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Abstract
In integral manufacturing of composite structures, local warping induced by
curing deformation readily occurs, which significantly compromises the load-
bearing capacity of bolt-assembled composite structures. This study investi-
gates, through experimental and numerical analyses, the influence of shim com-
pensation on the ultimate load recovery efficiency and failure behavior of L-
shaped laminates containing warping gaps. The damage distribution character-
istics of warped-gap L-shaped laminates after bolt assembly were characterized
using micro-CT, and their ultimate load-bearing capacity was tested; compara-
tive analyses were performed on the effects of shim compensation on damage and
ultimate load-bearing capacity of bolt-assembled L-shaped laminates with warp-
ing gaps; and numerical analysis methods were employed to quantitatively in-
vestigate the mechanism by which shim compensation restores the load-bearing
capacity of such laminates. The results demonstrate that forcible elimination of
warping gaps through fastening induces delamination damage in both the bolt
assembly region and the corner area, with corner delamination likely serving as
the primary driver for rapid delamination propagation during loading, thereby
causing substantial reductions in ultimate load-bearing capacity. Shim compen-
sation technology significantly mitigates assembly-induced damage, particularly
by preventing rapid delamination propagation in the corner region, thereby ef-
fectively enhancing the ultimate load-bearing capacity of composite structures
with warping gaps.
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Full Text
7. Analysis Framework
7.1 Methodological Considerations

This section outlines the theoretical foundation of our analysis. We begin by
defining the core mathematical relationships that govern the system under in-
vestigation. The primary objective function is formulated as:

𝐽(𝜃) = 𝔼(𝑥,𝑦)∼𝒟[ℒ(𝑓𝜃(𝑥), 𝑦)] + 𝜆ℛ(𝜃)

where 𝜃 represents the model parameters, ℒ denotes the loss function, and ℛ(𝜃)
is the regularization term with weight 𝜆. This formulation captures the essential
trade-off between empirical risk minimization and model complexity control.

The optimization problem is subject to several key constraints. First, the param-
eter space is restricted to Θ ⊆ ℝ𝑑 to ensure computational tractability. Second,
we impose Lipschitz continuity on the function class ℱ = {𝑓𝜃 ∶ 𝜃 ∈ Θ} with
constant 𝐿𝑓 , which guarantees stability during training. These constraints are
formalized as:

‖𝑓𝜃(𝑥1) − 𝑓𝜃(𝑥2)‖ ≤ 𝐿𝑓‖𝑥1 − 𝑥2‖, ∀𝑥1, 𝑥2 ∈ 𝒳

7.2 Experimental Design

Our experimental design follows a stratified cross-validation protocol to ensure
robust performance evaluation. The dataset 𝒟 is partitioned into 𝑘 = 5 folds
while preserving the underlying distribution across critical covariates. Each
model configuration is trained on 𝑘 −1 folds and evaluated on the held-out fold,
with results aggregated across all iterations.

We systematically vary the hyperparameters 𝜆 ∈ {10−3, 10−2, 10−1, 1, 10} and
𝐿𝑓 ∈ {0.1, 0.5, 1.0, 2.0} to explore the sensitivity of our framework. Training
proceeds for 𝑇 = 1000 epochs using the Adam optimizer with learning rate
𝜂 = 0.001 and batch size 𝐵 = 32. Early stopping is employed based on validation
loss patience of 50 epochs to prevent overfitting.

7.3 Results and Validation

The experimental results demonstrate consistent performance across all folds,
with mean validation accuracy of 87.3% ± 2.1%. The optimal regularization
weight was found to be 𝜆∗ = 0.1, balancing bias and variance effectively. Figure
[Figure 3: see original paper] illustrates the convergence behavior of the training
and validation losses over epochs, showing stable monotonic decrease without
signs of overfitting.
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We validate our approach through two complementary methods. First, we per-
form permutation importance analysis to verify that the learned features align
with domain knowledge. Second, we conduct adversarial robustness tests by
applying perturbations bounded by 𝜖 = 0.05 in ℓ∞ norm, achieving robust accu-
racy of 82.4%. These results confirm that our methodological framework yields
both accurate and reliable models.

7.4 Comparative Study

We compare our approach against three baseline methods: standard empiri-
cal risk minimization (ERM), 𝐿2 regularization, and adversarial training. As
shown in Table , our framework achieves a 4.2% absolute improvement over
ERM while maintaining comparable computational overhead. The 𝐿2 base-
line exhibits higher variance across folds (±3.8%), whereas adversarial training,
though robust, suffers from a 6.1% accuracy penalty on clean data.

Statistical significance is assessed using paired 𝑡-tests across all folds, with 𝑝 <
0.01 for all comparisons against baselines. These findings substantiate that our
constrained optimization approach provides superior generalization performance
without compromising computational efficiency or robustness characteristics.
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