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Abstract

To address the critical engineering challenge of extreme vulnerability to instability and trench col-
lapse during the excavation of diaphragm walls in heterogeneous composite strata containing large
boulders and cobbles, this paper proposes a comprehensive scheme integrating theoretical evalua-
tion, numerical investigation, and on-site control, based on the Branch Line Project of Beijing Sub-
way Line 1. First, breaking through the limitations of the traditional homogeneous stratum assump-
tion and two-dimensional (2D) plane strain, a Second-Order Cone Programming (SOCP) optimiza-
tion model applicable to three-dimensional (3D) composite strata was constructed. This model,
based on the upper bound limit analysis theorem of plasticity and 3D rigid block discretization tech-
nique, deduced and back-calculated the minimum slurry unit weight required to maintain trench
wall stability. Second, a 3D nonlinear finite difference model was established to reveal the macro-
scopic instability mechanism and the spatial stress-strain evolution patterns of the trench wall in
composite strata. Finally, based on the theoretically predicted limit target parameters, a polymer-
modified slurry suitable for highly porous strata was developed, and its stabilization effect was ver-
ified through in-situ high-frequency ultrasonic detection. The experimental results demonstrate
that the critical slip surface in composite strata is controlled by the spatial abrupt variation in shear
strength, exhibiting significant “refraction” and “soil arching” effects. Furthermore, the critical fail-
ure surface displays a strong “stratum-targeting” characteristic, preferentially developing in the
low-cohesion cobble layer. The theoretically optimized polymer slurry (density 1.12 g/cm3) suc-
cessfully hydrated and consolidated within the pores of the deep, easily disturbed strata to form a
dense, low-permeability filter cake with a thickness of 3~5 mm, achieving full-scale stability of the
36 m deep trench wall for up to 8 hours.
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Figure 1. Effect of shear strength ratio on the failure surface. (a) The effect of the cohesion coefficient ¢ on the kinematic
failure plane; (b) The effect of the internal friction angle ratio on the kinematic failure surface; (c) The effect of the soil density
ratio on the morphology of kinematic failure surfaces
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Figure 2. Numerical simulation of a deep underground diaphragm wall. (a) Stress distribution contour plot for a deep-trench
continuous wall; (b) Contour map of horizontal displacement distribution for deep-trench diaphragm walls; (c) Contour plot
of the distribution of the maximum horizontal shear strain increment for deep-trench diaphragm walls
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Figure 3. Results of the slurry optimization. (a) Testing the viscosity of mud in a funnel using a mud-thickening agent at
different dosage gradients; (b) Graph showing the results of mud loss tests using different polymers and varying dosage gra-
dients
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Figure 4. Ultrasound imaging
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