Strategy

To model the complex non-linear consolidation behavior, a fully connected Multi-Layer Perceptron (MLP) architecture
was employed. Figure 1 shows the MLP architecture used in this study. The input variables were latitude, longitude,
depth, and consolidation pressure p’, and the output variable was the void ratio e. The network was designed with 16
hidden layers, each containing 250 neurons, to provide sufficient representational capacity for mapping complex spatial
heterogeneity. The Rectified Linear Unit (ReLU) activation function was adopted to mitigate the vanishing gradient
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problem. To prevent the high-capacity model from overfitting, an "Early Stopping" regularization strategy was
implemented.
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Figure 1. MLP architecture for predicting void ratio from spatial coordinates and consolidation pressure.

2.2 Formulation of Predictive Uncertainty

To quantify the epistemic uncertainty arising from limited data, Repeated K-fold cross-validation was introduced,
(Nadeau 2003, Kim 2009). Figure 2 shows the conceptual view of K-fold cross-validation. In a standard K-fold process,
the dataset is divided into K folds, where K—1 folds are used for training and the remaining fold is used for validation.
In the Repeated K-fold approach, this process is repeated R times, set to 20 in this study, with randomly redefined
partitions, yielding a total of KxR predictive models.

The repeated K-fold partitioning was performed at the oedometer-test-sample level. Therefore, all pressure—void-
ratio data points obtained from the same oedometer specimen were assigned to the same fold.

The predictions obtained from the KxR models are averaged to obtain the ensemble-mean e—log p’ relationship at
a target location. In the figures, this ensemble mean is denoted by p. This study uses two uncertainty measures. The
first is the model uncertainty, omode, Which represents the variability of the predicted e—log p' relationship caused by
repeated data partitioning and model training:

2

_ 2
O-madel =4/0 repeat to fold (1)

where o,.pea Tepresents the variability among repeat-wise average predictions, whereas ay,s represents the variability
among folds within each repeat. The resulting o4 is evaluated at each location and consolidation pressure and
represents the uncertainty associated with model construction and data partitioning. This uncertainty is used later as
the input uncertainty for the Monte Carlo settlement analysis.

The second is the predictive uncertainty, o;.s, Which additionally includes the out-of-fold residual scatter, o,
0_2

o

pred = + 0-200 3 (2)

model 0
The term 0,4 is estimated from out-of-fold residuals and includes observation scatter, measurement error, and
unexplained variability in laboratory test data. Therefore, o, is used to construct prediction intervals for observed
oedometer data in the blind-test validation. It is not used directly as material uncertainty in the FEM settlement analysis,
because it includes residual scatter of laboratory observations in addition to model uncertainty.

This distinction allows the uncertainty used for blind-test validation and that used for settlement analysis to be
interpreted separately.

Fold1| Train | Train | Train | Train | Validation ‘
F01d2| Train | Train | Train | Validation | Train ‘
F01d3| Train | Train | Validation | Train | Train ‘
Fold4| Train | Validation | Train | Train | Train ‘
F01d5| Validation | Train | Train | Train | Train ‘

Figure 2. Conceptual view of K-fold cross-validation.
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3 Site Characterization and Datasets

The study site is Kobe Airport (Figure 3), a large-scale reclaimed artificial island constructed on a soft marine clay
deposit in Osaka Bay, Japan. The seabed consists of a thick Holocene clay layer overlying a Pleistocene clay formation.
The initial void ratio decreases from approximately 3.0 near the seabed surface to about 1.3 at a depth of 30 m.

A comprehensive geotechnical database was compiled from site investigation reports, utilizing 49 boreholes,
shown by blue solid circles, for model training. These boreholes provided 634 oedometer-test samples for training.
Each sample consisted of multiple pressure—void-ratio data points. In the repeated K-fold procedure, the data were
partitioned at the oedometer-test-sample level, whereas the validation coverage was evaluated using the individual
pressure-void ratio data points. Two boreholes, Point A and Point B, were explicitly excluded from the training dataset
and used as independent blind-test locations. The data from these boreholes were used as independent blind tests to
evaluate the model's ability to predict soil properties at unmeasured locations. Point A and Point B contain 14 and 13
oedometer-test samples, respectively, covering depths up to 30 m. KC-1, a location with long-term settlement records
but no site-specific borehole investigation data, was used to evaluate the practical applicability of the proposed
methodology.

@ : Points for predicting the settlement due to construction
: Points for estimating the e-logp’ curve
@ : Geotechnical borehole points used for building an estimation model

Figure 3. Kobe Airport site and dataset allocation: training boreholes, blind-test boreholes Points A and B, and settlement
monitoring point KC-1.

4 Model Validation Using Independent Blind Tests

Figure 4 shows representative comparisons between the predicted e—log p' relationships and the oedometer test results
for K = 5. The 95% bands were calculated as u+1.960,.s and are therefore interpreted as prediction intervals for
observed oedometer data, not as confidence intervals of the ensemble mean. The ensemble-mean curves reproduced
the overall trend of the experimental data in the representative blind-test examples. To quantitatively validate the model,
independent blind tests were evaluated using data from two locations excluded from model training: Borehole Point A
(14 samples) and Point B (13 samples), yielding a total of 217 pressure—void-ratio data points. Table 1 summarizes the
empirical coverage of the laboratory pressure-void ratio data points within the 95% prediction interval derived from
opred In Eq. (2). Because ops includes out-of-fold residual scatter, this interval is intended to evaluate the
reproducibility of observed oedometer data. The empirical coverage exceeded 95% for all K values, indicating that the
prediction interval was slightly conservative for the blind-test data. The empirical coverage exceeded 95% for all K
values, indicating that the prediction interval was slightly conservative for the blind-test data. This result supports the
use of gy for evaluating the scatter of observed oedometer-test data.. However, the coverage probability alone does
not fully characterize prediction accuracy; it should be interpreted together with point-wise prediction errors and
interval width.
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Figure 4. Representative blind-test comparisons between predicted e-log p’ relationships and oedometer test results for K = 5:
Point A at 22.25 m and Point B at 2.4 m.
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Table 1. Empirical coverage of blind-test oedometer data within the 95% prediction interval.

K 3 4 5 6 7 8 9 10
Included / total 212/217  212/217  211/217  211/217  215/217  214/217 211/217  211/217
Coverage 0.977 0.977 0.972 0.972 0.990 0.986 0.972 0.972

5 Influence of Fold Number K on Settlement Prediction

5.1 Reconstruction of e-log p' Relationships at Uninvestigated Locations

To assess engineering applicability, an axisymmetric coupled soil-water FEM analysis was conducted for monitoring
point KC-1, taking into account the non-penetrating sand drain ground improvement. To represent radial drainage
toward the sand drains, the model was constructed as an axisymmetric domain with the sand drain located along the
central axis. Because the sand drains did not reach the lower drainage layer, the non-penetrating part was treated as an
undrained boundary. The analytical model shown in Figure 5 was divided into 16 vertical and 9 horizontal divisions,
resulting in 144 finite elements. In addition to the e—log p’ relationships, the log k—e relationships required for pore-
water flow were also predicted using the same repeated K-fold framework and assigned to the FEM model. Detailed
results for the permeability relationship are omitted here because the present paper focuses on the influence of K on
compression-related uncertainty and final settlement. For each of the 100 Monte Carlo simulations, the e—log p’
relationship at the center depth of each layer was generated by adding normally distributed random fluctuations based
0N Oymoder t0 the ensemble-mean prediction. The same sampling procedure was applied to the log k—e relationship when
assigning permeability-related parameters. The uncertainty g« was not used as the FEM input because it includes
out-of-fold residual scatter associated with laboratory observations.

The predictive model reproduced the main characteristics of structured clay at this location, notably the increase
in consolidation yield stress and the subsequent rise in compressibility in the 10th and 11th layers (Figure 6). This
behavior is consistent with the reported consolidation characteristics of the Holocene clay layer at Kobe Airport
(Hasegawa 2007). However, the evaluated model uncertainty o040 varied by depth (Figure 7). For K =5, the standard
deviation was relatively large. in the 2nd layer due to scattered consolidation test results near the surface, and large in
the 11th and 12th layers, reflecting the difficulty of predicting structured clay behaviors with sparse data points.
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Figure 5. Axisymmetric FEM model for the non-penetrating sand-drain improved ground at KC-1.
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5.2 Sensitivity of the Fold Number K on Predicted Void-Ratio Uncertainty

To investigate the sensitivity to the fold number, K was varied from 3 to 10. Figure 8 compares the relationship between
Omoder and consolidation pressure for Layer 11, where the predicted uncertainty was relatively large. Although oyoder
varied with consolidation pressure, the curves for different K values showed no systematic ordering. Therefore, within
the investigated range of K = 3—10, no clear dependence of the predicted void-ratio uncertainty on K was observed.

This result should be interpreted with caution. Because the number of repetitions was fixed at R = 20, the total
number of trained models increased from 60 to 200 as K increased from 3 to 10. The present comparison therefore
reflects the combined effects of fold number, training-data fraction, validation-data fraction, and ensemble size. A
larger number of repetitions would be required to detect more subtle K-dependent effects.

0.16

Somodel

1 10 100 1000
Consolidation pressure (kPa)

Figure 8. Effect of fold number K on the relationship between omoder and consolidation pressure in Layer 11.

5.3 Simulated Settlement and Field Monitoring Comparison

Figure 9 shows the time history of settlement induced by land reclamation for K = 5. Up until approximately mid-to-
late 2003, the simulated results were in good agreement with the field measurements. Beyond this point, however, the
measured settlement begins to exceed the simulated values. The field monitoring data include not only the settlement
of the Holocene clay layer Mal3, which is the target layer of the present analysis, but also the settlement of the
underlying Pleistocene strata, including Mal2 and deeper layers. Therefore, the later-stage discrepancy is interpreted
as the increasing contribution of these deeper deposits to the measured surface settlement. This interpretation is
consistent with previous observations at Kobe Airport and other reclaimed islands in Osaka Bay (Hasegawa 2006,
Furudoi 2010).

Figure 10 shows the effect of the fold number K on the mean and standard deviation of the predicted final
settlement of the modeled Holocene clay layer. The mean final settlement ranged from 712.2 to 724.4 cm over K = 3—
10, and the standard deviation ranged from 11.8 to 21.3 cm. The overall magnitude of the final settlement was
approximately 718.8 cm. Within K = 3-10, no systematic trend was observed in either the mean settlement or its
standard deviation. The corresponding 95% uncertainty interval width was approximately 61.07 cm, corresponding to
about 8.5% of the mean final settlement.
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Figure 9. Time history of settlement induced by land Figure 10. Effect of fold number K on the mean and

reclamation for K = 5. standard deviation of predicted final settlement.

6 Discussions

6.1 Observed Insensitivity to the Fold Number K

The results in Figures 8 and 10 indicate that no clear dependence on the fold number K was observed for either Gyoder
of the predicted e—log p’ relationship or the standard deviation of the final settlement. This suggests that, for the present
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dataset and modeling conditions, the repeated K-fold ensemble was relatively insensitive to the choice of K within the
range of 3—10. However, this result should not be interpreted as a general proof that the method is independent of K.
Because R was fixed at 20, the ensemble size changed with K, and the training and validation data fractions also varied.
Therefore, the observed behavior reflects the combined effects of fold number, ensemble size, and data partitioning.
Additional analyses with a larger R and a fixed total number of trained models would be useful for isolating the effect
of K itself.

6.2 Practical Implications for Engineering Design

From an engineering perspective, the results suggest that a moderate fold number such as K = 5 may be a practical
choice for the present dataset because it reduces the computational burden while producing uncertainty estimates
comparable to those obtained with larger K values. This implication is particularly relevant when the settlement
analysis requires many Monte Carlo simulations coupled with FEM. Nevertheless, K = 5 should not be regarded as a
universal recommendation. The appropriate value of K may depend on the number of oedometer-test samples, spatial
data density, soil heterogeneity, network architecture, and the number of repetitions R. In addition, only 100 Monte
Carlo simulations were conducted in this study; therefore, small differences in the estimated settlement standard
deviation should be interpreted with caution. Future studies should increase both R and the number of Monte Carlo
simulations and should include the underlying Pleistocene layers for long-term settlement prediction.

7 Conclusions

This study examined the influence of the fold number K in repeated K-fold cross-validation on the uncertainty of

predicted e—log p' relationships and consolidation settlement. The following conclusions were obtained:

1. The DNN framework with repeated K-fold cross-validation reconstructed spatially continuous e—log p'
relationships of structured marine clay from sparse oedometer-test data.

2. The repeated K-fold partitioning was performed at the oedometer-test-sample level, and model uncertainty oyode:
and predictive uncertainty o,..c were evaluated separately. Independent blind tests showed that more than 95% of
the laboratory pressure-void ratio data points were included in the 95% prediction interval derived from o eq.

3. Within the investigated range of K = 3—10, no clear dependence of the predicted void-ratio uncertainty or final
settlement standard deviation on K was observed. This suggests that K = 5 may be a practical compromise
between computational cost and uncertainty evaluation for the present dataset and modeling conditions.

4.  The coupled FEM settlement analysis reproduced the early-to-mid-term field monitoring data for the modeled
Holocene clay layer. The later-stage discrepancy was attributed to settlement of the underlying Pleistocene strata,
which were outside the primary modeling scope of this study.
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